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Phenomenology of Baryogenesis and Neutrino Physics:
From Effective Field Theory to Simplified Models

Phianomenologie der Baryogenese und Neutrinophysik:
Effektive Feldtheorien und vereinfachte Modelle

Karl Kéare Fridell

ABSTRACT

This work focuses on lepton- and baryon-number-violating interactions in simplified models
and effective field theory. Using both high- and low-scale observables, lepton number violation
is constrained in dimension-7 operators and their tree-level UV-completions. Moreover, novel
ways are proposed to disentangle the nature of neutrinos using rare kaon decays and coherent
elastic neutrino-nucleus scattering. Finally, baryogenesis is studied in a model that induces
baryon-number-violating neutron-antineutron oscillation.

KURZFASSUNG

Diese Arbeit untersucht Lepton- und Baryonzahlverletzung in vereinfachten Modellen und
effektiven Feldtheorien. Es werden sowohl Observablen an grofien sowie niedrigen Skalen
genutzt, um Leptonzahlverletzung in Operatoren mit Massendimension 7 und deren UV-
Vervollstindigung zu beschranken. Des Weiteren werden neue Tests der Leptonzahlverletzung
in Kaonzerfillen und Neutrino-Nukleus-Streuung prasentiert. AufSerdem wird Baryogenese
in einem Model untersucht in dem die Baryonzahl durch Neutron-Antineutron-Oszillationen
verletzt wird.
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1. Introduction

Matter and antimatter do not exist in equal quantities in the Universe. This fact is in conflict
with leading theories of quantum field theory and cosmology, which predict that the inequality
between matter and antimatter should be at least one billion times smaller than what we
observe. Every structure we see, such as the Earth, the Sun, the Milky Way, etc., is made out
of matter. Upon contact with antimatter, the two would annihilate and result in an output of
energy in the form of radiation. We owe our very existence to the lack of antimatter in the
Universe, but there has so far been no experimentally verified theory that explains its absence.
Why is there more matter than antimatter?

To answer this question we can try to construct quantum field theory models that lead
to mechanisms by which an asymmetry can arise dynamically. In doing so we may then
predict the outcomes of different experiments, and if we are right we could have discovered
something deep about nature. One problem is that the energy scales involved in the very
early Universe, when the asymmetry between matter and antimatter is expected to have been
generated, are up to a billion times higher than what can be probed in terrestrial experiments.
To test such theories directly is therefore currently impossible, and we must resort to more
indirect methods.

The role of phenomenology in particle physics is to bridge the gap between theory and
experiment. A phenomenological study of the matter-antimatter asymmetry therefore asks
how the different models can be experimentally identified, differentiated, or falsified. Different
indirect signatures of models that could lead to an asymmetry generation include the violation
of certain charges that are unique to matter particles, namely lepton number L or baryon
number B. Experimentally, such signatures can be sought for in processes that involve
low energy scales, substituting the high energy for large volumes and long exposure times.
Examples of such experimental observables include e.g. neutrinoless double beta-decay, rare
kaon decays, or coherent elastic neutrino-nucleus scattering for L-violation, and proton decay
or neutron-antineutron oscillation for B-violation.

Lepton number violation can be studied model-independently in effective field theories, in
which a higher quantum-field-theory model is assumed to lead to effective processes at lower
energy scales. One advantage of this method is its general applicability, we can easily increase
or decrease the complexity of the interactions such that it suits our analysis, without having
to worry about the details of the underlying model. For a given set of effective-field-theory
interactions, we can then derive a complete list of quantum-field-theory models that can
generate them. In this way, connecting an experimental observable to effective-field-theory
interactions can lead to the systematic analysis of a large set of high-scale models.

Our main line of investigation in this thesis is the question of how lepton- and baryon-
number violation can be constrained using current and near-future observables. We ask how
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the Standard Model can be extended in minimal ways that lead to distinct signals in future
experiments, but that do not contradict existing experimental constraints. The study of lepton
number violation is in particular interesting to us due to its connection to both the baryon
asymmetry and neutrino masses.

In this thesis we discuss a wide range of different high- and low-scale lepton-number-
violating observables. We present a new study of dimension-7 lepton number violation at
the LHC, leading to the currently most stringent limits on the muon-flavour component
of the corresponding Wilson coefficients. Furthermore, we describe a novel method of
probing lepton number violation based on the distribution of final state particles in neutrino
experiments. In two concrete examples, that of rare kaon decays and radiative coherent elastic
neutrino-nucleus scattering, we show how the energy spectrum of final state particles can
hint at the presence of lepton number violation, and thereby also reveal the Dirac/Majorana
nature of neutrinos.

Lepton number violation is often studied in either effective field theories or in concrete mod-
els. In this thesis we combine these analyses by systematically deconstructing lepton-number-
violating operators up to dimension-7. Using the full range of tree-level UV-completions, we
show all simplified models that lead to dimension-7 lepton number violation. We demonstrate
how the neutrino mass generated by such models differs from the conventional effective-field-
theory-based estimation. A previously undefined dependence on the hierarchy between the
different heavy degrees of freedom in a higher-dimensional operator leads to more accurate
neutrino masses that can lie several orders of magnitude below earlier estimates. This new
analysis opens up large regions of parameter space that were previously considered excluded.

As a compliment to our lepton-number based analysis we finally also consider baryon
number violation. We derive a new set of Boltzmann equations that describe the evolution of
baryon asymmetry in a generic simplified model connected to neutron-antineutron oscillation.
By systematically analysing different washout channels we show how successful baryogenesis
can be realised in models that can lead to observable neutron-antineutron oscillation as well
as future LHC signals. This new result goes beyond the effective-field-theory based result
that a neutron-antineutron oscillation signal is incompatible with high-scale baryogenesis due
to severe washout. Instead, we find that an observation of neutron-antineutron oscillation
could hint at new physics around 10'* GeV that can lead to the successful generation of a
baryon asymmetry.

This thesis covers a wide range of different aspects regarding the phenomenology of a
matter-antimatter asymmetry. It is based on original work, Refs. [1-9], presented in existing
publications

[1] F. F. Deppisch, K. Fridell and ]J. Harz, Constraining lepton number violating interactions in
rare kaon decays, JHEP 12 (2020) 186, [2009.04494].

[2] K. Fridell, J. Harz and C. Hati, Probing baryogenesis with neutron-antineutron oscillations,
JHEP 11 (2021) 185, [2105.06487].

[3] P. D. Bolton, F. F. Deppisch, K. Fridell, J. Harz, C. Hati and S. Kulkarni, Probing active-
sterile neutrino transition magnetic moments with photon emission from CEvNS, Phys. Rev. D
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106 (2022) 035036 [2110.02233].

material to be published
[4] K. Fridell, L. Graf, J. Harz and C. Hati, in preparation.
and conference proceedings

[5] F. F. Deppisch, K. Fridell and J. Harz, Implications of Rare Kaon Decays on Lepton Number
Violating Interactions, PoS ICHEP2020 (2021) 130, [2012.14825].

[6] K. Fridell, ]. Harz and C. Hati, Neutron-antineutron oscillations as a probe of baryogenesis, ].
Phys. Conf. Ser. 2156 (2021) 012015.

[7] P. D. Bolton, E. F. Deppisch, K. Fridell, J. Harz, C. Hati and S. Kulkarni, Transition
neutrino magnetic moments in CEvVNS, ]. Phys. Conf. Ser. 2156 (2021) 012218.

[8] K. Fridell, J. Harz and C. Hati, Probing Baryogenesis using Neutron-Anti-Neutron Oscillation,
PoS ICHEP2020 (2021) 243.

[9] C. Hati, P. Bolton, E. E. Deppisch, K. Fridell, J. Harz and S. Kulkarni, Distinguishing Dirac
vs Majorana Neutrinos at CEVNS experiments, PoS EPS-HEP2021 (2022) 225.

In Ch. 2 we cover the background relevant for subsequent chapters by first introducing
the Standard model and the A Cold dark matter model, after which we describe different
directions in which New Physics beyond these well-established theories may lead. In Ch. 3
we introduce the concept of baryogenesis, the dynamical generation of a matter-antimatter
asymmetry, and describe different models in which it can be accommodated. In Ch. 4 we
set up a formalism to describe lepton number violation using effective field theories, and
present new limits coming from collider searches that are subject for publication in Ref. [4].
In Ch. 5, which also stems from the work to appear in Ref. [4], we systematically analyse
all models coming from the second-to-most simple realisations of lepton-number-violating
effective-field-theory interactions, and for the first time show how a hierarchy in the internal
degrees of freedom of such models can affect the phenomenology of lepton number violation
and neutrino masses. In Ch. 6 we show how the details of the rare kaon decay dynamics can
reveal the presence of lepton-number-violating interactions. This work led to the publication
in Ref. [1]. In Ch. 7 we propose a novel search method for potentially detecting the presence
of lepton number violation in coherent elastic neutrino-nucleus scattering, which led to
the publication in Ref. [3]. In Ch. 8 we derive new equations that describe the dynamical
generation of a matter-antimatter asymmetry in a model that also induces B-violating neutron-
antineutron oscillation. These results were published in Ref. [2]. Finally, we conclude in
Ch. 9.
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2. The Standard model and beyond

In this introductory chapter, we cover background topics relevant for the subsequent chapters.
In Sec. 2.1 we introduce the Standard model, with a discussion of the relevant particle content
in Secs. 2.1.1 to 2.1.4, followed up with anomaly cancellation in Sec. 2.1.5, sphalerons in
Sec. 2.1.6, and finally electroweak symmetry breaking in Sec. 2.1.7. In Sec. 2.2 we review the
relevant modern cosmology, with a thermal timeline of our Universe given in Sec. 2.2.2. Lastly,
in Sec. 2.3 we discuss theories beyond the current framework, by first motivating extensions
to the Standard model in Sec. 2.3.1, after which we discuss the relevant phenomenology in
Secs. 2.3.2 and 2.3.3.

2.1. The Standard model

The Standard model (SM) [10-12] is a model based on quantum field theory that has a very
firm phenomenological footing. It predicts to a great accuracy different properties of particles
and particle interactions such as e.g. dipole moments [13] and branching ratios (BRs) of
decays [14]. After the observation of the Higgs boson [15,16], all fundamental particles of
the SM had been discovered, and not one particle more. Whether the SM is beautiful and
elegant [17] or hisslich! [18] is an open question, but irrespective of that, it has withstood a
thorough experimental scrutiny and therefore remains an accurate description of high energy
physics to date.

2.1.1. Field content of the Standard model

In the SM, three of the four fundamental forces of nature are described as arising from
interactions via gauge bosons. The electromagnetic force is mediated via the electromagnetic
gauge field A, corresponding to the symmetry group U(1)em. The weak nuclear force
is mediated via Wj and Z, fields. At energies above the scale of electroweak symmetry
breaking (EWSB), corresponding to the vacuum expectation value (vev) of the Higgs boson?
v = 174 GeV, these two forces are united into a single electroweak force with the gauge fields
B, and Wy, for a € {1,2,3}, which is described by the symmetry group SU(2); x U(1)y.
Here L stands for left, stressing that only the left-handed chiral fermions of the SM have an
SU(2)L structure, an Y stands for hypercharge. When the electroweak symmetry is broken,
W3, and B, mix to create the Z boson and photon fields, and SU(2); x U(1)y is then no

1German for ugly or hideous.
2Note that the Higgs vev is often taken as v = 246 GeV = 174 x /2 GeV. This is a matter of convention, and we
here choose v = 174 GeV to best match with the most relevant literature.
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longer a valid symmetry. Instead, there is a new symmetry described by U(1)em, where
em stands for electromagnetic. The strong nuclear force is mediated via the gluon field G,
for a € {1,2,...,8}, and is related to the symmetry group SU(3)., where ¢ stands for
colour, the charge corresponding to the strong force. A quanta of the electromagnetic field
Ay is called a photon and is represented by <y, while a quanta of the gluon field G, is
called a gluon, and is represented by ¢. The fields G, Ws, and B, are all vector boson
fields related to gauge symmetries, where the total gauge symmetry group of the SM is
Gsm = SU(3). x SU(2)L x U(1)y. Of the fundamental forces, only gravity is not described
by the SM.

All fermion fields in the SM are chiral, implying that there is a distinction between fields
that transform as the left- or right-handed representations of the Poincaré group (such fields
are then respectively called left- or right-handed). Furthermore, they all have three generations
or families, and to each fermion there exists a corresponding anti-fermion with the opposite
charges under the Gsp symmetry group, as well as opposite baryon number B and lepton
number L. There are two types of SM fermions: leptons and quarks, with one major difference
being that leptons are not charged under the SU(3), symmetry while quarks are. Leptons
have a non-zero lepton number L, and they can be classified into charged leptons (e, y, T)
and neutrinos (ve, vy, v7). Quarks have a non-zero baryon number B and can be classified
into up-type quarks (i, ¢, t) and down-type quarks (4, s, b). Left-handed fermions combine to
form SU(2); doublets in the following way

b= (i) o= () @

For all SM fermions except for the neutrinos there also exist right-handed analogue fields. In
Tab. 2.1, the different fermion fields of the SM are summarised, including their representations
under the relevant subgroups of the SM gauge group as well as their baryon and lepton
numbers.

The shorthand notation we use for describing the representation in which a particle resides
goes as follows: a field ¢ is written as belonging to a set of digits ¢ € (X,Y,Z), where X, Y
and Z describe the fields representation under SU(3)., SU(2); and U(1)y respectively, unless
otherwise stated. For example, the quark doublet Q is described as Q € (3,2, %) (c.f. Tab. 2.1).
If a parenthesis is written after the representation, it corresponds (unless otherwise stated) to
the baryon number B multiplied by 3, such that Q € (3,2, ;)(1). For more details regarding
the notations used in this thesis, see Appendix A.

Finally, the only scalar field of the SM is the Higgs boson. Above the scale of EWSB, the
Higgs field is a complex scalar field ¢ that is a doublet under SU(2);. Below the EWSB scale,
the Higgs field (¢) has settled into the minimum of its potential, and the neutral component
acquires a vacuum expectation value (vev) v, with a small perturbation / denoting the real
physical Higgs in the unitarity gauge, such that

o= (%) w=(,1,) 22)

The boson fields of the SM are summarised in Tab. 2.2.
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su@3). su@), u(l)y B L
Q 3 2 1/6 1/3 0
L 1 2 -1/2 0 1
u 3 1 2/3 1/3 0
d 3 1 -1/3 1/3 0
e 1 1 -1 0 1

Table 2.1.: Representations of the SM fermion fields under the SM gauge group Gsm =
SU(3). x SU(2)L x U(1)y, as well as their baryon- and lepton numbers.

su@). su(), Uu(l)y B L

G 8 1 0 0 0
Woe 1 3 0 0 0
B, 1 1 0 0 0
¢ 1 2 /2 0 0

Table 2.2.: Representations of the SM boson fields under the SM gauge group Gsm = SU(3). x
SU(2)r x U(1)y, as well as their baryon- and lepton numbers.

2.1.2. The Standard model Lagrangian
The Standard model Lagrangian is given by [17]

Loy = —%B,WBW - iwaww;” - iGawGﬁW
+iQ;IPQ; + ifigiPur; + idgiPdg; + iLiDL; + ieg;Deg;
+ (—yfjiﬁ-z(p“em - y?jQ—?Qbade — y;Qi P ug; + h.c.)
+ (Dpg)" (D'¢) — 129t — A('p)?.

Here several things need clarification. To begin with, the first row contains the field strengths

(2.3)

By = 3B, — 3,B,,
Wa;w = aywav - avway - geubcwbywcv ’ (2-4)
Guyv — ame/ - avGuy - gsfabCGhyGCV ’

where €, is the Levi-Civita symbol, which is the structure constant for SU(2), and similarly
fabe is the structure constant for SU(3), such that

[la/ Zb] - Z'eabclc ’ [ta/ tb] - ifabctc/ (25)

where [; and f; are the generators of SU(2) and SU(3) respectively, which in the fundamental
representation are given by 1 times the Pauli matrices o; for SU(2) and 3 times the Gell-Mann
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matrices A; for SU(3). Furthermore, g is the coupling constant for the weak interaction, and
gs is the coupling constant for the strong interaction.

The second row of Eq. (2.3) contains terms called kinetic terms for the quarks and leptons3 .
Covariant derivatives D, include terms coming from the three gauge interactions,

D, =9, +ig'B,Y + igWaula + igsGaputa - (2.6)

Here ¢’ is a coupling constant corresponding to the hypercharge symmetry group* U(1)y,
and Y is the hypercharge of the field that the covariant derivative acts on. Furthermore, I,
and ¢, are the generators of the fundamental representation for SU(2); doublets and SU(3).
triplets, and as the structure constants for SU(2); adjoints (triplets) and SU(3). adjoints
(octets), respectively. For covariant derivatives acting on SU(2). or SU(3), singlet fields, I,
or t, should correspondingly be taken as to be zero (trivial representation). For example, a
covariant derivative acting on a quark doublet gives

i i i

Next, yf]-, yg, and yj; are the charged lepton, down-type quark and up-type quark Yukawa
coupling constants, respectively. Terms involving these couplings describe interactions
between the fermions with the Higgs boson, such that e.g.

—yiLigTer; = —yi; (V1,9 erj + 2] ¢ er;) - (2.8)

After EWSB, when the Higgs acquires a vev, ¢ should be replaced by (¢), such that the
Yukawa terms lead to mass terms for the respective fermions®, as well as interactions between
the fermions and the physical Higgs field 5.

The last row in Eq. (2.3) describes the Higgs self-interaction and gauge interactions, where
¢ with a tilde is given by ¢* = €,,¢*". A covariant derivative acting on the Higgs field is
given by

i i
Du¢p = (aﬂ + 58Wauou + 28/BH> oy (2.9)

and when the Higgs gets its vev, we have

i oW 1o
Hp) — 28Wi —28W;
D¥{(¢) = (v+h) (aﬂ oy ég/BP‘) , (2.10)

leading to

+ _ + 12212228228I22 g8’ .
(D*{(¢))" D*{¢p) = (v+h)"(v+h) 18 W; 18 Wi +0 +ZW3 +ZB _TWSyB} :
(2.11)

3The first term in the last row of Eq. (2.3) is the kinetic term for the Higgs boson.

4The coupling constants g and g’ mix to form the electromagnetic coupling constant e in EWSB. For details see
e.g. Refs. [17,19-21].

5Note that, in the SM, neutrinos do not acquire a mass term in this way. However, by a small extension to the
SM, a Yukawa term for neutrinos could be introduced along with a new field vg € (1,1,0), see Sec. 2.3.
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Now identifying
1 ‘ . .
W;,—L = \ﬁ (W = 1W2)y , Zy =cosbywWs, —sinbywB,, A, =sinbyWs, + cosbwB,,
(2.12)
where
g/
tanfy = = (2.13)
8
for the Weinberg angle 0w °, we find the masses of the different bosons to be
1 1
M+ = §g2vz, mz =3 (8 +8?)v*,  ma=0. (2.14)
In this procedure, the symmetry group of the SM has broken,
SU(3), x SU(2)p x U(1)y — SU(3)e x U(1)em - (2.15)

The gauge boson A, (photon) remains massless and corresponds to the unbroken electromag-
netic symmetry.

Lastly, by writing
2
2_ _ M
v° = o (2.16)
we can rewrite the last two terms of the last row in Eq. (2.3), up to a constant, as
2/ 4t t 012 + 2\?
—12(9'9) = A(9'9)2 = —A (¢'9 - 7). 217)

After EWSB, when the Higgs field acquires a vev and ¢ is replaced by (¢), the above term
describes a quartic coupling of the physical Higgs h.

2.1.3. Flavour in the Standard model

All fermions of the SM come in three generations or families, as indicated by the indices
i€{1,2,3} and j € {1,2,3} in Eq. (2.3). After EWSB, the quark Yukawa terms of the SM
Lagrangian give masses to the quarks,

Lsm D —y?jQ?gbade — y%Q?QBaﬂR]' +h.c. —» —mfjd_ude — m?}ﬁLiuRj +h.c., (2.18)
where
mf; = y?}v, m?j = y?jv. (2.19)
We can diagonalise both mass matrices rm;; and m?j,
m' — @t = Vym" Vi,  om? — wm? = VymVi, (2.20)

6The value of the Weinberg angle is usually given in the form sin By =1 — (my /m Z)2 ~ 0.22 [14].
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such that the mass eigenstates correspond to flavour eigenstates for the quarks. In doing this
we are redefining the quark fields as

ugi — (Vuw)ijurj,  dri — (Var)ijdrj 2.21)
ugi = (Vur)ijurj,  dri = (Var)ijdr; -

Up-type quarks have the families up (1), charm (c), and top (t); down-type quarks have down
(d), strange (s), and bottom (b) flavour states,

u; € {u,c,t}, d;e{d,s,b}, (2.22)
and their respective masses are given by

Myse/t = Yuss)t0 Mg/s/b = Yd/s/b0 - (2.23)

Diagonalising the quark mass matrices has consequences for the charged current interaction
matrix between quarks and W]jt bosons in the broken SM. From the relation between W]jt and
Wﬂ]/l/

1
V2

we note from the definition of the covariant derivative in Eq. (2.6) and the Pauli matrices
01 0 —i
o= <1 O> , 02 = (1. 0 ) (2.25)

8 .8 -8 w+ (0 0 .8 - (01
DH312W1H01+12W2,,02—>1\/§W;, <1 0>+1\5W]4 <0 0) (2.26)

From the matrices on the RHS of Eq. (2.26) and the appearance of the kinetic term for the
quark doublet in the SM Lagrangian,

Wi =—=Wi+iW),, (2.24)

that

Lsv O iQ;PQ;, (2.27)

it is evident that the Wff bosons act on the pairs of quarks in the broken SM Lagrangian
through the terms (in the old definition of the quarks)

LM, broken 2 i\g@ﬁuwduww + i\%d_uwuuw_”- (2.28)

We see that, in the interactions between W+ bosons and quarks, there is always one up-type
and one down-type quark involved, never two of the same type’. Now redefining the quarks
as in Eq. (2.21) we have

N .9 - ~
LM, broken 2 Z\g@”Lj')’y (VdLVJL>].Z. dp W+ l\ﬁdu% (VuLV;L)].Z. ugiW=H. (2.29)

7This can of course also be seen from the U(1),, charge: it is impossible to combine two instances of :I:% or
q:% from the quarks with the 4-1 charge from the W+ bosons to create a term that preserves electromagnetic
charge by having a vanishing total charge.
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Here we encounter a matrix
V=V Vi =v,.Vi, (2.30)

which is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [22,23]. Unlike the redefined
Yukawa matrices, the CKM matrix is not diagonals. It therefore connects different quark
flavours to each other, and we can conclude that quark flavour transitions are mediated by
W*-bosons in the SM.

In the leptonic sector of the SM, upon EWSB, the Yukawa term can, as with the quarks, be
written as a mass term,

Lsv D —y%l?(p”eRj +h.c — —mfjd_Lide +h.ec., (2.31)

where
l L
mi; = Y0 (2.32)
In the SM, there is no Yukawa term for the neutrinos, therefore we only have the charged
lepton term in the leptonic sector. We can again diagonalise the mass matrix,

mt — wm' = V,m'vk, (2.33)

and subsequently redefine the charged lepton fields,

er;i — (VeL)ijeLj/ eR; — (VeR)i]-eR]- . (2.34)
From the kinetic term
/CSM D) iEiIDLl', (2.35)
we then find
Lsm broken D i-5=01:7 (Vor) ey W + i85, iy <V+) v WH (2.36)
, broken ﬁ]y eL)j; ©Li ﬁ]}t ele.z

Here we have ended up with a matrix V,, that is not necessarily unitary like the CKM matrix.
We can absorb it by also redefining the neutrinos,

vii = (Vo v (2.37)

Now the leptonic kinetic term can be written as
Low, broken D i-S=T1imuersWH +i-S=e v W, (2.38)
' V2 V2

where the charged lepton mass states correspond one-to-one to their flavour states, and the
neutrinos only have flavour states since they are massless in the SM. In case the neutrinos
were massive, their flavour states and mass states would not align, but rather mix, where

8In principle, we could have chosen to only diagonalise one of the Yukawa matrices. We would then be free to
also diagonalise the CKM matrix, but for one type of quark the flavour states would not directly correspond
to the mass states [24]. This strategy is employed for the leptonic sector of the SM, as can be seen later in this
section.

10
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the mixing is described by a leptonic equivalent of the CKM matrix called the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix. As discussed in Sec. 2.3.1, observations of neutrino
oscillations indeed lead to the conclusion that non-zero neutrino masses are realised in nature.
For the charged leptons and neutrinos, the flavour states are electron e, muon y, and tau T,

e € {e,i, T}, Vi € {Ve, vy, V2 }. (2.39)

Unlike in the quark sector, the leptons always conserve flavour as they interact with the W+
boson in the SM.

2.1.4. Mesons and baryons

In Eq. (2.7) we see the covariant derivative acting on a quark doublet, with the gauge fields
B*, W} o, and G} A, shown explicitly, along with their corresponding couplings ¢’, ¢, and gs,
respectively. From renormalisation group evolution we know that these couplings run, i.e.
their values do not stay constant as the energy at which they are evaluated changes. With
increasing energy, the U(1)y and SU(2); gauge interactions grow stronger, while the SU(3).
interaction gets weaker. Since SU(3). remains unbroken in the SM all the way down to low
scales, this means that there is some scale Agcp ~ 200 — 300 MeV where the strong interaction
diverges, and becomes very strong indeed. Below this scale, the quarks are so attracted to
each other that it is not possible to observe them individually, instead they are all locked up
in colour-neutral bound states called hadrons® (see e.g. Refs. [14,19,24,25]). This isolation of
quarks inside bound states is called confinement, which is a condition that the only free states
are those that are colour singlets.

Hadrons can be subdivided into mesons (containing a quark and an antiquark), (anti)baryons
(containing three (anti)quarks), and exotic hadrons (with more than three quarks, i.e. tetraquarks
with two quark-antiquark pairs, pentaquarks with three quarks plus one quark-antiquark
pair, and so on!?). The commonest hadrons are the nucleons, which are the first generation
spin-3 baryons, namely protons p and neutrons n. They approximately!! preserve an SU/(2)
symmetry called isospin, where a 7r-rotation in isospin space takes a proton to a neutron and
vice versa. Baryons are made up of three quarks, and antibaryons of three antiquarks. In
the case of nucleons these are the u and d quarks, which in terms of isospin I and its third
component I3 can be written as

u

N—= N|—=

3-h d=-l b). |

9Hadrons can also form from quarks who’s individual masses are above Aqcp, the relevant condition for bound
state formation is rather that the kinetic energies of the quarks be sufficiently low.

10Note however that this is a simplified picture. In principle, a bound state of hadrons also consists of a lot of
gluons and quark-antiquark pairs, in what can be described as a quark sea, or quark-gluon plasma. In addition
to this sea are the valance quarks, which in common speech is what is said to make up the hadron, but which
due to confinement are impossible to observe on their own at low energies, where the bound state lies. The
term valance quark here draws analogies to valance nucleons in the shell model of nuclear physics, or valance
electrons in atomic physics.

Hlsospin symmetry in nucleons is broken by the mass difference between p and 7 as well as the difference in
electromagnetic charge.

=
Il

11
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Here the quark with the largest electromagnetic charge is assigned the positive I3. Note that
the minus sign on d comes from our desire to have a 7r-rotation of the antiquark isopsin

doublet around the 2-axis ~
—d 0 —1\ /—d

behave in the same way as the quark doublet

u 0 -1\ (u
()= ) (&) et
In terms of the quarks, the proton and neutron can then be written as uud and udd respec-

tively!2, while antiprotons and antineutrons can be written as #id and #dd, respectively.
Simpler hadrons can be formed out of a quark-antiquark pair rather than three quarks or

antiquarks, where the first generation spin-0 isospin I =1, I3 = —%, 0, +% triplet of states are
the pions!®

[7") = |ud),

1
0 _

) = — (|ui) — |dd)) , 2.43

7% = =7 (lu) ~ |ad)) (243)

|~ ) = |uad) .

The mesons above constitute the charged and neutral pions. The SU(2) equation2®2 =163
tells us that there should also be an isospin singlet state, which indeed is given by

100) \}E (Juit) + |dd)) . (2.44)
This state does not, however, directly correspond to a meson. Instead, the situation is changed
due to a member of the next generation of SM fermions, namely the s-quark. Firstly, the u-,
d-, and s-quarks are the only coloured SM fermions with masses below Aqcp, such that the
hadrons they form mainly get their mass from the binding energy rather than the individual
quark masses!®. Secondly, in quantum mechanics any two states that have the same quantum
numbers generally mix, where the degree to which the mixing occurs depends on the mass
splitting between the two states. The relevant quantum numbers for quarks are: electric
charge Q, isospin I, third component of isospin I3, strangeness S, charm C, bottomness B, and
topness T, where the different flavour quantum numbers (I3, S, C, BB, and T) have an absolute

12Note that protons and neutrons are both spin-1 particles, therefore the spins if the individual quarks have to
partially cancel, such that, for a |1) nucleon, the allowed spin combinations of the quarks are [11]), |1/71), and
[411). Writing out the full states |p), and |n) requires combining these different spin possibilities which yields
quite long expressions. For details see e.g. Ref. [26]. Having all quark spins aligned yields spin—% baryons,
which are generally less stable than spin—% ones [14].

13Gimilarly to the baryons, mesons may be divided into spin-0 and spin-1, corresponding to spin combinations
[1)) or [11) and |11) (or |} depending on the spin state of the meson) respectively.

14Note that, in gauge interactions that lead to confinement, such as QCD, the mass of a bound state is generally
greater than the mass of the constituent particles. This is in opposition to e.g. atomic physics, where the
binding of an electron very slightly reduces the mass of the bound state as compared to the sum of the ion
and electron masses.

12
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value 1 and the same sign as the electric charge Q for each quark. In an overcomplete basis
we can also include baryon number B which can be solved for via

B=20-2;-S—-C—-B-T. (2.45)

For mesons we additionally have the principal quantum number 7, orbital angular momentum
¢, spin J (where |[{ —s| < ] < |{ + 5|, and where s = 0 and s = 1 for antiparallel and parallel
quark spins respectively), parity P = (—1)/*!, and charge conjugation parity C = (—1)*.
Note however that C is only defined for mesons where the quark and antiquark are the
antiparticles of each other. For ud and dil bound states one can similarly define another parity
G = (—1)!*%+s. Conventionally these meson-specific quantum numbers are written in the
form I1°(JPC) (with G and/or C omitted when not applicable), such that e.g. the charged and
neutral pions 7+ and 7° have I¢(JP) = 17(07) and I¢(J’¢) = 17 (0~ "), respectively. For
mesons, it is enough to have them same I and J”C in order for two states to mix, their flavour
quantum numbers are only conserved to the extent that the mass splitting between two states
is large, such that for mesons g7’ with m; +my < Agcp their flavour is not well preserved
(making isospin a relatively good symmetry). Note that not all combinations of quantum
numbers lead to mesons that can be observed as such. Some quark-antiquark bound states
decay so quickly that they are seen as resonances in a detector rather than having a certain
lifetime. These resonances are nevertheless referred to as mesons!®. Now, the reason that
the state in Eq. (2.44) is not a good description of any meson is that this state mixes with
|ss). Since also the mesons containing s-quarks (but no heavier quarks) mainly get their mass
from Agcp, same as for the u- and d-quarks, this mixing should be significant. Now that
we are considering three quarks instead of just two, the SU(2) isospin symmetry should be
promoted to a (also broken) SU(3) symmetry, where 3 ® 3 = 1 ® 8 tells us that we should
expect 9 mesons, where one of them is a singlet. This singlet {; mixes with one of the I =0
states g from the octet such that

n\ _ (cos@ —sinf) (g
<77/) B <sin9 cosf ) (1/;1) ’ (2.46)

1 -
= — (uii +dd — 2s3) ,
s /6 ( )
1 i (2.47)
= — (uit +dd +5s5) .
1 \@ ( )
Together with the three pions, the mesons 7 and 7’ make up five out of the nine mesons. The
remaining four are the charged and neutral kaons

where

K% =|ds), K" =|us),

K~ = |si1), K = |sd) . (2.48)

150ne rule of thumb in order to determine whether a meson is stable on detector timescales, due to Ref. [24], is
that if the U(1)y and SU(2) interactions are turned off such that g, ¢ — 0, mesons that now have infinite
lifetime are otherwise also stable on detector timescales, while mesons that can still decay are resonances.

13
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We may now suspect that K and K’ also mix. To the extent that our SU(3) flavour symmetry
is obeyed, the neutral kaons are both negative under parity conjugation P and positive under
charge parity conjugation C. We may then form eigenstates |K;) and |K») of the combined
transformation CP such that

40
K1) = 5 (|K”) = [K7)), CP|Ki) = |Ki) ,

2.49
Ky = & (K0 + [K)), CPIKa) = — [Ky) . )

Assuming that CP is conserved in kaon decays, K; can only decay to CP positive states
(such as two pions) and K, can only decay to CP negative states (such as three pions). The
departure from this ideal K;—K, picture is parametrised by the CP-violating parameter ¢,
such that experimentally the states |K;) and |Ks) are found!®, where

1
K1) = (o) +e k),
11L|€’2 (2.50)
Ks) = TW (|K1) +€|Kz)) -

This completes the s = 0 nonet of n = 1, / = S mesons. For s = 1, the I = 1 mesons are
correspondingly called p, the I = 3 mesons!” K*, and the I = 0 mesons ¢ and w. For higher
n and ¢ the mesons quickly become very unstable. A similar statement can be made for
non-nucleonic baryons, where the most stable SU(3) flavour symmetric ones have | = %, and
they are are'® A® = uds, 1 = uus, X0 = uds, ¥~ = dds, E° = uss, 2= = dss, and Q~ = sss.
Involving also the next two quarks in the mass hierarchy (now leaving any kind of flavour
symmetry behind us), namely the c- and b-quarks, yields many more mesons. For example,
including the c-quark gives the s = 0 charmed D" = cd, D° = c7, D’ =cuand D~ = ad
mesons, as well as strange charmed mesons Ds exchanging d for s. Similar constructions with
the b-quark yields bottom mesons B, strange bottom mesons B;, and charmed bottom mesons
B., as well as charmonium 7, = ¢¢ and bottomonium 7, = bb. For the baryons the naming
convention including c- and b- quarks follows that of the SU(3) flavour symmetric baryons,
with indices ¢ and b included to denote this modified quark content, such that we have e.g.
%) = udb and &}, = ucb.

The t-quark does not form hadrons on detector timescales. In fact, the t-quark is so massive
that it can decay into an on-shell W= boson, which significantly increases the decay rate with
respect to the less massive quarks, since the final state phase space is that of a two-body
rather than a three-body.

2.1.5. Anomaly cancellation

Chiral fermions require cancellation of chiral anomalies in order for the theory to be consistent.
Classically, left- and right-handed fermion number are two separately conserved charges for

16The indices L and S here stand for long and short, since Ky, has a long lifetime of 1x, ~ 5 x 10~8 s while Kg has
a short lifetime of g, ~ 9 X 10~ s,

17A star * typically denotes an excited state.

8Note that A? and 20 do not mix since A? has I = 0 while 9 has I = 1.

14
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o D~

Figure 2.1.: Triangle diagrams that lead to the chiral anomaly. For any combination of gauge
bosons in the three external legs, the sum of all diagrams (all possible fermions in
the loop) must lead to an equal contribution from left- and right-handed fermions.

massless fermions, with the associated currents!® J# = ¢y#¢ and J*> = "7 . Note that J#
and J# do not correspond directly to left- and right-handed fermion number respectively.
Rather, left-handed fermion number is associated with the current | {l = %( Ji — J#9), and right-
handed fermion number with Ji = %( Ji + J#5). Since the sign in front of ¥ differentiates ]{’
from Jk, the conservation of J#° leads to what is known as a chiral symmetry. However, at one-
loop level in the presence of a gauge coupling to the fermions, J#° is no longer conserved, and
the chiral symmetry is anomalously broken. For a non-abelian gauge theory, the divergence
of the chiral current is given by [21]

_ i
6472

9,J5 = tr <75t”{tb, tC}) e"PFY FE,, (2.51)
where t* are the generators of the gauge theory, and where the anticommutator arises from
the sum of two diagrams with their final legs crossed, as seen in Fig. 2.1. Loop diagrams like
these lead to chiral anomalies for any combination of external bosons. The chiral current is
given by

J = igptiyta y, (2.52)

where ¢ is the gauge coupling. The factor 7° in Eq. (2.51) is given by 7> = —1 for left-handed
fermions and ° = +1 for right-handed fermions. For abelian gauge theories, the generators
are simply replaced by the corresponding charge. In fact, in case the fermion i obeys several
different gauge symmetries, the generators #, t*, and #* may not correspond to the same
gauge group, in which case the trace containing the generators can be simplified using group
theoretical relations [27]. In order for a given theory to be consistent, the sum of all chiral
current divergences must vanish. That is, when evaluating the RHS of Eq. (2.51) for each
fermion ¢ that is part of the theory, the different contributions must cancel each other for
each possible combination of generators from each gauge symmetry, including the mixing
of different gauge symmetries. In the SM, this cancellation occurs consistently [28]. For the
case where all generators correspond to SU(3),, the sum vanishes since there is no difference
between left- and right-handed fermions in QCD. Furthermore, when there is only a single
gluon present, each term vanishes individually due to the relation tr(#*) = 0, where t* is now

9Note that the quantities J# etc. are technically current densities and not currents.
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a generator of?’ SU(3). The same is true for SU(2);, where we have tr(t?) = 0, where 7% is
a generator of SU(2). For combinations where we have two SU(3). bosons and one U(1)y
boson, the sum of divergences is proportional to

Yt (eety) :%M’ Yy, (2.53)

quarks quarks

where the sum only goes over the quarks since the leptons are uncharged under SU(3)..
Evaluating the sum, including colour and SU(2); multiplicities, and assigning a factor —1 to
left-handed fields leads to

Y Y=-3-2-1+3-3+3-(—3) =0. (2.54)

quarks

Next, in the case where we have two SU(2); bosons and one U(1)y boson, the sum of
divergences is proportional to

1
tr (T“TbY> — 5" Yy, (2.55)
left-handed left-handed

where the sum goes over all left-handed fermions, since the right-handed ones are uncharged
under SU(2). This sum of hypercharges can be evaluated as

Y=-2-(-%)-3-2-1=0. (2.56)
left-handed

For the case where all three bosons belong to U(1)y we have the sum
Y () =—2 (=)’ + (1’ =3-2- (1)’ +3- ()’ +3- (-1’ =o0. (2.57)
fermions

Finally, we need to also consider the case where we have one U(1)y gauge boson and two

gravitons?! [29]. This leads to the sum??
f Y Y=-2 (-3 +(-1)-3-2-(})+3-(3)+3-(—-3%) =0. (2.58)
ermions

Fantastically, each anomalous contribution vanishes, and the SM remains consistent.

20t is an unfortunate notation to use t* as a general generator of an undetermined gauge group in Egs. (2.51)
and (2.52) while later using it specifically for SU(3).. However, this is the notation usually followed in the
literature.

21Gravitons are not part of the SM but we know that the SM fermions must couple to gravity somehow.

22Note that we started out this section by assuming that the fermions are massless, but they can still couple to
gravity by having a non-zero kinetic energy.
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2.1.6. Sphalerons

Baryon number B and lepton number L are both classically conserved in the SM [30, 31].
These charges can be expressed as [32]

B= [@xju(x), L= [dxfuo(x), (2.59)

where the currents [, and Ji, are given by

e, - i _
Jn = 3 Z (Qi7yQi — iRy vyutti — dri Vi) »
i (2.60)
Juw =Y (LivuLi + erivueri)

1

where i denotes the flavour and a superscript ¢ denotes the charge conjugate (see Appendix B).
Classically the divergence of these currents vanishes,

Al =0,JF =0, (2.61)

but at one-loop level, the divergence is non-zero due to the Adler-Bell-Jackiw triangular?®
anomalies [34,35] (c.f. Sec. 2.1.5),

S;JE = a;t]il = 312\[;;2 <g2Wava;V _g/szva/> , (2.62)

where Ny is the number of fermion generations, and therefore B and L are anomalous?* [36].

Since their divergences are equal, we know that 9,, ] and 9,,J}' can cancel each other such that

B — L is still conserved at the quantum level. We can now write the RHS of Eq. (2.62) as the
divergence of a current® Ky,

dufly = 0uJ] = Npo, K", (2.63)

where
12

2
KM = —é—neﬂ"f?"wﬂu (apww + %eabcwbpwca> + ?fgz—neWWBvag. (2.64)

The change in B and L over time can be obtained by integrating over the divergence of the
current,

t
8B=AL=N; [ Lt / K" = Ny (Nes(t) — Nes(t0)) (2.65)
0
where N, is the Chern-Simons number
& )
Na(t) = 55 / B xel W, Wy W, (2.66)

BTriangular here refers to the fact that the one-loop diagrams look like triangles with the sides made up of
fermions, and one boson sticking out of each vertex. See e.g. Fig. 6.3 in Ref. [33].

24 An anomalous charge here means that it is conserved classically but not at the quantum level.

ZIntroducing Ky, is not necessary here for the purpose of showing the effect of the sphaleron, and is sometimes
not done in the literature, but it is useful in solving the integral over the divergence of the current using
Gauss’s theorem by choosing a gauge where K = 0 at spatial infinity.
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for spatial indices i, j, k, it can be shown that [37]
AN = Ngs(t1) — Nes(to) = v, (2.67)
where v is an integer, and we therefore have
AB = AL = vNj. (2.68)

We see that baryon- and lepton number can change in the SM in units of*® +N; = 43. Stable
configurations of B + L exist as the minima of the total potential energy of the system, with
energy barriers separating the minima. A transition between different configurations can
occur in two ways: tunnelling can occur through the barrier via instanton effects [38—40], or
the energy of the system can be high enough such that the energy barrier can be surmounted,
which is known as an electroweak sphaleron transition [41,42]. The electroweak sphaleron,
therefore, is an interaction involving one field each from the three lepton fermion doublets, and
three each from the quark doublets, as seen in Fig. 2.2 (left). The Gauge fields configurations
that give non-zero A (B + L) at zero temperature are instantons, and their rate?”

[ns & e~ 4/2w 107170 (2.69)

where ayy is the weak analogy of the fine structure constant, is unobservably small [43]. If
it were only due to instantons, the transition between different states of B + L is so rare
that it should never have happened a single time in the observable Universe [44]. At higher
temperatures, B 4 L transitions can occur more rapidly via electroweak sphalerons, as their
rate is temperature dependent [45,46],

Topn o e Fon/T, (2.70)

where Egpn ~ O(1) X myy /ay, with my being the mass of the W boson. At high temperatures
mw ST < 10!2 GeV, the electroweak sphaleron rate is significant, and can be considered to
be in equilibrium [47,48].

Apart from electroweak sphalerons, there are also QCD sphalerons corresponding to the
SU(3). symmetry of the SM [49-51]. As illustrated in Fig. 2.2 (right), QCD sphalerons only
involve the quarks, and they do not break B, L, or B + L.

2.1.7. Electroweak phase transition

As detailed in Sec. 2.1.2, the electroweak symmetry of the SM is broken at low temperatures,
and restored at high temperatures. There is strong evidence that the Universe was hotter
in the past than it is now?, so hot in fact, that in the past the electroweak symmetry was

26Note that a change in L implies a change in B. For this reason, the sum B + L is often considered for the change
of baryon- and lepton number in the SM, rather than the two charges separately.

27The dimension of T is here inverse time. It is proportional to e~41/2w due to this factor appearing in the cross
section for this instanton transition.

28Gee Sec. 2.2.2 for more details.
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Figure 2.2.: Electroweak (left) and QCD (right) sphalerons. For the electroweak sphaleron, the
SU(2); indices can be changed so long as the vertex remains a singlet.

completely unbroken throughout the Universe. Since the Universe today is cool, and the
electroweak symmetry is broken, there must have been some transition period when the
electroweak symmetry went from being unbroken to being broken. This is the electroweak
phase transition, and it is expected to take place around the weak scale?.

The electroweak phase transition can be seen as arising as a consequence of the temperature
dependence of the Higgs potential. For high temperatures, the minimum of the Higgs
potential lies at the field value ¢ = 0, while for low temperatures the minimum is at ¢ = v.
At zero temperature the Higgs potential at one-loop order is given by

V()|

where Vi (¢) contains the one-loop corrections,

1 1
o= e’ AP VA(9), 2.71)

_ &= Mi(9)?
Vilg) = S M) n (MU0 )

Here f; is the fermion number®, y is a cut-off scale, and M;(¢) is the mass of particle i in

terms of the Higgs field ¢. For a particle i, the temperature-dependent contribution is given
by [52]

Vi(, T) = 2n2sz4 / dxxIn (1— (—1)f exp [— xMWD . (2.73)

The one-loop- and temperature-dependent contribution to the Higgs potential includes
interactions with all particle species i that have couplings to the Higgs boson. However, the

2The weak scale is here loosely defined as an energy scale somewhere between the Higgs vev v = 174 GeV and
the mass of the W boson myy = 80.4 GeV.
30Tf i is a fermion we have fi =1, while if i is a boson f; = 0.
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effects are larger for more massive particles than for lighter ones. Therefore, we choose to
only include contributions from the heaviest particles in the SM, namely the W*, Z and Higgs
bosons, as well as the top quark®'. Explicitly, the ¢-dependent masses of these particles are
given by [53]

My (¢)* = %g2¢2, (2.74)
Mz(¢)* = % (8% +g7) ¢*, (2.75)
My(§)?* = —mj, + 6A¢?, (2.76)
Mi(9)* = yi¢*. (2.77)

We then obtain the potential

Vg, T) =

(3}@ - é>21n (3/\4);2 g )

3
* fopar2 (28 H &+ 9 1“( ) Tl n<¢2>
I <61+ <g1<p2> +317 <(g +5") >+1+( m? + 37g%) + 121 (y%

2

27T 22
(2.78)

) 1/2
Ii(W):i/O x21n<1:Fexp —< +;Y2> D (2.79)

The minima of the Higgs potential, c.f. Eq. (2.78), are found via the conditions

where

V’(T,cp)‘ =0, V”(T,(p)‘ > 0. (2.80)
$=¢min

At high temperatures, the minimum of the Higgs potential is at ¢min = 0, while at low tem-

peratures it is at ¢min = v. For some intermediate temperature, there are local minima at both

¢ = 0 and ¢ = v. If tunnelling effects are neglected, the electroweak phase transition occurs

at a temperature T, when the potential barrier between the two local minima disappears. This

temperature can be found via the condition

=Pmin

V"(0,T») = 0. (2.81)

To find an expression for T, we simplify the temperature-dependent contribution to the
potential using Taylor expansion,

(1) - 10

31These particles, W, Z, ¢ and t, are commonly referred to as The big four, in reference to the heavy metal bands
Anthrax, Megadeth, Metallica and Slayer, which are historically also known as The big four. These four particles
all have masses of O(100 GeV), which is significantly higher than the mass of the fifth most massive particle in
the SM (the bottom quark at 4.18 GeV).

Vz

x2 + T2

) ~ f(0) + ;’; £'(0). (2.82)
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Now using the standard integrals

7T
/ dx21_ex_§, (2.83)
2
T
/ dszex_ﬂ, (2.84)
1 us
/ dxx*In ) = 5 (2.85)
we find that
12m,
T, = (2.86)

A8+ g2+ oyp

We see that the phase transition temperature T, depends on the couplings of the Higgs
boson to the particles that we included in the one-loop and thermal effects. Furthermore, we
expect the transition to occur at a temperature of roughly the same order of magnitude as
the Higgs mass m,. However, the exact temperature at which the transition occurs depends
on tunnelling effects, and on any other particles the Higgs interacts with which have not
been included in deriving Eq. (2.86). Often the transition is simply assumed to occur at
Agw =~ 100 GeV.

2.2. The A Cold Dark Matter Model

In this section, we review the standard cosmological theory of modern times, the A Cold
Dark Matter (ACDM) model. Here, the cosmological constant A refers to a term in Einstein’s
equations [54]

Ry — 38R + Aguy = 81GTyy . (2.87)

These equations® relate the curvature of spacetime (LHS) with the matter content of the
Universe (RHS).

2.2.1. Modern cosmology

Our modern cosmology states that the Universe was created 13.787 £ 0.020 billion years
ago [55] in an event known as the Big Bang. According to this view, the Universe evolved
from a singularity by increasing its size and cooling down. Exactly from where our Universe
came is not relevant to this thesis®, and neither is the question of how the Universe might
end.

As is described in more detail in Sec. 2.2.2, the term in Eq. (2.87) containing A describes
what is known as dark energy, a constant expansion of space that dominates the energy content

32Even though it looks like a single equation, Eq. (2.87) actually contains 4 x 4 = 16 equations, since the indices y
and v can take on one time dimension and three space dimensions each.
33With one exception, which is discussed briefly in the introduction to Ch. 3.
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of the Universe at late times® [56,57]. The Cold Dark Matter part of ACDM refers to an
invisible form of matter, dark matter, that interacts via gravitation to form structures such
as galaxies®. Dark matter is thought to be Cold in the sense that its velocity distribution is
tilted towards the low end during the time of structure formation. The velocity distribution is
affected by the mass of the individual dark matter components®®, as less massive particles are
generally more relativistic than heavier ones®.

Einstein’s equations in Eq. (2.87) are central in General relativity and in cosmology. For a
given metric g,,, Einstein’s equations reveal the details of the time evolution of the Universe.
However, providing a metric that accurately describes our Universe is non-trivial, and usually
some simplifying assumptions have to be made. On large enough scales®, the Universe
is often taken to be both homogeneous and isotropic, adhering to what is known as the
Cosmological principle, which states that there are no special cosmological observers in the
Universe: everyone should see the same thing when they look deep enough into space, no
matter where they are. Isotropy and homogeneity are often seen as valid assumptions [58-60].
However, some large objects have been observed that brings into question at which scale
the Universe should be seen as homogeneous [61-63], and the large scale structure of the
Universe is being explored in large galaxy surveys [64]. Under the assumption of the
cosmological principle, a good metric to use is the Friedmann-Lemaitre-Robertson—-Walker
(FLRW) metric [65-68]

1 0
— i , (2.88)
S (o —a(t? (5ij+k1";i‘iz>>
where a(t) is a dimensionless time-dependent scale factor, and k is the Gaussian curvature of
the Universe®. We can use Eq. (2.88) in the Ricci tensor

Ly L o pep
Ruw =z = 5 T lrelvu=Tveliy, (2.89)

34In this chapter, late times or late Universe refers to a time comparable to present day, rather than something
beyond present time (further in the future).

35The terms dark matter and dark energy are a bit unfortunate. Firstly, the two phenomena have little to do with
each other apart from both being relevant to cosmology, and the fact that both are called dark is therefore
misleading. Secondly, neither of them are strictly speaking dark, they can both more accurately be described as
invisible, or transparent.

36Note that the nature of dark matter is not determined by the ACDM model. Dark matter may be a new particle
beyond the SM, or it may be some compact object like black holes, or something else entirely.

37The temperature of dark matter, i.e. hot vs cold, may sound like it should refer to the kinetic energy of the
individual dark matter components, rather than their velocity (at least if dark matter is in thermal equilibrium
with the SM bath). Structure formation however relies on the ability of dark matter to form clumps, which in
turn depends on the velocity of the dark matter components with respect to the escape velocity of the clumps,
rather than the kinetic energy. Nevertheless it is conventional to use hot and cold, rather than something like
speedy and slow, even if it could be thought that the latter more accurately captures the relevant physics.

380n scales larger than ~ 100 Mpc.

31f we drop the assumption of homogeneity but keep isotropy, the co-moving distance a(t) and curvature k
in the FLRW metric can be promoted to functions A(r,t) = a(t)/r and k(r) = kr? that depend on the radial
coordinate r. Such a metric is known as the Lemaitre-Tolman-Bondi (LTB) metric [69-71].

22



2. The Standard model and beyond

and the Ricci scalar
R — gl/“/R W s (2.90)

where the Christoffel symbols T’ u are given by

1
Iy = 58" (08 + uguy — dy8up) - (2.91)

The only remaining tensor to determine in Einstein’s equations is the stress-energy tensor

T, which is given by
pt) 0 >
T = , (2.92)
" ( 0 —p(b)g
where g;; is the spatial part of the FLRW metric at the origin ¥ = 0. Furthermore, p(t) is
the pressure, and p(t) is the energy density. Plugging everything in, the time-component of
Einstein’s equations leads to [65,72]

1)\ 8nG koA
<ZE2> - %p(t) “aEt (2.93)
and the spatial part leads to
i(t 4nG A
28 = =27 (o) +3p(1) + 5 - (2.94)

Egs. (2.93) and (2.94) are known as the Friedmann equations, and they appear as a natural
consequence of the cosmological principle applied to General relativity. Therefore, they are
central components of the ACDM model. To interpret the Friedmann equations, we must
first have an interpretation of the scale factor a(t). From Eq. (2.88), we see that we would
recover the standard Minkowski metric for a(t) = 1 and k = 0. A larger a(t) would then
mean that space is bigger with respect to time, and vice versa, such that a positive a(t)
describes an expanding universe, and a negative 4(f) describes a contracting universe. The
Gaussian curvature k = —1, 0, +1 describes the geometry of the universe, whether it is a
negatively curved 4-dimensional hyperboloid (k = —1, open universe), completely flat with
no curvature into a 4th dimension (k = 0, flat universe), or a positively curved 4-dimensional
sphere (k = +1, closed universe). Recently it has been claimed that there is evidence for a
positive curvature [73,74] but this claim has also been disputed [75-77]. Historically, it has
often been assumed that k = 0 applies to our Universe, which we also assume for the rest of
this thesis. We can then interpret the first Friedmann equation (Eq. (2.93)) as showing that a
positive energy density p(t) leads to an expansion of the universe. In the second Friedmann
equation (Eq. (2.94)), we see that a positive energy density, as well as pressure p(t), leads
to a deceleration of the expansion. The pressure and energy density may be related via the
equation-of-state parameter

w(t) = M, (2.95)

where for non-relativistic particles we have w(t) = 0, and for ultra-relativistic particles we
have w(t) = 1/3. We see therefore that, for both matter and radiation, the energy density and
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pressure act to slow down the expansion of the Universe. A positive cosmological constant A
(dark energy) acts to increase the rate of expansion, as well as the acceleration of expansion.
Now, since we know that the Universe is expanding, we also know that the wavelength of
light travelling from very distant sources is stretched, and visible colours are shifted towards
red. This redshift is a useful tool to measure distances in cosmology, where the ridiculous
length scales involved often make meters and even lightyears lose their intuitive connection’.
The redshift is parametrised by z, which is given by‘}‘1
Ag
b 1, (2.96)
where A is the wavelength of light at Earth, and A is the wavelength at its source. The
redshift z then describes the distance between Earth and the source of the light. We can now

express the scale factor as*?
1
= ) 2.97
(z) = 1 2.97)
Next, the the first law of thermodynamics gives us*
au = —pdV, (2.98)

where U is the energy that resides inside the volume V. We can rewrite this law in terms of
our cosmological parameters such that
d(a’p) = —pdV
a’dp + 3pa*da = —3wpa*da
dlnp = -3(1+w)dlna

2.99)
: dlnp(2) / din(1+2) (
/0 az 0 d2/3(1 -+ w) =
p(g(i)o) — exp (3/0 iz (14 w(z))(1 +z')1> .
For a constant w we get
p(z) 3(1+w)
———==exp(3(1+w)lnz) =1z . 2.100
Introducing the Hubble parameter
H(z) = 1)« [870) (2.101)

a(z) 3

4OIn’rerestingly, it was the redshift of distant galaxies that led to the discovery of the expansion of the Universe [78,
79], which in turn led to the Big Bang theory.

#Unfortunately, z is also used as a time variable in astroparticle physics (see e.g. Appendix E). This time-variable
z has nothing to do with redshift.

42Gince light from far away was emitted at an earlier time and since light travels at a fixed velocity, the redshift z
is a measure of both time and space.

43Here we have assumed that the Universe expands adiabatically.
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Hy =/ Sﬂg““, (2.102)

44

and the Hubble constant

where p.; is the critical energy density of the Universe
equation as

, we can rewrite the first Friedmann

H?(z)
il

_y P
= Zj:Ql i(z=0)’ (2.103)

where the index i denotes different forms of energy. Using w = 0, 1/3, —1 for matter,
radiation and dark energy, respectively, we have

H?(z)
el

=0n(1+2P+0,(1+2)*+ Q4. (2.104)

Due to their varying dependence on z, different forms of energy dominate at different
times. Using the observed values Hy = 67.4 (km/s)/Mpc, (), = 8.5 x 1072, Q,, = 0.3, and
O = 0.7 [55], we see that radiation dominates from the beginning until z ~ 3500, then matter
dominates until z = 0.33, after which dark energy dominates®.

In Eq. (2.104), we neglected some forms of energy, e.g. gravitational waves and topological
effects of phase transitions such as domain walls or cosmic strings, since their energy content
is thought to be relatively small on large timescales. We also did not include inflation, which
is a hypothetical process before radiation domination where the Universe undergoes rapid
expansion [80,81]. Inflation is conventionally not part of the ACDM model, but it does
offer solutions to some of the problems that the ACDM model cannot explain, such as the
Flatness problem (why is k ~ 0 so small, when even a very tiny deviation from zero in the
early Universe would have led to a vastly different number today?) and the Horizon problem
(why is the Universe almost the same temperature everywhere, when parts of it that are far
from each other should never have been in thermal contact?). The details of inflation are not
relevant for this thesis. However, the conditions for the end of inflation, known as reheating46,
play an important role. Unfortunately, the time of reheating, as well as the particle content of
the Universe at that time, are both largely unknown. Therefore, even though it does play a
role, from here on we neglect any effects coming from the details of reheating.

#4This energy density is defined as the exact current energy density of the Universe that makes the first Friedmann
equation hold using the observed value for Hy, as well as k = 0 and A = 0.

#5The very recent (in cosmological terms) transition from matter domination to dark-energy domination highlights
the so-called Coincidence problem. If dark energy continues to dominate more and more, light from distant
sources (e.g. the Cosmic Microwave Background (CMB), see Sec. 2.2.2) will eventually not reach the Earth,
because space expands faster than the light can travel (i.e. the photon wavelength is redshifted to infinity).
There is a short window of time where dark energy is dominant enough to be detected, but weak enough
such that we can still se light from very far away. The Coincidence problem then asks how it can be the case
that we coincidentally happen to exist in this short window of time.

46Reheating contains the re- since the Universe should have at first been very hot when the inflatons are created
(an inflaton is an inflation quanta), but later cooled down during inflation. As the inflaton decays, the decay
products are hot, therefore the Universe is again heated.
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T (GeV) | Process

> 10 | Gauge interactions + ¢ Yukawa
> 10 | QCD sphaleron

~ 10 | EW sphaleron + b Yukawa

~ 1012 T, ¢ Yukawa

~ 1010 U, s Yukawa
< 108 u, d, e Yukawa

Table 2.3.: Temperatures where different SM processes enter into equilibrium in the early
Universe [86]. This table is taken from Ref. [2].

The ACDM model has many problems [82]. However, it is currently the leading theory of
cosmology, and it does offer an explanation for many observed astrophysical phenomena.
From here on we assume that the ACDM model is true.

2.2.2. Thermal history of the Universe

Here we briefly summarise the timeline of our Universe, from its creation until today. Since
the Universe gradually became cooler as it aged, different stages of the evolution of the
Universe can be described in terms of the temperature rather than how long ago they
occurred. Furthermore, since physical processes often depend on the energy scale of the
system in question, and since temperature is a form of energy, we categorise the different
eras of cosmology in terms of the energy scale. This section follows Refs. [53] and [83].

Super-Planckian era: T > 10" GeV

Quantum field theory applied to gravitation is non-renormalisable. This can be seen from
dimensional arguments: the gravitational constant G has the dimensions m~2, where m
denotes mass. Therefore, any term proportional to G" appearing in a probability density
diverges as [ dpp®*~!, where p is the momentum [84]. However, this is not a problem if
the masses m of the particles that interact in the probability density are small, leading to
a small dimensionless gravitational coupling constant ag « Gm?, since we can then claim
that the gravitational effect of the interaction is negligible. This assumption holds if ag < 1,
leading to m < G~1/2 ~ 1.2 x 10! GeV. Since, at high temperatures, the thermal mass of a
particle is proportional to the temperature m o T [85], the condition for neglecting quantum
gravitational effects only holds for temperatures T < 1.2 x 101 GeV. Above this temperature
scale, in the super-Planckian era, there is no satisfactory theory to describe what is going on.
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High-energy era: 101 GeV > T > 10> GeV

The fundamental free variables of the SM, such as the coupling constants of the three gauge
interactions, run with increasing or decreasing energy. This means that, due to renormalisation,
the values of the coupling constants are different at different energy scales. In the presence
of New Physics (NP), it is possible that this running is modified, such that the constants all
meet in a single point at some high scale leading to a single gauge coupling. Such a scenario
would correspond to a Grand Unified Theory (GUT), and is motivated from theoretical
considerations of symmetry and simplicity of nature. If such a unification does occur, it
should do so at a very high energy scale Agur ~ 10'® GeV in order to avoid rapid proton
decay, and there should be a plethora of Goldstone bosons coming from the broken generators
of the GUT symmetry group.

Apart from the unification of forces, several unsolved problems of physics are thought to
have solutions lying in the energy regime of the high-energy era. Inflation and reheating, the
decoupling of DM with matter, as well as the generation of an asymmetry between matter
and antimatter, could all occur in the high-energy era according to many theories (but there
are several exceptions). It is also possible, as is discussed in Sec. 2.3.1, that the explanation for
neutrino masses lies around the GUT scale. However, one reason why these problems are
still unsolved is that the energy scales involved in the high-energy era are generally speaking
outside current experimental reach. The LHC has a centre-of-mass energy of 13 TeV, which is
not enough to probe the GUT scale, and low-scale observables do not have the sensitivity
required to see the subtle effects of some GUT-scale particles directly.

Different SM processes come into equilibrium at different times, due to the different size of
the corresponding coupling constants (larger coupling constants imply that the interaction is
stronger and therefore it comes into equilibrium earlier). In Tab. 2.3, different SM processes
can be seen along with the temperature at which they reach chemical equilibrium. All
particles which are in equilibrium quickly thermalise among each other (this also includes
the massless gluons, W*, and B bosons), such that they become part of what is called the
thermal bath. Radiation is the dominant energy content of the Universe during this era, apart
from a possible inflationary period during which the inflaton should dominate.

At the end of the high-energy era there is the EWSB, which is known to occur, but apart
from this the high-energy era is veiled in mystery. According to most theories, an asymmetry
between matter and antimatter, with a ratio of about 1.000000001:1, is generated sometime
during the high-energy era. A large part of this thesis deals with possible effects of NP during
the high-energy era that leads to an asymmetry between matter and antimatter, and how they
could possibly be probed experimentally.

Era of quark-gluon plasma: 10> GeV > T > 1.5 x 10> MeV

After the electroweak symmetry has broken into the electromagnetic symmetry, quarks are
part of the thermal bath, along with all other particles of the broken SM. There are distinct up-
and down-type quarks, as the doublet Q = (u; d1)T no longer exists. The number densities
of the massive gauge bosons W* and Z, along with that of the Higgs boson and the top
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quark, significantly drop towards the end of the era of quark-gluon plasma.

Hadron era: 1.5 x 10> MeV > T > 10% keV

At a temperature around 1.5 x 102> MeV, quarks bind into hadrons. Instead of quarks, the
Universe is now filled with mesons and baryons. However, the number densities of mesons
drop heavily towards the end of the hadron era, as do the number densities of tau and muons.
Neutrinos decouple from their chemical equilibrium with the SM thermal bath, and from
here on they have a separate temperature as compared to the rest of the SM particle content.

BBN era: 102 keV > T > 1 keV

Eventually the temperature drops low enough for protons and neutrons to bind into nuclei,
which denotes the start of Big Bang nucleosynthesis (BBN). A nucleus i can form if the
temperature is low enough, according to the relation [53]

Bi/(A;—1)

, (2.105)
ln(rygl) +1.5In(m,/T)

Inuc =

where B; is the binding energy and ng = ng/n, is the ratio of baryons to photons. The
binding energy per nucleon is given by

Bi/A; = (Zimp + (Al — Zi) my — mi)/Ai . (2.106)

Here Z; and A; are the number of protons and nucleons, and m,, m,, m; are the masses of
protons, neutrons and the nucleus i, respectively. For deuterium 2H, being the first nucleus to
form, the binding energy B:y/ /2 ~ 1.1 MeV is quite low in comparison to the next nuclei to
form, which are *He with Bsy./3 ~ 2.5 MeV and *He with Buy, /4 ~ 7 MeV. We could then
naively expect deuterium to start forming much later than helium. However, helium cannot
fuse without deuterium, as it is created in e.g. 2H + p — 3He and ?H + *He — “He + n.
Therefore, synthesis of helium is delayed until there is a sufficient abundance of deuterium in
the Universe. At the end of BBN, the matter in the Universe consists of 75% hydrogen, 25%
helium, and trace amounts of lithium [83].

Era of electron-ion plasma: 1 keV > T 2> 0.4 eV

Right after the primordial elements have formed, the Universe was too hot for electrons to
settle into atomic shells around nuclei, and it remained so for several hundred thousand
years (in contrast, BBN ended roughly 3 minutes after the Big Bang). During this time,
in which the matter content of the Universe consisted of an electron-nucleus plasma, DM
was forming haloes that would later serve as seeds for galaxies. Depending on the mass
of the dark matter particle, these haloes either formed in the disintegration of bigger DM
haloes (top-down structure formation, light DM particles) or by coalescence of smaller clumps
(bottom-up structure formation, heavy DM particles). The visible matter consisted of charged
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particles (positive nuclei and negative electrons), and could not form structures due to the
repelling effect of Compton scattering. The rate of atomic hydrogen formation is described by
the Saha equation [83,87]

1-X 4V2x12 T
—~ np—e”'T,

2.107
X? VT e ( )

where

n
X=Pr-1_" (2.108)
np np

is the relative abundance of protons to baryons, and where B = my +m, —mpg = 13.6 €V is
the binding energy of hydrogen. Solving Eq. (2.107) gives a temperature of around 4000 K, or
0.4 eV, as the transition temperature from a plasma to a hydrogen gas. We see the light from
the plasma at the time around this transition (z ~ 1100) as the Cosmic Microwave Background
(CMB).

During the era of electron-ion plasma, at a temperature around 1 eV, radiation stops being
the dominant form of energy in the Universe, being overtaken by matter (DM + visible
matter).

Hydrogen era: 0.4 eV 2> T

After the transition from a plasma to a gas, the Universe becomes transparent, and visible
matter can fall into the DM haloes. This initiates star formation, which continues until present
day. At 9.8 billion years after the Big Bang, dark energy takes over as the dominant energy
source of the Universe. Presently, 13.8 billion years have passed since the Big Bang, and the
Universe has reached a temperature of 2.7 K, or 2 x 10~ eV.

2.3. Neutrino masses and physics beyond the Standard model

In Secs. 2.1 and 2.2, we outlined the most commonly accepted theories for particle physics
and cosmology. In this chapter we go through the reasons why the former is not enough for
a full description of nature. We also show some of the possible extensions that could solve
issues in the current framework, focusing mainly on the particle physics aspect of the modern
theories, rather than cosmology.

2.3.1. Motivations to go beyond the Standard model

To many physicists, the SM is simultaneously both exciting and boring. It’s exciting in the
sense that it accurately predicts the outcome of experiments, and provides us with a picture of
how nature works on very short distances. The boring part comes from this ability to predict:
the SM is so good that very few observations are left unexplained. Yet there are a plethora of
theoretical problems that motivate the venture beyond the SM into different extensions.
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Baryon asymmetry of the Universe

As is discussed at some length in Ch. 3, the observed difference in the number density of
baryons vs antibaryons in the Universe motivates the search for New Physics (NP), as the
SM does not explain how such an asymmetry came about. This problem has many solutions,
which are also covered in Ch. 3.

Neutrino mass

Neutrinos are massless in the SM, but as inferred from neutrino oscillation experiments [88,89]
at least two of the neutrinos have non-zero masses. The SM charged lepton weak gauge
interactions and Yukawa interactions are both diagonalised, at least conventionally, and
therefore it is not possible to diagonalise the neutrino mass matrix (c.f. Sec. 2.1.3). The
connection between the neutrino flavour states and mass states is parametrised by the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U [90,91], such that

vi) = Uj [v1) + U [v2) + Uj [vs) (2.109)

where i € {e, u T} denotes the neutrino flavour, v1, 15, v3 are the neutrino mass eigenstates,
and U is an element of the unitary PMNS matrix. The connection between masses and
oscillations can be seen by letting the state in Eq. (2.109) travel a distance L in the direction £,

[i (L%, 1)) = U [v1) e ™ + Uy [vp) e 792 + Uy |vs) e 92, (2.110)

where ¢, = p} xy, and where p, is the 4-momentum of particle 2. We can also express
Eq. (2.110) in terms of the flavour states,

Wi (LR, 1)) = Cie |ve) + iy |Vu) + cix [Vr) 2.111)

for coefficients . _ .
cij = (UpUpe " + UpUpe ™ + UjUjze™ ). (2.112)

The probability to oscillate from v; to v; is now given by

P(VZ' — 1/]) = | <1/j‘1l]i(LJ?, t)> |2 = ci]-cf]. . (2113)

From the structure in Eq. (2.113), the oscillation probability is proportional to the differences
between the phases ¢1, ¢ and ¢3, which can be expressed as

2 2 2 2
. pPi —P; (m: —m7)L
¢i — ¢j = (p! — p)t — (Fi — Fj)L = <(Ei—Ej)t_ (piﬂ);) L) = ]T (2.114)

where we have assumed E; = E; = E, and p; + p; = 2E,. Clearly, Eq. (2.114) depends on the
mass difference between v; and vj. The observed neutrino oscillation involves three flavours,
which necessitates two mass splittings, implying that at least two out of the neutrinos are
massive.
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Solutions to the neutrino mass problem may involve introducing BSM fields, which can
generate a neutrino mass via tree- or loop-level diagrams. Perhaps the simplest solution is to
introduce to the SM a coupling

LD —ypLi¢"vr; +he., (2.115)

where vg € (1,1,0) is a right-handed neutrino. A problem with this solution is that in order
to get the correct neutrino mass m, ~ O(1072) eV, the coupling Vi~ O(10713) has to be very

small?’. Another problem is that the field vg, being a complete SM singlet, has the potential
to participate in a Majorana term

1
where Mj; can in principle be quite large. This is a problem because Eq. (2.116) induces lepton
number violation (LNV), which has not been observed, though it can easily be solved by
assuming that the scale of LNV is simply inaccessible to current experiments.

Dark matter

As detailed in Sec. 2.2, many of the most established modern theories of cosmology include a
DM component, but the detailed nature of DM is often not directly relevant. The experimental
evidence for the existence of DM is overwhelming: there is a wide range of astrophysical
observations that can be simultaneously explained by the introduction of a non-interacting
matter component (see Ref. [92] for an historical overview). It is not necessary for cosmology
that DM is a new particle, it could e.g. be made up of black holes [93,94]. Alternatively,
some of the effects of DM could also be due to modified gravity [95,96]. Many BSM theories
(often by construction) include a particle or a set of particles that can act as DM, by being
sufficiently non-interacting and stable, as well as having the correct mass. If DM does have a
particle nature, it could be involved in the solution to other unsolved problems of particle
physics, such as the origin of the matter-antimatter asymmetry or the generation of neutrino
masses. One motivation to consider DM as a particle is being able to explain the correct DM
abundance via thermal freeze-out or freeze-in. This provides a relatively simple explanation
for how the DM energy density came about. The energy density of DM is very close to that
of baryons [55]

Opym ~ 5 x Qp, (2.117)

and many theories therefore postulate that they have a common origin [97-100]. Since baryons
have a particle nature, it is, in such a scenario, often believed that DM does as well. Finally,
the weak interaction strength between DM and visible matter could explain why neutrinos
have such a small mass. The generation of neutrino masses could occur via loop diagrams
involving DM particles [101], where the small coupling between DM and neutrinos, necessary
to explain the experimental non-detection of DM, naturally leads to a tiny neutrino mass.

471t can be argued that the smallness of the neutrino Yukawa coupling is not a problem at all, and that there is no
inherit reason to expect that all free parameters of the next theory beyond the SM are O(1).
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Anomalies

The above mentioned motivations to look for theories beyond the SM all have to do with
extending the currently established framework to explain observed phenomena, such as
neutrino oscillations or the gravitational effects of some invisible matter component. A more
straight-up version of this approach is to actively look for experimental results that deviate
from theoretical expectations, and find extensions to the SM that explain the discrepancy.
Historically this hunting for anomalies*® has been unsuccessful, the SM has prevailed through
very thorough scrutiny. For example, in 2015 both the ATLAS and CMS experiments at the
LHC in CERN reported an excess of diphoton events at an invariant mass of 750 GeV [102,103].
What looked like a signal of NP disappeared a few years later [104,105]. More recently, in 2020,
preliminary results from the KOTO experiment at J-PARC showed an excess of events in the
rare meson decay K; — v [106], and later the same year this excess also disappeared [107].
We discuss this rare decay mode in more detail in Chs. 4 and 6.

There are further anomalies in the semileptonic decays of B-mesons that are still standing
to this day [108,109]. In 2012, the BaBar collaboration reported a deviation from the expected
value in the ratio Ry, = BR(B — D"t~ 7;)/BR(B — D*)¢~7,) [110], where a superscript *
denotes an excited meson. Similarly, in 2014, the LHCb collaboration reported an anomaly in
Rg =BR(B" — K*u"u~) /BR(B* — Ktete ) [111]. For the former mode, a more recent
experimental result from the Belle collaboration is in less tension with the SM [112]. However,
combined with the initial results, R, still remains anomalous. For Rk the story is different.
The 2021 result from LHCb Rx = 0.84670.9:270.91% [113] is consistent with the 2019 result
Rg = 0.84610 020006 [114], while in the SM, Rk should be equal to 1 up to O(1%) corrections
from electromagnetic effects and the mass difference between e and y [115,116]. This leads to
a discrepancy between the SM expectation and LHCb experimental result with a statistical
significance®® of 3.1¢ [113]. The consistent discrepancy between theory and experiment has
led to Rk being one of the more well-studied anomalies.

Another anomaly related to muons is the discrepancy between the theoretical and experi-
mental values for the anomalous muon magnetic moment a, = (g, —2)/2, where g, is the
gyromagnetic ratio of the muon®. In 2006 the Muon g-2 collaboration obtained an experi-
mental value for a, that differed from the SM with a significance of 3.7¢ [117]. This deviation
was confirmed in 2021, increasing the significance to 4.2c [118,119]. However, a recent result
from the Budapest-Marseilles-Wuppertal (BMW) collaboration regarding the calculation of
the leading hadronic contribution to the muon magnetic moment significantly reduced the
tension between the experimental result and the SM [120], turning the significance of the

#8Note that the type of anomaly that is referred to here has little to do with the anomalies that are discussed in
Sec. 2.1.5.

#The statistical significance of an experimental result in particle physics is usually given in terms of standard
deviations (). For a result to be claimed as a discovery, a significance of 5¢ is usually required.

50The gyromagnetic ratio is related to the magnetic moment M via M = %g, where § is the spin vector. At
tree-level it has the value g, = 2, such that a, = (g, — 2)/2 only captures the loop-induced effects. Magnetic
moments are generated at loop level because none of the SM particles have a magnetic charge (i.e. there are no
magnetic monopoles). An excess in the magnetic moment of the muon can therefore be seen as a hint that
there are more particles running in the loop than we have accounted for, leading to evidence for BSM particles.
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anomaly into 1.5¢.

Regarding neutrinos, there is an anomaly that started with a result from the LSND ex-
periment in 2001 [121]. In this experiment, a search was conducted to observe 7, — 7,
oscillations, and the number of observed events was consistent with an oscillation probability
P = (0.264 £ 0.112). However, this oscillation probability implied a mass squared difference
Am? ~ 1 eV? in the three-flavour model, inconsistent with solar and atmospheric data [122].
The MiniBooNE experiment was built to investigate the LSND anomaly, and it eventually
lead to a confirmation of the excess [123,124]. However, in MiniBooNE the observed excess
could be caused by a range of different processes. Being a Cherenkov detector, MiniBooNE
cannot distinguish between a single electron and an electron-positron pair coming from
a converted photon [125]. To resolve this issue, the liquid argon time projection chamber
experiment MicroBooNE was commissioned, sitting upstream of MiniBooNE in the very same
neutrino beam but featuring superior event reconstruction capabilities [126]. A first result
from MicroBooNE rules out the underestimation of A-baryon production as the source of
the MicroBooNE excess at 94.8% CL [127]. One of the most common explanations for the
LSND/MiniBooNE anomaly is the existence of a light sterile neutrino [128-130], and this
explanation is still not ruled out, with the anomaly still being there. Future measurements
might shed light on the origin of the LSND/MiniBooNE anomaly, but for now there is no
definite answer.

There are more anomalies in the fields of particle physics and cosmology than the ones
listed above, too many to all be treated in detail here. These anomalies include e.g. an
underabundance of cosmological “Li [131], a discrepancy between different measurements of
the Hubble constant [132,133], a deviation from the expected signal in nuclear transitions
of 8Be and *He [134, 135], an excess of cosmic rays [136-139], and a difference in the CP
asymmetry between the decay B¥ — K* 7 and B~ — K+ 7t~ [140].

Gauge unification

As discussed in Sec. 2.2.2, there are reasons to believe that the gauge group of the SM SU(3). x
SU(2)r, x U(1)y comes from the breaking of some larger gauge group at a very high energy,
often through some intermediate extended symmetry. In this case, the fundamental forces
of the SM could be unified into a single force, in what is known as a Grand Unified Theory
(GUT) [141-143]. If such a breaking does occur, the fermions of the SM could be explained as
being different incarnations of a small number or even a single type of fermion. The coupling
constants of the SM would no longer be free parameters, but rather they would depend on the
coupling constant of the GUT gauge group, as well as running effects. However, according to
Goldstone’s theorem, there is a massless Goldstone boson for each broken generator of the
GUT gauge group, and depending on the model these can be quite many. In order to explain
the experimental non-appearance of such degrees of freedom, they are often assumed to be
eaten by new massive gauge bosons via a Higgs-like mechanisms, and these gauge bosons
are assumed to be too massive to have been detected. Many GUT models also lead to proton
decay, which is constrained by the stringent limit on the proton lifetime of T > 2.4 x 103 years
for the p — e 71¥ mode, set by the Super-Kamiokande collaboration [144]. There are several
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different candidate gauge groups which can achieve unification of the SM forces. Examples of
these are SU(3), x SU(2)r x SU(2)r x U(1)p_r [145-147], SU(4) x SU(2)r x SU(2)r [148],
SU(4) x SU(2) x U(1)r [149-151], SU(5) [152], SO(10) [153], E¢ [154], and many more.

Hierarchy problem

One of the historically most firmly believed signs for the need of BSM physics is a theoretical
problem known as the Hierarchy problem® [155-157]. This problem is connected to the
quantum corrections to the Higgs mass, which depend on the momentum as well as the
masses and couplings of all fields that the Higgs boson couples to. The momentum-dependent
quantum corrections appear as loop-level diagrams, where any field that the Higgs couples
to can contribute in a loop, and therefore provide a correction to the Higgs mass®*>. Assuming
that the SM is valid up to the high energy scale M ~ 10> GeV, corrections to the Higgs mass
can only come from terms proportional to M2. At the scale M, there are many contributions
to the Higgs mass, including the classical mass as well as quantum corrections. Since we
assumed M to be the cut-off of the SM, the parameter mj ~ 125 GeV should arise even when
the momentum scale in the quantum fluctuations is taken to be M. The problem here then
lies in the large hierarchy between M and m;, since quantum corrections with momentum M
are expected to produce mass parameters of order M. In order for different contributions at
the scale M to approximately cancel each other such that the mass scale m;, is produced, the
physics at the scale M has to be extremely fine-tuned. In fact, different terms at M have to
cancel up to 26 decimal places [158]. There is nothing inherently inconsistent with such a fine
tuning, but it is believed by many that it is a sign that something is wrong with the current
theory.

The Hierarchy problem is not unique to the Higgs boson, as can be seen in the following
example, which is taken from Ref. [159]. Consider the pion 7r, which approximately obeys an
SU(2) symmetry containing a neutral and charged component 7 and 7+, respectively, with
masses 10 = 135 MeV and m,+ = 140 MeV, such that 7 = exp(L—o + 7’0"/ fr), where 0;
are the Pauli matrices and fr is a structure constant. The SU(2) symmetry is broken by the
mass difference between 7° and 77¥, but it is approximately conserved. The mass term in the
Lagrangian of this model respects the SU(2) symmetry, and is given by

1 1 1
LD Emifi Trm = Emn(no)z + Em,ﬂﬁn— +.... (2.118)

However, the charged pions have electromagnetic interactions while the neutral ones do not,
as can be seen in the kinetic part of the Lagrangian

L5 % (9u710)” + | (9 + ieAy) 2. (2.119)

S1Hierarchy here refers to a hierarchy of mass scales.

52Note that not all contributions appear with the same sign. In fact, bosons and fermions in the loop lead to
different signs, such that if the contributions from one increases the mass, those from the other will reduce it.
In the SM, the biggest quantum correction comes from the top quark.
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It could be possible to account for the observed mass difference between 7° and 7% by the
electromagnetic interaction of 77+. Using an Effective field theory®® (EFT) description of the
electromagnetic contribution, we can estimate its size as

&2

(471)2

where A is the energy scale of the electromagnetic contribution. If A; ~ 750 MeV, the
term in Eq. (2.120) could precisely explain the observed mass difference between 71° and 7+.
However, if we had excluded the existence of any new particles below some very high scale
M > Ay, and found no new particles around A, there would be nothing to mediate the
electromagnetic interaction that we think explains the pion mass difference. Hypothetically,
particles could still exists at scales similar to M, but the electromagnetic contribution from
these particles would be huge, and we would then be in a tough situation to explain why their
presence is not more clearly seen in the pion mass splitting. There is a way out if we assume
that there is some other NP occurring at M, which contributes to the pion mass difference via

0L =

Ainta, (2.120)

0L =—83mtm. (2.121)

If 62, ~ M?2e?/(4m)?, this term would almost cancel the term in Eq. (2.120). However,
we then have a Hierarchy problem, since the involvement of physics at the scale M in a
mass difference Am,; < M begs an explanation: why is the physics at the high scale M
affecting the low-scale physics at 6,,? Luckily, there is the p meson, which comes in at
m, = 775 MeV [14]. This particle mediates the electromagnetic interaction, which explains
the pion mass difference [160], and therefore we do not have a Hierarchy problem among the
pions in the SM.

For the Higgs boson, the quantum correction to its mass coming from the top quark can be
written as °

5L = 6@Ah|h|z. (2.122)
In order for the quantum correction to stay below the scale of EWSB, we would require
Ay, S 500 GeV. However, unlike in the pion example, no new particles that fit the criteria
have been found at this scale. Finding a solution to the Hierarchy problem was one of the
main motivations for Supersymmetry (SUSY) [161-164]. However, the non-observation of
supersymmetric particles at the LHC has lead to its gradual decrease in popularity as a
solution. Other solutions include extra dimensions [165,166] or the treatment of the Higgs as
a Nambu-Goldstone boson of a broken global symmetry [167,168].

This concludes our list of some of the most commonly encountered motivations to go
beyond the SM. In Sec. 2.3.2 we discuss the different fields that we consider as possible
extensions to the SM in subsequent chapters, and in Sec. 2.3.3 we describe the effective field
theory framework, in which SM extensions can be studied model-independently.

53Gee Sec. 2.3.3.
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Figure 2.3.: Type I (left), Type II (centre), and Type III (right) seesaw diagrams.

2.3.2. Phenomenology of beyond-the-Standard-model particles

There is a wide range of models that incorporate BSM physics in order to explain different
observed phenomena or to solve theoretical issues. Many such models involve new particles,
which can be sought for experimentally. There are too many different kinds of BSM models
to go through each of them here. Instead, this section deals with the BSM particles that are
most relevant for the later chapters.

Many of these particles can play significant roles in cosmological evolution. Some of
the scalar fields could potentially act as inflatons, and some particles could be dark matter
candidates. Rather than focusing on such aspects, we are instead interested in lepton/baryon
number violation and neutrino masses, and in terms of cosmology we mainly concentrate on
the generation of a baryon asymmetry of the Universe. Notable examples of BSM phenomena
that will not be mentioned further is the axion [169-171] and Kaluza-Klein states [172-174].

In Sec. 2.3.2 we list the different BSM fields that are considered in this thesis, most notably
in Ch. 5. In Sec. 2.3.2 we discuss the three seesaw fields, after which we describe different
BSM scalar-, fermion-, and vector fields in Secs. 2.3.2, 2.3.2, and 2.3.2, respectively.

Seesaw particles

As discussed in Sec. 2.3.1, there is experimental evidence for the existence of neutrino masses
but the mechanism that generates them remains unknown. Neutrinos could acquire their
mass though a Dirac term via an interaction with the Higgs boson,

'CDirac = _y;'/jL?(PaﬁRj +h.c (2123)
with vr being the right-handed neutrino, or through a Majorana mass term

C( )ij

£Majorana = - Lb(,b (,b +h.c., (2124)

1

where the factor C 8)ij / A ) has mass dimension —1 and encodes effects of NP (see Sec. 2.3.3).
In fact, Eq.(2.124) is not renormalisable, and in order to find a satisfactory theory for neutrino
Majorana masses we need to add BSM fields, since the absence of NP would lead to C;; /A = 0.
One such NP scenario can be realised by adding to Eq. (2.123) a bare mass term™ for the

54Bare mass here refers to a term with a coefficient M of mass dimension 1, such that £ D —M°yp. The mass is
bare in the sense that it does not come from an interaction with any other particle. Only field bilinears that are
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right-handed neutrino, which we now rename vg — N to signify this modification®, such
that

1
Lrypei =~y LI¢"N; — 5MijNiNj +h.c., (2.125)

1

where we have identified N = N¢ and therefore written only N. In Eq. (2.125) we wrote the
Lagrangian with an index Type-i in anticipation of realising a Majorana mass term in the spirit
of Eq. (2.124) via the so-called Type-i seesaw mechanism [175]. Diagrammatically, the this
mechanism can be understood as two instances of an interaction between the lepton doublet
L and the Higgs doublet H, in-between which there is a right-handed neutrino N with a
Majorana mass insertion, as illustrated in Fig. 2.3 (left). In this way the left-handed neutrino
mixes with the right-handed one to produce an effective left-handed neutrino mass. We can
then redefine the fields v; and N in order to obtain fields with definite masses that do not
mix. To see this, we first observe that Eq. (2.125) can be written in matrix form,

1

T
mp, m -1 (VL
Lypei = -5 (v NT) <mD m’;) C (N> +h.c.. (2.126)

where C is the charge conjugation matrix. Note that Eq. (2.126) is written after EWSB, and
that the fields v; and N are written as vectors in flavour space. This promotes the masses
from Eq. (2.125) to matrices such that

(mp)ij = yij(¢),  (mr)ij = Mij. (2.127)

For completeness we have also introduced m}, as a Majorana mass matrix for vy that could
arise in different models. We now wish to redefine the fields v; — v; and N — N’ according

to .
<‘I’\I;> —W <1V\1L'> ) (2.128)

where W is defined such that the mass matrix is diagonalised,
T !
wT (mL mD) W = (mL 0 ) . (2.129)
mp MR 0 my

This leads to v; and N’ being separate mass eigenstates that do not mix. For W we now use
the ansatz of a rotation matrix>®

) .
W — 1—sin“0 sin 6 (2.130)
—sinf 1 —sin’6,

complete singlets under the gauge group of the model under consideration can have bare mass terms, since
such a term would otherwise violate the gauge symmetry.

Though it is a convention not strictly subscribed to by some, the notation vy is often reserved for light
right-handed neutrinos in the literature, and N is instead used for higher mass neutrinos.

% Note that in Eq. (2.130) each entry should be thought of as being multiplied by an identity matrix, though this
is not shown explicitly. By writing Eq. (2.130) in this way we have assumed that the different generations of
vy and N do not mix with each other. In general, we can promote the mixing angle to a matrix sinf — B,
sin?# — BYB to treat also inter-generational mixing [176].
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where for small angles 6 we use the approximation
1—sin0~1-— %sinz 6. (2.131)
Inserting Eq. (2.130) in Eq. (2.129) now gives the following set of equations:

m; = (1— %sin2 6) <mL(1 - %sin2 0) —mh sin9> —sinf (mD(l - %sin2 ) — mg sin9> ,

(2.132)
1 1

0=>1- 2 sin? 6) <m£(1 ~5 sin® 0) 4 my sin9> —sin @ < sm 20) —mp sin9> ,
(2.133)

0=(1- 5 sin 0) ( mp(1— 5 sin 0) —mgsin® | 4+ sin | mp(1 sm 20) —mpsin |,
(2.134)

/ 1 1 -2 . .
mp = (1— Esm 9) mg(1— 5 sin 0) + mpsinf | + sin6 m sm 9) + my, sin 6
(2.135)
which, assuming m; < mg and m; < mp, gives us®” mp = mpgsin@ and subsequently

my & mp —mhmg mp, (2.136)
my ~ mg. (2.137)

Note that the second term comes with an inverse power of mpg. This tells us that the heavier
N is, the lighter v; will be8.

A similar analysis can be performed for the Type-iii seesaw mechanism [177,178], which is
illustrated in Fig. 2.3 (right), and for which the Lagrangian is given by

Lrypeiii = —yi- Lig"Z — fM ZPEP +he. (2.138)

The main difference between the Type-i and Type-iii seesaw mechanisms is that the latter is
mediated by an SU(2);-triplet fermion X rather than a right-handed neutrino N as in the
former case. Below EWSB the tree-level neutrino mass Lagrangian is identical between these
two seesaw types, if the neutral component of ¥ is substituted for N. The remaining seesaw
mechanism, Type-ii [179-181], is illustrated in Fig. 2.3 (centre) and its Lagrangian is given by

Lrypesi = Y3 LILIA™ — ug"$*A™ + hec.. (2.139)

For Type-ii seesaw there is no additional fermion for the neutrino to mix with. Instead,
neutrinos get their mass from the m-entry in Eq. (2.129).

57Note that since we assumed there to not be any mixing between the generations, mp and mg are the same
matrix (mp is diagonal).

8This effect is what gives the name to the seesaw mechanism. When one side of a seesaw goes up the other goes
down, and when one neutrino goes massive the other goes light.
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Field Representation
N  F(1,1,0)(0)
A 5(1,3,1)(0)
Y F(1,3,0)(0)

Table 2.4.: The three seesaw fields N, A, and X, along with their representation under the SM
gauge group. Here X(a,b,¢)(3B), where B is the baryon number, should be read
as X € {S,F, V} denoting whether the field is a scalar (S), fermion (F), or vector
(V), and (a, b, c) denoting the representation of the field under the SM gauge group
Gsm = SU(3), x SU(2)r x U(1)y, such that the field is an a-plet under SU(3).,
b-plet under SU(2);, and carries a hypercharge c.

There is no other possibility to generate a tree-level neutrino Majorana mass with only two
mass insertions and one mediator. Therefore, the three seesaw types constitute the simplest
realisations of neutrino Majorana masses, relying only on the addition of a single BSM field
each. These fields are listed in Tab. 2.4 along with their representation under the SM gauge

group.

Extended scalar sector

The scalar potential®® Vsy(¢) of the broken SM consists only of the physical Higgs field, and
contains two self-interaction terms and a mass term

Vam(¢) = %mihz + Ash® 4+ A4kt (2.140)
The Higgs vev v and the mass m;, of the physical Higgs field are related to the couplings A3

and A4 in the SM according to the relations

2
_ My
20’

2
_ Iy,

= ok (2.141)

A3 4
The value for the mass m; = 125.25+0.17 GeV at 95% CL is obtained experimentally
at the LHC [14], and the value of the vev is related to the Fermi constant Gr via v =
(ZGF)fl/ 2 = 173.35 GeV, where Gr in turn is measured from the lifetime of the muon [182].
Therefore, values for the Higgs self-couplings are obtained indirectly as A3 ~ 45 GeV and
A4 = 0065. Direct measurements of these couplings could be possible [183], notably so in
future colliders such as FCC-hh [184], FCC-ee [185], ILC [186], CLIC [187], and CEPC [188].
Such measurements could shed light on possible BSM scenarios, since these couplings can
have different values with the introduction of new particles, or with modifications of the
Higgs boson as e.g. in composite Higgs models [189-191].

Modifications of the potential Vsy(¢) — Vesm(¢, - .. ) can include a number of different
scalar fields depending on the model. They may be charged under any SM subgroup (colour,

Technically Vsp(¢) is a potential density in three dimensions and not a potential.

39



2. The Standard model and beyond

Field Representation

S 5(1,1,0)(0)

¢ 5(1,1,0)(6)

E  5(1,3,0)(0)
nS(1,1,1)(0)

¢ 5(1,2,1/2)(0)

©; 5(1,4,1/2)(0)

®; 5(1,4,3/2)(0)

S1 S(3,1,1/3)(—1)

Ry S(3,2,1/6)(1)

Ss  S(3,3,1/3)(—1)
Xaa  S(3,1,2/3)(—2/3)
Xuw S(3,1,—4/3)(—2/3)
Xu S(3,1,—-1/3)(—2/3)

Table 2.5.: A list of non-seesaw BSM scalar fields that are used in subsequent chapters, along
with their representation under the SM gauge group. Here X(a,b,c)(3B), where B
is the baryon number, should be read as X € {S, F, V} denoting whether the field
is a scalar (S), fermion (F), or vector (V), and (a,b, c) denoting the representation of
the field under the SM gauge group Gsm = SU(3). x SU(2)r x U(1)y, such that the
field is an a-plet under SU(3),, b-plet under SU(2), and carries a hypercharge c.

electroweak, or hypercharge) and could carry a non-zero lepton/baryon number. Some of
these fields (the ones that are also used in subsequent chapters) are listed in Tab. 2.5, but note
that this is by no means a complete list of possible BSM scalar fields. Scalar extensions of the
SM are relatively harmless as compared to fermionic or vector extensions, since no anomaly
cancellation is needed (as with chiral fermions), and no higher gauge symmetry is needed in
order to motivate their existence (as some argue is the case for massive vector fields).

Vector-like fermions

As seen in Sec. 2.1.5, chiral fermions require anomaly cancellation in order for the theory to
be consistent. If the anomalies cancel, there has to be a delicate balance between the charge
assignments of the different chiral fermions under each gauge group considered in the theory.
In the SM, which contains chiral fermions, the different charges of SU(3)., SU(2)r, and U(1)y
distributed among the fermions lead to cancellations in each scenario separately, leading to a
cancellation of anomalies. Suppose now that we want to extend the SM by a chiral fermion
that is charged under any of the SM gauge groups. We would then disrupt the balance in
at least one anomalous diagram, and to make up for it we could have to add more chiral
fermions with particular charge assignments until the theory becomes consistent again, which
is not an easy task given how many different anomalous diagrams exist. It would be far easier
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Field Representation
X1 F(1,3,—-1)(0)
Ay F(1,2

As  F(1, 2 3/2) 0)

F,  F(1,4,1/2)(0
U F(3,1,2/3)(1

Qs F(3,2,-5/6)

( 1
(3,3 )
1

Q, F(32 7/6)(
T, I
T (3,3,2/3)(

Table 2.6.: A list of non-seesaw BSM fermion fields that are used in subsequent chapters, along
with their representation under the SM gauge group. Here X(a,b,c)(3B), where B
is the baryon number, should be read as X € {S,F, V} denoting whether the field
is a scalar (S), fermion (F), or vector (V), and (4, b, c) denoting the representation of
the field under the SM gauge group Gy = SU(3). x SU(2)r x U(1)y, such that the
field is an a-plet under SU(3),, b-plet under SU(2), and carries a hypercharge c.

to accommodate additional fermions if they were vector-like®®, since they would then simply
cancel their own contributions to the chiral anomalies®'. Many BSM models that include new
fermions therefore consider them to be vector-like. Some such fermions that are commonly
considered are listed in Tab. 2.6.

New heavy vector bosons

As seen in Sec. 2.2.2 and Sec. 2.3.1, there are reasons to believe that the SM gauge group is not
the final symmetry of our Universe. Instead, it is possible that another symmetry is found at
higher energy scales, which subsequently breaks into the SM. If this is the case, there would
be associated gauge bosons and massless Goldstone bosons that appear as a consequence of
the symmetry breaking. If the process of going from the higher symmetry to the SM is similar
to the electroweak phase transition, the new gauge bosons would eat the Goldstone modes
and become very massive®?, which would explain their non-appearance in experimental
searches. Consider e.g. the Georgi-Glashow model [152], in which the symmetry group SU(5)
is used to unify the forces of the SM. Following Ref. [20] we see that one generation of SM

0Vector-like here means that the left-and right-handed components of the fermion are equally charged under all
gauge groups. Note that in this way, if the field that we add is a non-singlet of SU(2);, this must also be true
for the right-handed component, even though the L supposedly stands for left.

6INote however that if we have a chiral fermion that is uncharged under U(1)y it does not contribute to any
anomalous diagram (c.f. Sec. 2.1.5). As a consequence of this, one can simply add fermions such as ¥~ and N
from Tab. 2.4 and let them be chiral without disturbing the consistency of the model.

©2The mass of the new gauge bosons is usually considered to be around the scale at which the symmetry breaks,
which is true unless the mixing angle between them takes some peculiar value.
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Field Representation
w;  V(1,1,1)(0)
Vs V(1,2,3/2)(0
U, V(3,1,2/3)(1
Vo  V(3,2,-1/6)

( 1
(

)

)
(-1)
U, V(3,3 2/3)(1)
ZI V(1,1,0)(0)

Table 2.7.: A list of BSM vector fields that are used in subsequent chapters, along with their
representation under the SM gauge group. Here X(a,b,¢)(3B), where B is the
baryon number, should be read as X € {S, F, V} denoting whether the field is a
scalar (S), fermion (F), or vector (V), and (a,b, c) denoting the representation of the
field under the SM gauge group Gy = SU(3). x SU(2)r x U(1)y, such that the
field is an a-plet under SU(3)., b-plet under SU(2);, and carries a hypercharge c.

fermions appear® from the 10 and 5 of SU(5) according to®

10— (31,-3)® (323 a1,

_ = 2.142
5— (313 e (1,2-3). @142

The gauge bosons are appropriately found in the adjoint 24 which breaks as
24 — (8,1,0)® (1,3,0) ® (1,1,0) & (3,2,—2) & (3,2,2) . (2.143)

In addition to the SM gauge bosons, we here find two new fields under the (3, 2, —%)
and (3, 2,%) representations, which both acquire masses in the SU(5) breaking. These
representations are associated with the vector leptoquark® V,, which has a number of
phenomenological detection prospects. Perhaps most notably, it can lead to rapid proton
decay in the channel p* — 7%, which has so far avoided detection up to a half time of
Ty ymer > 2.4 X 10% years [144]. In GUT models, the mass of new heavy gauge bosons
is typically assumed to lie around the unification scale Mgur, which is usually taken to be
Mgur = 10'* GeV. Therefore, if the V5 leptoquark is found at the LHC close to current limits
(~ O(few) TeV [193]), it is unlikely to come from SU(5), but it could come from a similar
symmetry breaking involving another gauge group. In this way, heavy vector bosons are
theoretically motivated since their origin is similar to that of the SM gauge bosons. However,
a Lagrangian can very well contain both kinetic and interaction terms involving a heavy
vector field without requiring that this field is part of the covariant derivative or has an

%Note that right-handed neutrinos can be found in the singlet 1 — (1,1,0).

64Comparing to other sources, e.g. [192], there is a mismatch in the U(1) charge of the SM representation in
Eq. (2.142). This is due to a different normalisation convention of the SU(5) coupling constant g5, which is
here matched to the U(1)y coupling constant as g5 = \/g g1 at the breaking scale.

%5Though we here refer to them as leptoquarks in order to tie them into a broader picture of BSM phenomenology,
these SU(5) gauge bosons are often referred to as the X and Y bosons.
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associated gauge symmetry. In this agnostic approach, the origin of the vector field from
a theoretical perspective is of secondary interest, while its phenomenology is primary. In
subsequent chapters this philosophy is employed, and the vector fields considered are those
shown in Tab. 2.7.

This concludes our (partial) list of BSM fields that could serve as extensions to the SM. In
Sec. 2.3.3 we describe a framework in which the effects of these fields can be studied in an
effective and model-independent way.

2.3.3. Effective field theory

A separation of scales in physical systems often leads to an isolation of macroscopic from
microscopic phenomena, in the sense that the physics at short distances does not significantly
affect relatively large structures. This holds true also in particle physics [194,195]. For
example, the gravitational interaction between two protons is neglected at colliders such as
the LHC, where the beam energy per proton is much less than that needed to resolve structure
at scales short enough for gravity to be important66. Less extremely, the gauge bosons W= of
the SM are much more massive than any other energy scale involved in B-decays of nuclei,
such that predictions for the rate of this process can be made without needing to know the
dynamics of W*. In the first example, the small-scale interaction (gravitation) is weak enough
to not affect the collision process at all, and it can be safely ignored. In the second example
however, the W boson is what actually mediates the f-decay, which would not be possible
without it. We can therefore not ignore the W* boson, but what we can do is ignore its
dynamics, and instead treat the interaction as being point-like. In fact, this is how B-decay
was first successfully described in 1933 [196], long before the discovery of the W* boson in
1983 [197]. Rather than using the kinetic terms from the SM Lagrangian,

1 - 1.
Lov O —58Q7 (W'or + Wion) Q — 8L (W)'o1 + Wion) L, (2.144)

we write an effective interaction

4G
Lot = —7; (&yuPyve) (@7 Pd) (2.145)

where Gr = v/2¢%/8m?, is the Fermi constant. In fact, Eq. (2.145), as well as the fully leptonic
analogue, is often referred to as the Fermi interaction. In going from Eq. (2.144) to Eq. (2.145),
we expand the W*-mediator in terms of its momentum p divided by its mass myy, and keep

66Note that in the wave-particle duality of quantum excitations, a high energy corresponds to short wavelengths
A & £y, which in turn can resolve structures at smaller scales {y. Longer wavelength particles A > /{j are
blind to the details of structures at short distances. This is why in e.g. medical physics electron spectroscopy is
used where X-rays cannot reveal enough detail, and neutron spectroscopy is used where even electrons fail.
The increasing typical energy of the particle E, < E, < E, associated with the mass hierarchy m, < m, < m;
leads to a shorter wavelength A o< 1/m.
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only the zeroth order term,

_ _ Pup . _pp
P\ My m2, i M Pﬂpvm%v Muv
) e ol (2.146)
w oz W
w

This was done under the assumption that the momentum is small, pz K m%\,, which is indeed
the case in B-decay®”’. This way of treating the W*-mediated process as an effective point
interaction does lead to accurate predictions, and it is our first example of an effective field
theory (EFT). One drawback of this treatment is that the effective Lagrangian in Eq. (2.145)
is not renormalisable, and therefore it does not lead to a consistent theory on its own. This
can be seen by noting that the operator in Eq. (2.145) has mass dimension®® 6 in order to
match the dimension of the Lagrangian density of the LHS, since Gr has dimension —2
([GF] = —2). A full UV-complete® Lagrangian is needed in order to have a consistent theory,
but an effective Lagrangian can still be used to connect models to experiment. Furthermore,
the EFT formalism is only valid so long as the energy scales involved in a given process
are below the mass of the particle of which the dynamics are neglected. This is the case in
B-decay, where the observable energy scale involved in the process || is much less than the
mass scale of the heavy physics myy. If this were not the case the whole formalism would
have been invalid, since we could not expand in powers of p?/m?, in Eq. (2.146). It is also not
enough that the interaction strength is weak, such that e.g. Gr is small in Eq. (2.145). Since
Gr depends on both the coupling ¢* and the mass m?, it could be small as a consequence of
small couplings rather than a large mass, but the consistency condition with regards to the
expansion of the mediator depends only on the mass and momentum, not on the coupling.

Standard model effective field theory

There are many different EFTs used in different branches of particle physics. For example,
in chiral perturbation theory (ChPT or xPT) the dynamics above Aqcp are neglected. This
EFT assumes a chiral SU(3); x SU(3)g symmetry among the u-, d-, and s-quarks, and is
used in the physics of light hadrons. Another example is low-energy effective field theory
(LEFT), in which the broken SM symmetry SU(3). x U(1)em is used and the dynamics of
the weak gauge bosons W* and Z are neglected’”’. In subsequent chapters, one EFT that
is reoccurring is Standard Model effective field theory (SMEFT) [198-201]. In this EFT it is
assumed that the SM gauge symmetry Ggy = SU(3), x SU(2) x U(1)y is obeyed, and the
tields for which the dynamics is neglected are those that are heavier that the EWSB scale.

67This can be seen by noting that the kinetic energy available in the decay is roughly equal to the mass difference
between the neutron and proton /p2 ~ [m, — mp| ~ O(1 MeV), while the W= mass my ~ 80.4 GeV is much
greater.

68The term mass dimension is often simply abbreviated as dimension in the EFT literature. Note however that this
has nothing to do with spacetime dimensions.

9The term UV-complete means that a theory is not effective, no new fields or interactions need to be introduced
at ultraviolet (UV) energy scales.

70The Fermi interaction in Eq. (2.145) is therefore an example of LEFT.
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This means that all SM particles are fully taken into consideration, while it is assumed that
some heavy BSM fields could mediate interactions that would not be present in the SM alone,
as long as each interaction is Lorentz invariant and obeys the gauge symmetry Ggsyv. All
possible combinations of fields can then be clumped together in operators similar to the
Fermi interaction operator in Eq. (2.145). These operators O; are usually sorted by mass
dimension, and since the SM already contains every possible 4-dimensional term that can
be constructed out of the SM fields, the SMEFT operators all have mass dimensions D > 5.
In fact, at dimension-5 there is only a single SMEFT operator O§5) that can be constructed,
the Weinberg operator given in Eq. (2.124). At higher dimensions there are significantly more
operators, where as a rule of thumb their number increases with increasing dimension. The

full SMEFT Lagrangian may then be written as a sum,

o Np C(D)

Lomerr = Lsm+ ) Y A,"H oP). (2.147)
D=5 1 N

Here D is the dimension of the operators O; fori € {1,..., Np}, where Np is the number of
operators at dimension D, CZ-(D) is a dimensionless coefficient called the Wilson coeﬁ“icientn,
and A, is the energy scale at which the BSM mediators lie. The dimensions of A~(P~%) and
OED) perfectly balance, since we have [A;] =1, [Cl.(D)] =0, and [O;] = D. The dimension of
an operator reveals what combinations of fields and derivatives it could possibly contain, via

the relations’?
wl=3 ll=1 =1 (D=1 [x"=2. (g

Here ¢ is a fermion, ¢ is a scalar, V¥ is a vector, D¥ is a covariant derivative, and X"" is a
field strength. As a rule of thumb, the higher the dimension of an operator the less stringent
any experimental constraints on the scale of NP A; will be. This can be seen by noting that
experimental constraints are generally put on observable quantities such as cross sections o,
where

o o |M|? | (out| O; |in) [> « A=?P=8) (2.149)

An experimental limit on the cross section ¢ < X then translates into a limit A < X?P~8. For
larger D, this limit increases, resulting in less stringent limits on A. The sum over dimensions
in Eq. (2.147) should therefore be truncated at a certain dimension depending on the accuracy
sought. Using EFTs such as SMEFT therefore allows for a systematic treatment of BSM
physics without being primarily concerned with models. It leads to a model-independent
way of connecting experiment to theory, where different models lead to different operators,
which in turn have distinct experimental signatures.

71Sometimes CZ(D) / AZD ~4is simply written as C;, in which case C; is sometimes also called the Wilson coefficient,
with mass dimension [C;] =4 — D.

2By using these relations we can now confirm that the operators in Egs. (2.124) and (2.145) are dimension 5 and
6 respectively.
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All SM particles behaved as radiation right after the Big Bang, since they were ultra-relativistic,
and the number density 7 of a given thermalised fermion f was close to that of photons .
Today the story is very different, the ratio 73 = np/n, of baryon to photon number densities
is! [55]

np = (620+0.15) x 1071 68% C.L, (3.1)

showing that light-particles are much more abundant than matter?>. What happened was
that the fermions and antifermions that both existed very numerously in the early Universe
annihilated each other almost completely, such that only one part in a billion remained one
trillionth of a second after the Big Bang. This small excess in fermions over antifermions
that survives to this day is the reason that the baryon to photon ratio in Eq. (3.1) is not zero.
It’s entirely possible that this asymmetry between matter and antimatter was there from
the very beginning, such that it was an initial condition for the big bang. However, due
to the rapid expansion of space during inflation, this primordial asymmetry would have
largely been erased by the time of reheating. If the baryon asymmetry was primordial, then
nap = (Np — Ng) /x> decreases significantly during inflation when space x> expands. When
the inflaton decays into a SM thermal bath the 1, increases®, such that the relative baryon
number density 773 decreases. We see then in a multi-pronged way how an initial baryon
asymmetry would be eradicated. However, this argument relies on the fact that we have
inflation, which is not guaranteed. As discussed in Sec. 2.2, inflation is the leading theory to
explain how the structure of our Universe could arise the way it is from an initial singularity,
but it is not the only theory, and there are arguments as to why it might not be the true
one [202,203]. There is also another argument against the primordial asymmetry, coming
from potential washout* sources in NP models. In Sec. 2.3.1 we saw that the SM needs to be
extended in order to fit the experimental data. Many such extensions involve violation of
lepton number or baryon number. If such models are realised, the additional BSM processes
would be active also in the early Universe, where they would largely erase the asymmetry
between baryons and antibaryons. Therefore, extensions of the SM that even modestly violate

Here we write 775 as a measure of the normalised baryon number density while in the early Universe we are
interested in the difference between baryons and antibaryons #ap = 77 — #5. At present time, the antibaryon
number density ng ~ 10~*ng [37], due to cosmic rays, falls within the error bars of the measured value of #p,
so we might treat them as the same.

%In terms of number density, photons are much more abundant than baryonic matter, but in terms of energy
density baryons make up a much larger part of our Universe.

3The entropy density s and photon number density 1., are related in the early Universe via s ~ 1.8g.1,, where
g« is the number of degrees of freedom of the Universe.

4Washout is explained in more detail in Sec. 3.3.
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lepton- or baryon number would lead to any initial baryon asymmetry being removed. But
this argument again hinges on the existence of NP of a certain kind, which is not guaranteed
to be there either. Therefore a primordial baryon asymmetry remains a viable option®, but we
do not pursue this hypothesis further here. Instead, in subsequent chapters we assume that
the baryon asymmetry was created dynamically. A dynamical mechanism that generates a
baryon asymmetry is called baryogenesis. If baryogenesis occurs via lepton number violation
coupled to sphalerons, the mechanism is instead called leptogenesis.

In this section we give a phenomenological overview of baryogenesis. In Sec. 3.1 we discuss
different observational evidence for the presence of a baryon asymmetry in our Universe,
and in Secs. 3.2 to 3.4 review the conditions needed for successful baryogenesis. Finally, in
Secs. 3.5 and 3.6 we discuss different baryogenesis models from a phenomenological point of
view.

3.1. Evidence of a matter-antimatter asymmetry

Here we review the three main reasons why it is believed that there is an asymmetry between
the number densities of baryons and antibaryons, or equally between matter and antimatter®,
in our Universe.

The existence of structure

Just like Descartes, we can be certain that there is matter in the Universe because we are
made of it. Matter is all around us, but for antimatter we have to look very hard. Between
the stars lies the interstellar medium, and between the galaxies similarly lies the intergalactic

50ne common argument that speaks for a primordial asymmetry comes from the possibility that our Universe is
a black hole in some larger universe. When black holes form from the collapse of massive stars, the matter that
goes into it is that which the star is made of, which in our Universe would be baryons, and not antibaryons. If
black holes are other universes, they could then potentially be seeded with an initial baryon number. If our
Universe was similarly created in the universe above, it too could have received such a seed.

®The technical difference between an matter-antimatter asymmetry and a baryon asymmetry lies in the leptons.
Firstly, in Sec. 2.2.2 we saw that neutrinos decouple from the rest of matter at some point in the early history
of the Universe. Efforts have been made to investigate how this background can be probed [204-208], but so
far the Cosmic Neutrino Background (CNB) has never been detected. It is therefore not known whether the
CNB consists of only neutrinos or antineutrinos, or if it is a mixture of them, and because of this the total
lepton number density of the Universe is not known, though hints of a large lepton asymmetry can come
from “He measurements of distant galaxies [209]. Some baryogenesis models conserve B — L, the difference
between baryon number and lepton number, while other models violate either B or L separately. Measuring
the CNB could help in scrutinising between these two classes of models. Secondly, the mass of leptons is much
smaller than that of protons and neutrons. If we go by energy density, practically all matter content of the
Universe lies in the baryons, and it is therefore appropriate to refer to matter simply as baryons. In the very
early Universe, what is relevant is B — L, since this is what is conserved by the sphaleron. Because neutrinos
decoupled from matter after the sphaleron became inactive, it could be expected that there is an asymmetry
between neutrinos and antineutrinos in the CNB that together with the charged leptons perfectly cancel the
baryon number, such that the total B and total L are the same in our Universe, but this is not guaranteed,
partially because there could also be processes that are active after the sphalerons shut off that could disrupt
such a balance.
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medium, both made up of ordinary atoms. If there should be also some antimatter around, it
would annihilate on contact with this medium, producing x-rays that have not been seen [210].
Potentially there could also be macroscopic antimatter objects such as antistars, but they
have not been observed either [211]. Our visible Universe is full of matter, and without any
antimatter around we can rest assured that there is an asymmetry between the two. This
argument however does not lead to any quantifiable number density of baryons, it is merely
illustrative of our need for a theory that can explain the origin of such an asymmetry.

CMB

The Cosmic Microwave Background (CMB) is a remnant from the time at which our Universe
was filled completely with plasma. When the temperature dropped and electrons were
bound to nuclei in an event called recombination (see Sec. 2.2.2), light no longer scattered like
it used to when there were charged particles around. This light has then travelled all the
way to us, creating a background beyond which light cannot reach us. Although extremely
homogeneous, there are small temperature variations in the CMB that reveal how patches
of over- and underdensities were distributed in the plasma back then, which reveals a lot
about the matter content of the Universe at that time. Since protons are charged they repel
each other, which inhibits structure formation. Protons also have mass, so they do attract
each other slightly through gravity, but forming prominent structures requires particles that
interact almost exclusively through gravitation. We have just such a candidate particle, namely
dark matter. The more dark matter we have in the early Universe, the more structure we can
naively expect. Baryons then fall into these structures until they repel each other too much via
their electromagnetic interactions. The story then goes as follows: dark matter forms clumps
due to its gravitational interaction, which attracts the baryons. When the baryons fall very
deep into the gravitational well, their density becomes too large and they repel each other,
flying out of the well again. When they are sufficiently far out they are no longer affected by
the electromagnetic repelling and they can again fall into the well. This goes on and on. Both
the amount of baryons and that of dark matter determines how this formation of over- and
underdensities in the plasma proceeds. The density fluctuations lead to pressure fluctuations
in the plasma and therefore temperature fluctuations in the CMB. Based on the amplitude of
the CMB temperature fluctuations, it is therefore possible to infer the baryon density at the
time of recombination [212].

BBN

Protons and neutrons fuse to form stable nuclei at sufficiently high temperatures. This
happened in the early Universe in a process called Big Bang Nucleosynthesis (BBN). The final
abundance of different elements is sensitive to the density of baryons, as can be seen below,
following Ref. [53]. The number density n; of a nuclear species i is given by

T\ 3/2
n; = giel’T (TZ;T) e mi/T, (3.2)
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where g; is the number of degrees of freedom, T is the temperature, m; is the mass, and
wi = Ziptp + (Ai — Z;) pn (3.3)

is the chemical potential, where p and n denote the proton and neutron, and where i consists
of Z; protons and A; nucleons. Next we normalise the number density in Eq. (3.2) to that of
nucleons,
X =" (3.4)
NNucleons
where we have ninydeons & 715 in the approximation X, ~ X, ~ 1. We now want to find the
temperature where X; ~ 1/ A;, i.e. where most nucleons are bound. To do this we define the
binding energy
B; = Zimp + (Al' - Zi) my — m; (3.5)

and write the normalised number density as

A

A7 1 - :
X; = %X?’X?’ Zi A2 (ZnN(Zn)3/2 (mnT) 3/2> eBi/T (3.6)

Now using np = 1pn,, where the photon number density is given by

Ny = 22(132)#, (3.7)
we find” B /(A 1
TZ-NUC N l/( [ ) (38)

1n<17§1> + 1.5In(my/TNYC) .

Here TNUC is the nucleation temperature of i, which corresponds to the temperature at which
the nuclei forms. We see that this temperature depends on the baryon number density #p, and
as a consequence the final abundance of a given element also depends on #p. The role of the
binding energy B; in Eq. (3.8) is highlighted if we acknowledge that we have so far assumed
that nuclei always follow their equilibrium number densities, which is not necessarily true.

Deuterium ?H has a very low binding energy compared to other low-mass nuclei, and
therefore it forms quite late in the thermal history. Larger nuclei such as *He or “He cannot
form without deuterium, and due to the late onset of deuterium production, their abundances
are lower than what would be expected from equilibrium calculations alone, being instead
largely determined by the rate of Deuterium production. This effect is often referred to as the
deuterium bottleneck.

By measuring the densities of different elements in primordial gas clouds, where very
little stellar nucleosynthesis has taken place, it is possible to match the observed number

"Note that here we used the approximation

8 4572 (5(3)(2”)3/2>A1 o1

2 772

which indicates that our result in Eq. (3.8) is not to be taken as an exact relation.
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densities of different nuclei with a certain value of 7 [213,214]. Such observations agree with
CMB measurements of #p [215]. There is however an anomaly in the BBN prediction for the
abundance of “Li, which is found to be a factor O(few) below the SM prediction, leading to
the so-called Lithium problem [131].

The combination of CMB and BBN leads to a well established value for n7p = (6.20 +0.15) x
10717 at 68% C.L [55]. Having a high certainty regarding the value of this non-trivial parame-
ter leads to only one problem remaining: how it came to be.

3.2. Sakharov conditions

Dynamical baryon asymmetry generation can only occur via mechanisms that fulfil the three
Sakharov conditions [216]. It is not enough that the three conditions are fulfilled in different
parts of the model, they have to be connected to the same mechanism: being once out of
equilibrium and then violating CP conservation in a totally disconnected sector does not
yield any baryon asymmetry. Below, we outline the three Sakharov conditions and present
classes of models in which they are typically present.

3.2.1. Baryon number violation

The first Sakharov condition is violation of baryon number B. To generate an asymmetry
between baryons and antibaryons, it is paramount that baryon number is not a fundamental
symmetry, and that the conservation of B is violated. This is perhaps the most obvious of the
Sakharov conditions, since a totally B-conserving model cannot change the initial B charge of
the Universe, which we are assuming to be zero.

In the SM, sphalerons are expected to be highly active above the EWSB scale. Since
sphalerons violate B conservation we are already given this condition for free, but to make
use of it we need a model in which the out-of-equilibrium condition as well as C and CP
violation are directly connected to them. What sphalerons do not violate is B — L, where
L is the lepton number, rather they violate the sum B + L. Therefore, if a new source of B
violation is added to the SM which also violates B — L, the sphaleron can redistribute the
B — L charge also to the lepton sector. The reverse mechanism also works: L violation can
lead to an asymmetry in B. This latter effect is crucial in leptogenesis models (see Sec. 3.5),
where the three Sakharov conditions are all fulfilled in the lepton sector.

3.2.2. C and CP violation

The second Sakharov condition is violation of charge conjugation (C) symmetry and® charge-
parity conjugation (CP) symmetry. Acting with the operator C on a particle takes it to its
antiparticle, and therefore if C symmetry is conserved in a given process the cross section

8Technically it can be argued that these are two separate conditions: one being the violation of C and the
other that of CP. However, they are so similar that they are usually considered together. In fact, many
model-building theorists worry only about having sufficient CP violation, and assume that the C violation
follows along, or that it comes from the C violation in the SM.
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c  _
CP

re— Wr
Figure 3.1.: [llustration of why both C and CP violation are needed in order to generate a
baryon asymmetry in a particle Y. If there is no C violation, there will be equal
numbers of particles and antiparticles. If there is no CP violation, there will be

equal amounts of left-handed particles and right-handed antiparticles, and vice
versa.

is equal for particles and antiparticles. A parity transformation P flips one spatial axis: it
is what happens to you when you look in the mirror. A left-handed field will look like a
right-handed field after P has been applied, and a CP transformation then takes a particle
into its parity conjugated antiparticle. As illustrated in Fig. 3.1, both C and CP are needed
in order to create an asymmetry between the total amount of particles ) ; ¥; = ¥ + Y& and
antiparticles ;' ¥; = ¥, + ¥r. If C is conserved but CP is violated, we have the conditions
Ny, = Ny, and Ny, = Ny, where N; is the number of particles i. This leads of course to the
sums also being conserved, }; Ny, = }_; Ng,. If CP is conserved but C is violated, we instead
have the conditions Ny, = Ny, and Ny, = Ny,, again leading to }; Ny, = }; Ng.. Only if
both C and CP are violated can we have }; Ny, # }_; Ng,. However, in the SM all fermions
are chiral. For chiral fermions, ¥ g and ¥} ,r are completely different fields, such that they
may not take part in the same interactions, and there is no worry in creating equal amounts of
¥, ,r and ¥ ,g. Therefore, only CP violation is relevant for baryogenesis processes in which
the asymmetry is generated in chiral fields such as the SM fermions. One can say that C is
already explicitly violated in the SM.

One common source of CP violation is the interference between tree- and loop-level decay
diagrams. Consider a decay process described by the sum of the tree- and one-loop level
complex matrix elements M, and M/ such that

M = Moei(l)o + M1€i¢l , (3.9)
where the CP conjugate matrix element is given by

M = Moe 0 4 Mqe 01 (3.10)
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Squaring Eq. (3.9) we have

IMP = (Moeiwo) +M1ef<4’l>) (Moei(%) +M1ei<¢l>)*
= | Mo|? 4 | M |2+ MoMel =0 1 MMyl 91790) (3.11)
= |M0|2 + ’M]‘z —|—2Re (Mo,/\/lfgi(@)—q’l)) ,

and similarly the CP conjugate matrix element in Eq. (3.10) gives
(M = |Mof2 + | Mu]? + 2Re ( MoMiel@—t)) (3.12)

such that o
|IM|? = [M* = 4Im (MM3) sin (o — ¢1) (3.13)

we see that the difference between the squared decay matrix element and its CP conjugate is
proportional to the imaginary part of the product of the tree-level matrix element Mj and
the loop-level matrix element M. This source of CP violation is common in many different
types of baryogenesis models.

Another source of CP violation that is commonly used in baryogenesis mechanisms comes
from the quark sector of the SM. In Sec. 2.1.3 we saw that the mass and flavour bases of the
quarks can be transformed via the CKM matrix V, which is given by

Vud Vus Vub
v=|v, v, Vv,|. (3.14)
Vie Vis Vi

Some constraints on the CKM matrix are weak universality
LVl =Y vl =1 (3.15)
k k

for any 7, and universality
Y ViV =0 (316)
k

for any i # j. These constraints let us write the CKM matrix as a product of three rotation
matrices, such that we can parametrise it as

C12C13 512C13 s13e”
_ 5 s
V = | —s12023 — €12523513€"°  C12C23 — 512523513 Sx3C13 | - (3.17)
6 s
$12523 — €12€23513€"°  —C12523 — $12023513€"  €23C13

Here ¢ is a CP-violating phase, and we have defined s, = sin 1, c23 = cos 63, and so on,
where 61, and 613 are mixing angles. Now writing the CKM matrix as V = V1 VJL, we can
diagonalise the quark mass matrices as

m, 0 O mgy 0 O
VMV, =0 m. 0], VaMgVi =0 ms 0] . (3.18)
0 0 my 0 0 my
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If we now take the commutator of the undiagonalised mass matrices
[Mu, Md] - iC ’ (3.19)
and subsequently take the determinant of C, we get

detC = —2(my — mc) (my — my) (me — my,) (my — mg) (my — my) (mg — my) (3.20)
X C12C%3C23512513823 sind . ’

What we have ended up with in Eq. (3.20) is the Jarlskog determinant. It is a measure of how
much CP violation there is in the quark sector of the SM”. If det C vanishes there is no CP
violation, while if det C is non-zero there definitely is [217]. Often the masses are omitted
when considering the CP violation of the quarks, and one instead considers the Jarlskog
invariant ], which is given by

] = C12C%3C23812513523 Sil’l5 = Im(VudVCS Jsvcti) . (321)

For only two generations of quarks, there would be no CP violation since the corresponding
determinant would vanish. The CP violating kaons as mentioned in Sec. 2.1.4 could then be
considered a hint for a third generation of quarks, even though they only consist of the first
and second generation.

3.2.3. Out-of-equilibrium dynamics

The third Sakharov condition is that the baryogenesis mechanism has to occur out of thermal
equilibrium. Since all particle reactions can happen in reverse, there is a process that creates
an antibaryon overabundance for each process that can create a baryon overabundance. If all
particles involved in a reaction are in thermal equilibrium, the process and its reverse occur
at equal rates, thereby not creating any asymmetry. There is a distinction between thermall!
and chemical equilibrium. A particle i that is in thermal but not chemical equilibrium has a
temperature-dependent number density n;? given by

Y A dpz'S gi
= /0 (27()3 eEi—u)/T 41" (3.22)

where p; is the momentum, g; the number of degrees of freedom, E; the energy, and y; the
chemical potential of i, and T is the temperature. If y; = 0, the particle is also in chemical
equilibrium. The chemical potential y; can only be defined for particles which have a number
density that follows Eq. (3.22), i.e. particles that are in thermal equilibrium. In order to
generate a baryon asymmetry, a departure from thermal equilibrium is needed. Being out

90ne can similarly construct a Jarlskog invariant for the lepton sector.

10NJote that due to the unitarity of the CKM matrix, the specific combination of CKM matrix elements that
appears on the RHS of Eq. (3.21) is not unique. One could similarly have written ] = Im(V;; Vi Vk*j Vi) for any
i,j,k, £, where no Einstein summation is implied.

1 Also known as kinetic equilibrium.
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of chemical equilibrium simply means having a difference between the number density of a
particle i and its antiparticle 7, as can be seen from the relation

M= —p;. (3.23)

Generating such an asymmetry in particles that have baryon number is precisely the point
of baryogenesis. For a baryon asymmetry to arise from an out-of-equilibrium state would
then be equivalent to it being primordial, unless some dynamical mechanism generated the
chemical non-equilibrium, i.e. baryogenesis.

One can also see this by noting that the baryon number B of a particle is opposite to that
of its antiparticle, and is also spacetime translation invariant. This means that B is odd
under charge conjugation C and positive under parity transformation P and time reversal
T. Along with the fact that the Hamiltonian H of any theory must be invariant under CPT
transformations, we find

(B) = Tr (e*H/TB) = Tr ((CPT)(CPT)*le*H/TB)
(3.24)
— Tr (e—H/T(CPT)—lB(CPT)) - Tr (e—H/TB) ,

where he have used [H,CPT] = 0 and Tr (AB) = Tr(BA), and where Eq. (3.24) is only
applicable in a thermal distribution of B. Since (B) = Tr (e #/TB) = — Tr (e #/TB), the only
solution is (B) = 0, and we see that the average of the baryon number charge is zero for states
in thermal equilibrium.

3.2.4. Toy model example

Here, following Ref. [32], we give an illustrative example of how the three Sakharov conditions
can all be simultaneously satisfied in one mechanism. Consider the interaction Lagrangian

Lint = $1Xf2 i+ @ Xfifs+ &Y fs+84Yfifa+he, (3.25)

where the scalar fields X and Y are much more massive than the fermions f; for i € {1,2,3,4}.
The field X can then decay into fermions f; and f, via the the tree- and loop-level diagrams
in Fig 3.2. Including both tree- and loop-level contributions, the decay widths of X and X can
be written as B

T'(X = fitf2) = 81858381 1x +cc.,

T (X — f1 + fz) = gfg2g§g4lx +c.c.,
where Ix is a complex-valued integral over phase space and c.c. stands for complex conjugate.
A non-vanishing difference between the X and X decay widths, given by

AT (X — fl —|—f2) =T (X — ]Fl —l—fz) —T (X — f1 —|—f_2> =4Im (Ix) Im(g-fgzg;g;l) , (3.27)

(3.26)

is a consequence of CP violation in the theory. The field X can also decay into f3, and fy, for
which we find the decay width difference to be

AT (X - f3 —|—f4) =T (X = f3 +f4) —T ()_( — f3 +f4) = —4Im (Ix) Im(g7829384), (3.28)
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fi

b Ji f2

Figure 3.2.: Tree-level (left) and loop-level (right) decay of the scalar field X into fermions f;
and f, in the toy model described by Eq. (3.25).

perfectly cancelling the one in Eq. (3.27) if we add them up!?. The total asymmetry created in
the decay of X is then given by

ex=1)_ AB(”%itrXW, (3.29)

where a € {X — fi + fo, X — f3+ fa} denotes a decay mode, and AB(a) is the difference in
baryon number that is generated in the decay. If we assign to X a vanishing baryon number,
while giving f; a baryon number B;, we then have

ex = (Bl — Bz)Ar (X — fl —|—f2) + (Bg — B4)AF (X — fg —|—f4)
1qtot

. (3.30)

Therefore we see that we need CP violation as well as baryon number violation in or-
der to generate an asymmetry, since without CP violation we have AT (X — fi + fo) =
AT (X — fg + f4) = 0 and without baryon number violation we would have B; = B, and
B3 = By, leading to ex = 0. Yet if decays X — --- happen at equal rates to inverse decays
-+ — X, any asymmetry created according to Eq. (3.30) is destroyed. An out-of-equilibrium
condition that ensures that decays happen more frequently than inverse decays can come
from the expansion and subsequent cooling of the Universe. As the temperature drops below
roughly the mass of X, the average energy of a pair of fermions is not sufficient to create
a particle X, and the inverse decay is suppressed. Any X particles that are still around are
then out of thermal equilibrium, and they decay without there being an equal rate of inverse
decays. This effect is not visible in Eq. (3.30) alone.

3.3. Washout

With the three Sakharov conditions out of the way, we can move on to developing specific
frameworks in which to explicitly evaluate the time-evolution of the baryon asymmetry. But
before we do that, let us first discuss one more ingredient in baryogenesis models, namely
the washout.

12This is necessary in order for the decay to conserve CPT, since otherwise the total width of X would not equal
that of X.
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h s X Y
A 7
A 7/
> - )—( - < /}—szj//\
f2 fa Ja
Figure 3.3.: Left: Washout process f1 + f» = X — f3 + fs in the toy model for baryogenesis

described by the Lagrangian in Eq. (3.25). Right: washout process X + f; — f» —
Y + f4 in the same model.

A washout is a process that reduces the baryon asymmetry of the Universe. During and
after baryogenesis, washout processes can be active, and their presence brings some particle
number densities closer to their equilibrium. The inverse of an asymmetry generating process
is a washout, and the reason baryogenesis has to occur out of equilibrium is to overcome
this washout process. Washout processes are necessarily there in most models, because the
conditions needed to realise them, B violation and out-of-equilibrium dynamics, are already
satisfied automatically by the Sakharov conditions. No CP violation is necessary since we
do not need to create a difference between particles and antiparticles, all that is needed is to
go towards equilibrium for the baryon-number carrying particles. Any given baryogenesis
model already contains B violation, and the baryon asymmetry itself is in a state of being out
of equilibrium if it is non-zero. Therefore, washouts can, and often will, be present in most
baryogenesis models.

Let us consider the toy model is Sec. 3.2.4. If we for simplicity assume that B; = By = 0
and By # By, the baryon asymmetry generation is driven by the decay X — f; + fo. The
reverse process fi + fo — X is also allowed, provided that the fermion pair has enough
centre-of-mass energy to produce an X particle. This inverse decay is a washout process as it
reduces the baryon asymmetry that is generated by the decay. Both processes violate baryon
number by the same amount but with different sign. If the decay and inverse decay occur
at equal rates no asymmetry is generated, but if the Universe has an overabundance of X
particles they decay more rapidly than the inverse decay can occur, thereby leading to a
baryon asymmetry. In the same toy model, there are other washout processes as well. The
scattering fi + f» — X — f3 + fu, as illustrated in Fig. 3.3 (left), violates baryon number and
can be mediated by an off-shell X particle, such that it could still be active at temperatures that
are too low for the inverse decay of X to occur. In Fig. 3.3 (right) we have another scattering
washout X + f; = fo = Y + f4, which similarly violates baryon number, but is only active at
high temperatures where the number density of X and Y have not significantly dropped due
to decays. There are many more scattering diagrams that are possible, so long as they violate
baryon number and are allowed by the model they lead to washout. If the participating fields
are charged under the SM gauge group also gauge fields can be involved as mediators or
external particles. If the washout processes are weak enough a baryon asymmetry can still
arise, but if they are strong they can completely remove any asymmetry that was around
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before they got active'®.
In the next section we show how the different processes that are involved in a baryogenesis
mechanism can interact dynamically.

3.4. Boltzmann equations

Here we show how the equations governing baryogenesis can be obtained using classical
mechanics and the FLRW metric, following Refs. [53,218,219]. These classical equations do
not take quantum effects into account, and are not applicable in all baryogenesis scenarios.
Another approach is to use the closed time-path formalism [220-222] (see e.g. Ref. [223] for a
review).

Solutions to the classical time evolution of particle distributions can be found using the
Boltzmann equation, which is given by

L[f] = C[f], (3.31)

where L is the Liouville operator, f is a time-dependent particle distribution, and C is a
collision operator. In classical mechanics the Liouville operator is given by

d = o =
L[f]:%f%—ﬁ/m-vxijF'fo, (3.32)

where 7 is the momentum of a particle, F the force that the particle is subjugated to, m its
mass, and V; = (8 /0iy,d/0diy,d/ aiz) is the derivative vector, where i € {x, p} and where X is
the position vector. The relativistic version of the Liouville operator is given by

d P}
Lifl=r5af~ F%W@f , (3.33)

where I'g is the Christoffel symbol, and in a universe that is described by the FLRW metric
we then have

0 , 0
Lifl =E5,f —Hp 55 f, (3.34)
where E is the energy and H is the Hubble rate. Using Eq. (3.34) we can rewrite Eq. (3.31) in

terms of the number density'*
n= 47Tg/dpp2f, (3.35)

where g is the number of degrees of freedom, such that

ULty | pLof _dn / op _ dn
47rg/dpp T, 4mtHg dpEaE—dt+47'cHg dpap_dt+3Hn' (3.36)

13This is one of the arguments against a primordial baryon asymmetry, as discussed in the beginning of this
chapter.
4Note that we are here assuming isotropy, which is a valid assumption since we are using the FLRW metric.
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where in the second step we used integration by parts as well as the assumption that p? > m?
such that E? ~ p?. Our Boltzmann equation now looks like!®

dn

g (3.37)

_ 8
+3Hn = 2

To evaluate the collision term, we now denote the particle for which we want to evaluate the
number density by ¢, such that in Eq. (3.37) we have n — ny, ¢ — gy, on so on. For a general
interaction y +a+b+--- <+ i+j+--- we can write the RHS of Eq. (3.37) as

gl" /d Pecis, —/dﬂwdﬂadﬂb---dﬂidﬂj---
x (2m)*6* (pp +patpo---—pi—pj--)
X (|M‘lzp+a+b+-~-—>i+j+~-~f¢fﬂfb (£ i) j:fJ) o
— IMPppraro fifi (O )£ f)A £ )+ )

Here p are four-momenta, M are matrix elements, f are the phase space distributions, where
a + (—) sign should be used for bosons (fermions), and the integrands are given by

(3.38)

_ 8 &p
dIl = G 2E (3.39)

Assuming that we can neglect the effects of Pauli blocking and Bose condensation we can
write 1 £ f ~ 1. For each particle we now insert a factor f¢1/f*1 and integrate f/f°1 over
the phase space to obtain a factor n/n®, leaving a factor f°1 inside the integral instead of f.

Assuming a Maxwell-Boltzmann distribution we have f¢1 = e E/T which gives us
3
8y d’py ”w”a”b /
—rC = ——F [ dI1,dI1,dIT, -

X(27T)4(54(p¢+pu+pb_r)l_p])

2 ~Ey/T,~Eo/T ,~Eg/t _ ..
N LM|¢+a+b+ it € T € (3.40)
i

i
(27'5)454(P¢+Pa+Pb"‘—Pi—Pj"')

~Ei/T ,~E;/T
XM prasby€ e T

From here on we define the equilibrium reaction rate density 71 as
“d(pab--- —ij---) :/dnlpdnadnb...

2 —Ey/T,~E./T ~Ep/t
X ‘M‘lp+a+b+-~-—>i+j+~-~e viie e

15Note that in the RHS of Eq. (3.37) we have not yet assumed isotropy in the collisions.
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Finally, we adapt the notation from Ref. [224] using the brackets

nwnanb e

nlpna nb
niTl]‘--- . . (34.2)
_neqneq ’YEq(l—i—]—i—---—)l/)—i—a—Fb—l—---).

L

Assuming that the particle ¢ partakes in many different interactions, we must sum over all
the collision terms that affect the number density of 1. The final expression for the Boltzmann
equation for a general particle i that we end up with is then given by
dn
P _ g
—; +3Hny = — Y [gab--- —ij---]. (3.43)

a,b,i,j,...

In Appendix E we further evaluate Eq. (3.43) by writing it in terms of the normalised number
density 7, as well as giving general expressions for the brackets on the RHS depending on
the number of particles involved in an interaction. In the remainder of this chapter we go
through different models for generating a baryon asymmetry.

3.5. Models of leptogenesis and baryogenesis

The class of models where a matter-antimatter asymmetry is first generated in the leptonic
sector and then translated into the baryons via sphaleron processes is called leptogenesis [225].
Many such models include a right-handed neutrino N, which is a natural candidate for a
Majorana particle realised in nature. Since it is a complete SM singlet, N € {1,1,0}, there is
nothing forbidding a term

1 -
LD _EMijNCiNj/ (3.44)

which would violate lepton number conservation. This is of course only true provided that
N carries a lepton number charge, but in case we do not assign it one, the Yukawa term
L D —yijLi¢N; + h.c. would violate it instead. Violation of lepton number L coupled to
sphalerons leads to baryon number violation, which is one of the three Sakharov conditions.
The way in which the other two are fulfilled varies between the different leptogenesis models.

3.5.1. Standard leptogenesis

Leptogenesis via the L- and CP-violating out-of-equilibrium decay of heavy right-handed
neutrinos Nj is one of the most studied baryogenesis models [226-230]. It is often referred to
as Standard leptogenesis or Vanilla leptogenesis (see e.g. Refs. [32,47,224,231-233] for reviews).
This model follows naturally from the Type-i seesaw mechanism: the right-handed neutrino
has to be sufficiently heavy such that it generates a tiny left-handed neutrino mass, which
means that it should fall out of equilibrium quite early in the thermal history of the Universe,
precisely what is needed in order to create a sizeable asymmetry. If the mass of Nj is too
low, not enough asymmetry is generated, since the out-of-equilibrium decay of N; occurs at
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o

Figure 3.4.: Decay diagrams for a right-handed neutrino Nj into a lepton- and Higgs doublet
in the standard leptogenesis scenario.
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Figure 3.5.: Scattering diagrams involving Nj (here denoted as N) that are relevant in standard
leptogenesis.

relatively late times when the Universe has expanded enough to dilute the Ny number density.
Violation of CP occurs via the interference of tree- and loop-level decay diagrams, which are
illustrated in Fig. 3.4. A second generation of the right-handed neutrino N,, where the first
generation is denoted by Nj, is needed in order for the interference to be CP-violating. If N;
and N, are degenerate there may be resonant enhancement of the CP-violating decay, which
effectively lowers the mass of N1 needed for successful leptogenesis [234,235]. A typical scale
for Nj in standard leptogenesis is my, ~ 10'* GeV, while in resonant leptogenesis it can be as
low as my, ~ OTeV [234].

To illustrate an application of the Boltzmann equation formalism in Eq. (3.43), we now
derive equations governing the evolution of a matter-antimatter asymmetry in the standard
leptogenesis model, using some results taken from Appendix E. Our first step is to identify
N1, which we now denote simply as N, as the particle being responsible for generating an
asymmetry, and it is therefore the particle for which we wish to evaluate the Boltzmann
equation. We also note that the asymmetry is generated in the number density of L, so we
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also want to solve for the difference in number density between L and L. The second step is
then to identify the interactions of N that are relevant for leptogenesis, i.e. which diagrams
we can draw that would affect the time-evolution of the number density of either N itself or
the lepton asymmetry. Apart from the decay diagrams in Fig. 3.4, we also have the scattering
diagrams shown in Fig. 3.5. Here A denotes a gauge boson, either W} or B*, and we have
only included the up-type quark singlet since we anticipate that we can discard any SM
Yukawa interaction apart from that of the top quark, which is dominant. To shorten the
notation we can group together interactions of the type L+ N — X + Y for any X and Y
that lead to allowed scattering diagrams according to Fig. 3.5, and similarly for interactions
N+ X — L+, and give the other interactions shorter names, such that

7P =9%(N — L+ H)

58 = YSYNL = uQ) + vI(NL — H'A) + 44(NH — LA)

V5T =4 4(Na® — LQ) + 1 H(NQ® — Lu) +9{4(NL — H'A)
+ 7 YNA — LHY) + 9{4(NH — LA)

vXs = 4¢4(LH — LH")

VX1 = 4Y(LH — LH") +9{4(LL — H'H").

(3.45)

Here the arrow denotes the flow of the process, where an arrow in the opposite direction
would indicate the reverse reaction, such that

v =49 (pab-- —ij) = oy =99 - pab---), (3.46)

such that 7P = 4*4(L + H — N) and 735 = v*9(uQ — NL) +*(H'A — NL) and so on.
A subscript s and t in Eq. (3.45) denotes that the scattering is mediated in the s- or t-channel
respectively, such that e.g. the first term in the last row in Eq. (3.45) corresponds to the
top-centre diagram in Fig. 3.5, while the term in the second-to-last row corresponds to the
top-left diagram. We now let a bar denote the corresponding process for the antiparticles,
such that

Y (pab--- —ij--) =9 (Pab--- —ij---). (3.47)

6

Assuming that all SM particles are in chemical equilibrium!®, we obtain from Eq. (3.43) and

Appendix E the following Boltzmann equation for N:

N L N — [ —
zHnyn = — oD+ ThaP - INaD 4 7D
N M N L
NIIL VI — _
— NI oS5 485 — TN 7785 4 s (3.48)
NNTIL N
N L N —. L —
— 2Nyt o Ty oINSy o Tl
N Un N M

Here 7, denotes the number density of x normalised to the photon number density, such
that 77, = ny/n,, H is the Hubble rate and z = T /my is a time-parameter, where my; is the

16More on this in Appendix D.
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mass of N and T is the temperature. The additional factor 2 in the last row accounts for the
u-channel scatterings which are also present for any of the t-channel diagrams in Fig. 3.5.
Using 7 rather than n lets us rewrite the LHS of the Boltzmann equation as a single term
rather than two (c.f. Eq. (3.43) with Eq. (3.48), see Appendix E for details). We have used the
fact that the equilibrium number densities of particles and antiparticles are the same, such
that 731 = 531 We can now simplify Eq. (3.48) by making several assumptions. First, we note
that N is a Majorana particle, such that N = N¢, and we therefore have 17y = 7. Secondly
we assume that the sum of the lepton and antilepton doublet number densities is conserved,
such that 17, + 7 = 21,7, This assumption is motivated from the fact that L and L are in
thermal equilibrium, for details see Appendix D. Next, we note that from CPT-invariance we
have

M@ab-—ij ) MG]- = pab---), (3.49)
and for any CP-conserving process we also have
. cp _— -z cp .
M(pab--- —ij---)=M(pab--- —ij---)=M(ij---—pab---). (3.50)

Assuming that the interaction N — L + H is the only CP-violating vertex that we have, we
obtain the relations

1 =% =% =7E = s, (351)
Y= =7 =7 = s,

For the decay we can parametrise the CP-violation in terms of the parameter €, such that

1
12 =72 = 21 +e)

- (3.52)
12 =72 =31 -e).
With these assumptions, we can rewrite Eq. (3.48) as
_ind L 1
zHnyiIN = S5(I+€e)rp+ 51 —€)rp
! ’7N ;2 77eq 2
N
Zeq S(1—e)1p+ :&12(1 +e)ro (353)
-2 ”eq Yss +27s; —4 ﬂeq Ysr +47s;,
N N
which finally gives us
zHnn = — (:7751 - > (YD +27s, +47s;) - (3.54)
N

Next, we wish to find an equation for a1, = 11 — 771, and to do that we first need equations

62



3. The baryon asymmetry of the Universe

for both 7, and #;. For 1, we have

1 1
zHn,np = —H—Lf(l —€)yp + ZN(l +€)yp

2 12
o ,Y;usb + L 7??51) 2 17L G5 T Xr + 29, (3.55)
nr m (1)
INTIL _ oML

N
Ueqneq r)/SS + IYSS ;7 q,)/ST + Zrleq r)/ST 7

and similarly for #; we have

_ n 1 /R
ZH”W”L neqz(l +€)7 + 17qu(1 6)713

2
L sub 1L sub L

g IXs T Teq X —eg; Yxr T 27x
’7eq s Weq s (UECI)z T T

TINYL ML "IN
- ﬂeqﬂeq —eq_eq VSs + Ysg — 217 qIYST + zneq YSg -

(3.56)

The superscript sub in Egs. (3.55) and (3.56) denotes that the on-shell part of s, has to be
subtracted, as otherwise it would be double counted, since it is the same contribution as the
decay and inverse decay described by yp (see Appendix E). This subtraction can be achieved
by writing [224]

1

sub ( €)2 E,YD )

XTI (3.57)

1
?}?Sb = vx; — (1+ 6)2 ZYD .

Here the CP-violating parameter € again appears since the yx, interaction involves the
CP-violating vertex between N, L, and H. With this treatment we properly subtract the
CP-violating on-shell contribution of yx., while neglecting any CP-violation in the off-shell
part since these only appear at loop-order!. In terms of 775, we can combine Egs. (3.55) and
(3.56) to get

1
zHnynar = —%E’m +eyp + Lehc]le'y -2 nequigb L qygysb
’777 IINTIAL w 1AL ] (3:9)
-2 “eqVYXr — “eq eq S 5_2 eq'y T*
Ui NTL
Finally using the relations in Eq. (3.57) we have
zHny L = €7D (’7’!1 - ) B (27 Xs = 27Xr — agss — zfysT> : (359)
N U N

7This treatment is indeed consistent since we are only concerned with CP-violation when it comes to the
generation of a baryon asymmetry. For washouts, like the one we get from x,, the CP-violating effects do
not significantly affect the final result in most baryogenesis models.
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3. The baryon asymmetry of the Universe

Here we neglected terms of O(e?), and used the relation 7 — 77 = naLy; . Egs. (3.54) and
(3.59) together describe the dynamical generation of a matter-antimatter asymmetry in the
lepton sector, where Eq. (3.54) describes the number density evolution of N, and Eq. (3.59)
the number density evolution of AL, which depends non-trivially on the density of N. These
equations are usually called the first and second Boltzmann equations respectively. Note
however that the result from Eq. (3.59) is given in terms of a lepton asymmetry, while the
relevant experimentally measured quantity is the baryon asymmetry. The conversion between
these two is explained in Sec. 2.1.6 and Appendix D. On a similar note, the result obtained
from Eq. (3.59) is typically valid within a few orders of magnitude around the temperature
T, where the asymmetry is generated, usually near the mass scale of N. Again, the observed
quantity is the baryon asymmetry at the time of recombination!®, when the temperature
is To. To convert between these two temperatures, we assume that the Universe evolves
adiabatically, such that the entropy

2772

<7 3
5 (DT XV, (3.60)

sxV =

where V is the volume, remains constant. To account for the change in photon number
density 1, o T°, we can convert the normalised number density according to

1as(To) = gzggﬁm(ﬂ) = daunias(Ts) - (3.61)

Assuming that all SM species were relativistic at T, and that photons as well as three neutrino
generations were relativistic at Ty, we have!® [53]

gs(T) 103.75 1 362)

d~: =
W7 edTo) ~ 24 x2x3x 4 27

The general scheme of things is often quite similar between the different models of baryogene-
sis/leptogenesis. The rest of this chapter deals with some of the most popular and historically
most relevant such models.

3.5.2. Electroweak baryogenesis

The SM already contains a mechanism for baryogenesis that successfully incorporates all three
Sakharov conditions, namely electroweak baryogenesis [45] (for reviews see e.g. Ref. [236-238]).
In this mechanism, a baryon asymmetry is generated quite dramatically as the Universe
departs from its electroweak symmetry [239-243]. The only problem with it is that the
resulting asymmetry is too small, since the Higgs field is not sufficiently light (the requirement
is m, < 70 GeV) [244,245]. Electroweak baryogenesis requires that the phase transition is
strongly first order, but with the Higgs mass m), ~ 125 GeV [246,247] it instead appears that

18Assuming that CMB data is used to observe the value of #,p.
9Note that the factor 7/8 in Eq. (3.62) accounts for fermion statistics as opposed to boson statistics, and the
factor 4/11 comes from the temperature difference between neutrinos and photons, see e.g. Refs. [53,83].
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3. The baryon asymmetry of the Universe

the electroweak phase transition was second order. However, in some BSM extensions, e.g.
modifications to the Higgs potential, electroweak baryogenesis is still viable.

During the electroweak phase transition the Universe went from being symmetric under
the SM gauge group SU(3), x SU(2)r x U(1)y to being symmetric only under the subgroup
SU(3); x U(1)em. This transition occurred as the temperature dropped low enough for the
neutral component of the Higgs field ¢y to settle into the minimum of its potential (¢g) = v
(see Sec. 2.1.7). Due to temperature fluctuations, the transition happened slightly earlier in
some places than in others, forming local pockets of broken phase called bubbles, which were
separated from the rest of the Universe in the sense that some particles may be kinematically
forbidden to enter the bubbles?’. The border between the bubble and the rest of the universe
is called a domain wall, and it’s mainly the CP-violating interaction between the domain walls
and top quarks which can drive the baryon asymmetry generation in this scenario, though
the resulting amount of CP-violation from this source may not be enough [248,249]. The
baryon number violation comes from the sphalerons, which are active at the domain wall,
but not inside the bubble, and the out-of-equilibrium condition is fulfilled by the additional
energy coming from the domain wall sweeping through the Universe.

The SM scalar potential itself is not enough to create the strongly first order phase transition
that is needed for successful baryogenesis, but with modifications to the scalar sector, this
picture can change [250-255]. Electroweak baryogenesis therefore motivates the search for
scalar particles other than the Higgs, as well as careful experimental determination of the
different Higgs couplings to SM particles.

If the electroweak phase transition was strongly first order, gravitational waves from
collisions of expanding bubbles could be seen at the future LISA mission [256-258].

3.5.3. Leptogenesis via oscillations

There are other possible sources of CP-violation than interference of tree- and loop-level
decay diagrams as in standard leptogenesis. In Sec. 3.2.2 we saw that there is a non-zero
CP-violating parameter associated with the weak interaction of quarks, due to there being
three generations. A similar effect is present in the lepton sector, but due to the convention
of having the charged lepton weak interactions flavour diagonal, this CP-violation appears
in the oscillations of the neutrinos, as can be seen if we pick up from where we left off in
Sec. 2.3.1. We can use the following identity for complex numbers z;, i € {1,2,3}:

|z1 + 22 + 23|2 = |zl|2 + |,22|2 + \23|2 + 2Re(z125 + 2125 + 2023), (3.63)

20Note that it’s the non-zero vev of the Higgs field which gives a zero-temperature mass to the SM fermions.
If say a massless top-quark has too little momentum to enter the broken phase bubble and become massive
without violating conservation of energy, it would bounce off and for a time be trapped in the symmetric
universe (until it gains enough momentum by bouncing off bubbles).
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such that we can write the oscillation probability P(v, — v;) from Eq. (2.113) as

P(ve — vy) = [Uj U |* + [Up U |* + [UsUps |
4 2Re (u:1 uyluezu;ze—i(‘l’l—‘i’z))

+2Re (u;f1 U Ues U;?’e*i(fPl*tPs)) (3.64)
+2Re (u:zuﬂueg U;3e*i(¢2*¢3)> '
Now using the unitarity of the PMNS matrix
Un Uy + UpUyp + UiUys =0, (3.65)

we obtain

P(ve = v) = —4 ) Re (Ul ) sin® Ay +2 Y Tm (Ul Uy, ) sin28y;. (3.66)

i<j i<j

Here we have also used the identity cos(20) = cos?(8) — sin?(#) as well as having defined

A= ¢i ;‘P]’ _ (m]z ;ETZZ)L . (3.67)
Again using the unitarity condition, but this time in the form of
Im (ueg, Uy (U Uy + U Uy + u;gu,ﬁ,)) =0, (3.68)
we can define the CP-violating parameter | as
J=—Im (u:l u,,lue3u;3) ~Im (u:zuyzuegu%) ~Im (u;‘luy1 uezu;z) . (3.69)
Now using the identity Ajp + Az = A3 as well as
sina + sin p — sin(a 4+ B) = 4sin(5) sin(%) sin(')‘;—ﬁ) (3.70)
we can write
P(ve = vy) = =4 Re (WUl ) sin Ajj + 8] sin Ara sin Az sin Az (3.71)
i<j
Finally, CPT-invariance tells us that
P(ve = vy) = P(0, — 7). (3.72)

We can use this fact to get an expression for P(7, — 7,) by changing e <+ u in Eq. (3.71). We
then get an expression for the difference between an oscillation v, — vy and its CP-conjugated
process as

P(ve — vy) — P(7, — 7)) = 16] sin Ajp sin Ayzsin Aps . (3.73)
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This shows that there is a non-vanishing CP-violating contribution to the SM neutrino
oscillations. The amount of CP-violation depends on the mass splitting between the neutrinos,
as well as the specific structure of the PMNS matrix as parametrised by | in Eq. (3.69).
Assuming that we also have three generations of heavy right-handed neutrinos N;, i € {1,2,3},
a similar mechanism could exist for them as for the SM neutrinos. Oscillations between the
flavour-eigenstates of N then provide a possible source of CP-violation, fulfilling one of the
Sakharov conditions and therefore possibly being able to lead to leptogenesis. This kind of
mechanism is often appropriately referred to as leptogenesis via oscillations, or ARS leptogenesis
after the authors of the original paper [259] (see e.g. Ref. [260] for a review).

In leptogenesis via oscillations, three right-handed neutrinos are introduced with a CP-
violating oscillation. They start out with vanishing number densities, and are slowly brought
into thermal equilibrium through a coupling to the SM Higgs and Lepton doublets. While
coming into equilibrium, the neutrinos are oscillating between the three flavour eigenstates,
where the 7 flavour has the strongest coupling to the SM and e the weakest. The T-flavoured
N then reaches equilibrium before the y and e flavours, since its coupling to the SM is stronger.
Because the oscillation is CP-violating, the anti-t right-handed neutrino does not come into
equilibrium at the same time as the 7-flavoured right-handed neutrino, while still being earlier
than the anti-y and anti-e ones. Since any N in equilibrium changes the chemical potential
of the lepton doublet L it couples to via the Higgs, this difference in the time at which the
7- and anti-t-flavoured N comes into equilibrium leads to a lepton number asymmetry in
the T-flavoured sector, which can spread to the other flavours via the Higgs coupling to the
lepton singlets and via the electroweak sphaleron, the latter also spreading the asymmetry to
the baryon sector. Since CPT is conserved, the total strength of the 7-, -, and e-flavoured
couplings of the right-handed neutrinos has to be equal to the total strength of the anti-T,
anti-y,, and anti-e. Therefore, any asymmetry generated via oscillations is then removed by
the time the e- and anti-e-flavoured right-handed neutrinos come into equilibrium. However,
if the electroweak sphaleron shuts off before that happens, i.e. if the e-flavoured N comes
into equilibrium after EWSB, an asymmetry remains in the baryon sector, being unable to
be converted into the lepton sector any more. This remaining asymmetry would in this case
survive until today, leading to successful baryogenesis.

3.5.4. Affleck-Dine Baryogenesis

Supersymmetry is a symmetry for which the corresponding transformation takes a fermion
to a boson and vice versa [161,163] (for reviews see e.g. Refs. [164,261,262]). According to
supersymmetry, there is a corresponding scalar superpartner for every fermion, and similarly
there is a fermionic partner for each boson. In supersymmetric models, such superpartners
are used to solve theoretical issues or explain experimental observations. Since we do not
observe it today, if supersymmetry is realised in nature it has to have been broken at some
point during the cosmological evolution of the Universe [263-267].

One implementation of supersymmetry is a mechanism in which the baryon asymmetry of
the Universe can be generated, namely via Affleck-Dine baryogenesis [268] (see Ref. [269] for a
review). Since all quantum numbers of a given field and its superpartner are the same except
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Figure 3.6.: Decay diagrams of S; in SU(5) that violate both B and CP.

for the spin, even in minimal supersymmetric models there would exist scalar fields with
baryon- or lepton number, namely the superpartners of quarks and leptons®'. A condensate
(x) # 0 of a colourless and electrically neutral combination of such fields is able survive
inflation [270,271], and when (x) subsequently decays it can lead to the generation of a
baryon asymmetry [272,273].

An attractive feature of this type of model is that it does not rely on high-scale reheating. It
may turn out from cosmological observations that a low reheating temperature is preferable,
and in such a scenario any high-scale baryogenesis mechanism would be effectively ruled
out, possibly favouring models such as Affleck-Dine.

3.5.5. GUT baryogenesis

Many theories of BSM physics incorporate a unification of the SM forces into a higher frame-
work (see also Sec. 2.3.1), which leads to the possibility of generating a baryon asymmetry
via the GUT degrees of freedom [36,274-280]. In many such models, though not all, the
conservation of the difference between baryon number and lepton number, B — L, is explicitly
broken at some high scale. This difference is what is conserved by the sphaleron, such
that in combination with a GUT model, B and L can be both independently broken. By
combining leptons and quarks in the same multiplet under the GUT symmetry??, coloured
gauge bosons?’ arise that can transform them to each other while conserving B — L. Breaking
the GUT symmetry in this way therefore also breaks the B — L symmetry, fulfilling the first
Sakharov condition. Various GUT baryogenesis mechanisms fulfil the second and third
conditions in different ways, but commonly they involve the CP-violating out-of-equilibrium
decay of heavy particles similar to standard leptogenesis24 (see Sec. 3.5).

In the example of SU(5) from Sec. 2.3.2, the simplest representation that could contain a
scalar Higgs field is the 5 [152,281]. The component of 5 that does not become the Higgs

2IThese scalar fields are called squarks and sleptons. The naming convention for superpartners of fermionic fields
is to put an s- in front, as in e.g. stop squark and selectron. For bosons, the convention is instead to put an -ino
at the end of the superpartner’s name, as in e.g. higgsino and gluino. Note however that the neutrino is not the
superpartner of any SM field.

22Guch a combination often occurs in GUT models since one of the main points is to unify the SM forces (colour,
electroweak, and hypercharge) into a single force, thereby making colour no longer a separate interaction.

2Gince these gauge bosons interact with leptons and quarks in a single vertex, they fall under the category of
vector leptoquarks.

21n fact, many GUT models contain a singlet fermion N which can be identified as the right-handed neutrino.
Vanilla leptogenesis can in this sense also be embedded in a GUT framework.
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field is the S; leptoquark, which has the representation (3,1, —%) under the SM gauge group.
This field has baryon number violating interactions with the SM quarks and leptons, and
could potentially drive the baryogenesis mechanism via its decays if it is sufficiently heavy?.
However, with only one copy of Sy, it is not possible to have CP-violating decays via the
interactions of the tree- and loop-level diagrams shown in Fig 3.6 [37,282,283]. In order to
have baryogenesis via the decay of S; in SU(5), additional fields can be introduced, the easiest
solution perhaps being to add another 5 giving a second leptoquark S} or to simply use the
SU(5) gauge boson V, € (3,2, —%). In this case, a non-vanishing CP-violating contribution to
the decay is possible. Similar baryogenesis mechanisms via decays of heavy particles can be
embedded in many different GUT models.

3.5.6. Asymmetric dark matter

In terms of the densities (); from Sec. 2.2, it is remarkable that the two matter components of
the Universe, dark matter (DM) and baryonic matter (B), are so close in their energy densities

QDM ~ b5 X QB . (374)

Since the two densities are of the same order of magnitude, they might have a common origin,
such that a single mechanism could have created both a baryon asymmetry and a dark matter
abundance [97,98,284-287]. Models that attempt to explain this possible common origin go
by many names, as there are several different kinds of models, one being asymmetric dark
matter [100,288,289] and another?® WIMPy baryogenesis [290-293]. In many models, baryons
and dark matter particles are both the decay product of some other particle, but it is also
possible that the asymmetry is created via scatterings [294,295].

As an example, consider a modification of the standard leptogenesis scenario where N
decays into L and ¢’, and where N and ¢’ are now charged under a global Z, symmetry [296—
304]. If there is no additional lighter particle with a Z, charge, ¢’ is stable and therefore
a dark matter candidate?’, as long as it is massive or weakly-interacting enough to avoid
experimental constraints. In the CP-violating decay of N we now generate both a baryon
asymmetry and a dark matter abundance.

3.5.7. Other models

There are more models of baryogenesis than can be discussed in detail here. In this section
we have covered some of the more popular ones, and we here lastly mention a few others.
For in-depth reviews of different baryogenesis mechanisms, see e.g. Refs. [305-309].

Having S; sufficiently heavy while keeping the SM Higgs field at its observed mass would require significant
fine-tuning, in the absence of additional modifications to the model [20]

26WIMP stands for Weakly Interacting Massive Particle, which is a popular class of dark matter candidates with
masses around the electroweak scale and interaction strengths similar to the weak interaction.

27Note that if N € (1,1,0) is the right-handed neutrino, ¢’ has to have the quantum numbers (1,2, %), similar to
the SM Higgs field. It may look strange that we have a dark matter particle with an electric charge, but keep
in mind that after EWSB ¢/ is split into its charged and neutral components, where the neutral component is
the dark matter particle.
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e B-ball baryogenesis If the condensate (x) in Affleck-Dine leptogenesis (described
above) decays mainly into Q-balls [310], which are extended objects that in this case are
principally made up of squarks that carry a non-zero baryon number B, the Q-balls?®
could decay after EWSB into neutralinos and quarks, creating a baryon asymmetry and
a dark matter® abundance at the same time [311,312].

* Baryogenesis via low-scale gravity Quantum gravity is often assumed to be unim-
portant at scales below the Planck mass mp;. However, some models lead to gravity
effects at much lower scales, which could have implications for baryogenesis e.g. via the
gravity-mediated decay of heavy particles [313-315].

¢ Black hole capture It could be possible that black holes absorb particles in the presence
of a process that violates CP and B, creating a baryon asymmetry by sucking up all the
antibaryons [316-319].

¢ Black hole evaporation Black holes emit particles via Hawking radiation [320]. In some
models of baryogenesis, Hawking radiation in the early Universe can violate CP and B
to create a baryon asymmetry (the event horizon already fulfils the out-of-equilibrium
condition) [321-326].

¢ Cosmic string decay Local topological defects can form during different kinds of
phase transitions. In the early Universe, this could lead to magnetic monopoles or
cosmic strings being created in the transition from some higher symmetry into e.g.
the SM. Cosmic strings may then decay into particles [327-330], possibly creating an
over-abundance of e.g. right-handed neutrinos N, which could decay and generate a
baryon asymmetry according to standard leptogenesis.

¢ Dirac leptogenesis It could be possible that a small Dirac mass for the right-handed
neutrino could lead to a baryon asymmetry being generated via the electroweak
sphaleron [331,332].

¢ Exotic sphalerons In some models with additional symmetries, new exotic sphalerons
such as dark sphalerons [333] or right-handed SU(2)g sphalerons [334] could lead to a
baryon asymmetry.

¢ Gravitational baryogenesis Some BSM Lagrangians include couplings between massive
fields and either the Ricci scalar R or Ricci tensor R,,,. In such models, it may be possible
to generate a baryon asymmetry;, if these terms also violate B — L [335-340].

¢ Inflationary baryogenesis In a wide class of models, baryogenesis has been considered
to occur either during inflation or in the decay of the inflaton [341-351].

28Q-balls that carry baryon number are sometimes referred to as B-balls.

2Dark matter is here made up of the neutralinos (an electrically neutral fermionic composition of the super-
partners of the Higgs, Wy, and By, bosons), which in this case is the Lightest Supersymmetric Particle (LSP),
and therefore stable unless R-parity is broken (R-parity is a hypothetical Z,-symmetry under which all
supersymmetric partners but no SM particles are charged).
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* Mesogenesis The baryon asymmetry and dark matter could both be generated in the
oscillation and decay of B-mesons, in a mechanism called Mesogenesis [352,353]. This
mechanism can be tested at B-factories such as LHCb [354] and Belle-II [355].

¢ Post-sphaleron baryogenesis The baryon asymmetry of the Universe is often considered
to be generated at a high scale where the sphalerons are active. In post-sphaleron models,
the baryon asymmetry can be generated after EWSB via high-dimensional operators,
leading to observable experimental predictions [356,357].

* Spontaneous baryogenesis Promoting baryon number B to a broken global U(1)p
symmetry, it could be possible that the pseudo-Goldstone boson from the U(1)p break-
ing obtains random space-dependent initial values 6y(x), and subsequently relaxes
to the ground state 6 = 0. In this process of relaxing, a baryon asymmetry may be
generated locally depending on the value of 6y [358-361], and during inflation this local
asymmetry is stretched out to a large volume, while keeping the total baryon number
of the Universe zero due to the existence of antimatter domains (see e.g. [362,363]).

¢ Types ii and iii seesaw Not only the right-handed neutrino N can generate a baryon
asymmetry via its decays. The other two tree-level realisations of the Weinberg operator
O can similarly lead to baryogenesis, via the out-of-equilibrium decay of the mediator
of the Type-ii [364-371] or Type-iii [371-374] seesaw mechanisms (for a review, see
Ref. [375]).

3.6. Phenomenology of baryogenesis models

The great variety between the different baryogenesis and leptogenesis models makes them
difficult to probe in a model-independent way. Instead, more specific approaches can be
used for the different models, e.g. searching for extra scalar fields in order to probe the
validity of a strong first order phase transition in electroweak baryogenesis, or searching for
supersymmetric partners in order to probe Affleck-Dine leptogenesis. However, since any
model that explains the existence of a baryon asymmetry has to fulfil the three Sakharov
conditions, we know that an experimental signature of baryon- or lepton number violation®”
is inevitably tied to baryogenesis. Since the SM alone cannot lead to a baryon asymmetry,
searches for NP also constrain baryogenesis models. Having the possibility of being Majorana,
the nature of neutrino masses could hold the key to knowing which mechanism generated
the baryon asymmetry of the Universe. The rest of this thesis addresses different probes of
NP and lepton/baryon number violation, and how to connect these probes to baryogenesis
and neutrino masses using simplified models and effective field theory.

30The other two Sakharov conditions can also be probed in the lab, but perhaps the most straight-forward one is
baryon number violation, since it can more readily be studied in a model-independent way.
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As discussed in Sec. 2.3.3, the EFT approach is a powerful tool to study BSM physics.
Specifically, Standard Model EFT (SMEFT) is a general framework that is used extensively to
describe NP effects generated at mass scales higher than the scale of EWSB. In this chapter
we discuss in detail how LNV can be studied phenomenologically in SMEFT, by connecting
AL = 2 operators to different experimental probes.

We put special emphasis on dimension-7 operators. One of the main motivations for this
choice is the wide applicability these operators have in terms of experimental searches for
LNV, while still being generated at a relatively low dimension. Seven is the second-lowest
dimension at which AL = 2 operators can be realised, and dimension-7 AL = 2 operators
therefore offer the second-simplest possible solution to describe LNV processes. The only
lower-dimension operator is the one found at dimension-5. However, this operator does
not couple to the same range of SM fields as the dimension-7 operators, and therefore its
connection to some LNV observables may be less direct. Furthermore, dimension-7 LNV
offers a broader range of possible underlying tree-level UV-completions than dimension-5.

The phenomenology of dimension-5 LNV has been well studied in the literature, including
loop corrections [376-378]. LNV at dimension-7 has been explored in terms of specific
neutrino mass models [379, 380], operator classification, matching, and renormalisation
group evolution [381-384], extensions using right-handed neutrinos [385, 386], different
LNV observables [387,388], and model-independent neutrino mass classifications [389-391].
We seek to continue this work here, especially that of Ref. [391], in which constraints on
LNV neutrino-mass operators were compared with constraints on the different NP fields
that generate them. In this chapter, as well as in Ch. 5, we extend the work of Ref. [391]
by considering a different set of LNV probes, and by performing an analysis in terms of
simplified models containing pairs of NP fields rather than one NP field at a time. In Sec. 4.1
we describe SMEFT and its connection to low-energy probes in different bases. In Secs. 4.2
and 4.3 we give a broad overview of different low-scale LNV probes, and in Sec. 4.4 we
derive new collider limits that are subject for publication in Ref. [4]. In Secs. 4.5 to 4.7
we discuss various other aspects of AL = 2 operators, after which we finally combine the
different analyses in Sec. 4.8. As a complement to our EFT-based description in this chapter,
we categorise all tree-level UV-completions of dimension-7 AL = 2 operators in Ch. 5.

4.1. LNV SMEFT operators

SMEFT contains all fields of the unbroken SM, and describes all interactions that are Lorentz
invariant as well as invariant under the SM gauge group SU(3). x SU(2); x U(1)y [392].

72



4. Phenomenology of LNV in SMEFT

Starting at low mass dimension, the first operator that appears is the dimension-5 Weinberg
operator [198]

O = L*LPHP H  eypepo , (4.1)

where Greek letters denote SU(2), indices. LNV operators can generally only appear at odd
mass dimension [393,394], such that the AL = 2 interaction Lagrangian can be written as

5) C

C ¢
£:£SM+A1710§5)+Z i
1

7)
i 0" 4+ o9 +..., (4.2)
SRR

where (’)Z-(D) corresponds to a SMEFT operator at dimension D > 5, where i denotes an
individual operator, and where D only takes odd values. Note however that D can take on
even values for lepton number conserving operators. Furthermore, C denotes a dimensionless
Wilson coefficient, and A; represents the scale at which the given operator is generated. The
product of a given operator and its Wilson coefficient always yield a mass-dimension four
object.

The fields that are used in SMEFT operators are all the SM fermions and bosons,

_ (VL _ (UL _ h* c c qc I
L_<€L>/ Q_<dL>/H_<h0>/elu/ d/ W’u B]/ll (43)

where B, is the SM U(1)y gauge boson, I € {1,2,3} numbers the different SU(2); gauge
bosons WF{, and the fields L, Q, and H are SU(2); doublets. All fermion fields that appear in
Eq. (4.3) are left-handed two-component Weyl spinors, and a superscript ¢ denotes that the
field is charge-conjugated. For the purposes of studying LNV, we assume in this chapter that
the neutrino is a Majorana particle, such that we can construct it as a four-component spinor
v = vy +v;. If any of the AL = 2 SMEFT operators is realised in nature, it could indeed
induce a Majorana mass for the neutrino.

Note that we have not included the gluon field in Eq. (4.3) since it is not relevant for any
of the operators that enter into our analysis. Gluons do however appear in lepton-number
conserving (LNC) SMEFT operators and at higher dimension in the case of LNV. Note also
that the fields in Eq. (4.3) are only defined at energies above the electroweak scale, where
the SM gauge group is a valid symmetry. Any NP fields that generate the SMEFT operators
also have to have masses above this scale, since otherwise there would be an inconsistency in
terms of which fields are considered heavy and which are considered light. Before discussing
the different SMEFT bases we use, a few remarks on the notation are warranted:

* A Wilson coefficient written in calligraphy ij ¥ is dimensionless.

¢ A Wilson coefficient written without calligraphy ijk" has the dimension 4 — D, where
D is the dimension of the associated operator.

* A scale written with flavour indices, Ajj,, has absorbed the associated dimensionless
Wilson coefficient, such that 1/ (Ajj,)?~* = C;]k" /AP = Czl.]k”.
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¢ A short range interaction is one where no external vertices are needed to mediate the
process, while a long range interaction uses external vertices. A concrete example of this
distinction is given in Sec. 4.3.2.

All LNV operators up to D = 11 have been classified in the literature [393-395], except
those that include covariant derivatives. Such operators may be more difficult to include in
UV-complete models, but are interesting from a phenomenological point of view. In Tab. 4.1
we list some of the dimension-5, -7, and -9 operators that are used for the analysis in this
chapter. These operators are written in the basis introduced in Ref. [395], which we here refer
to as the Babu-Leung basis. Another basis that is used in this thesis, given for dimension-7
in Sec. 4.3, is the one introduced in Ref. [381] and modified in Ref. [382], which we call
the Lehman basis. In the LNV literature, the Babu-Leung basis has often been used for
large surveys of operators up to dimension 11 [393,394], while the Lehman basis has often
been used to study LNV at dimension-7 [383,384,388,396]. In order to match with existing
literature, we switch between these bases depending on the context. In Sec. 4.2, we use the
Babu-Leung basis for the discussion of effective neutrino masses, rare kaon decays, and fully
leptonic meson decays. In Sec. 4.3 we introduce the Lehman basis, which we then use for the
remaining chapters.

4.2. Low scale probes of LNV in the Babu-Leung basis

Various experimental searches have been used to study the phenomenology of LNV. In this
section, we go through three observables in detail and comment on the flavour aspect. We
use the Babu-Leung basis in order to match with the most relevant literature [1,393,394]. At
the end of this section we make a connection to the Lehman basis, which will be used from
Sec. 4.3 onwards.

A list of relevant dimension-5, -7 and -9 operators is given in Tab. 4.1 in the Babu-Leung
basis, where the naming convention follows Ref. [395]. These LNV operators are the ones
with dimension lower than D = 11 that trigger either rare kaon decays or fully leptonic LNV
meson decays. In the Babu-Leung basis, spinor contractions are not written explicitly. When
applying the operators to observables, we use the convention that each operator is defined as
having the spinor contractions relevant for the probe in question. Furthermore, a superscript
H? indicates contraction with H"H,, and a superscript i, contraction with Q" H,d".

In Sec. 4.2.1 we describe a method of estimating the neutrino mass contribution from each
operator in Tab. 4.1, and derive constraints on the scale of LNV assuming a neutrino Majorana
mass m, = 0.1 eV. In Secs. 4.2.2 and 4.2.3 we constrain LNV scales using experimental limits
on the branching ratio of rare kaon decays and fully leptonic LNV meson decays, respectively.
The analysis presented in these three sections led to the publication in Ref. [1].

4.2.1. Absolute neutrino mass
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i Ol‘ i Oi

1 L*LPHPH  expepo 81 | L*e“u’d° HP AP Hye,p
e | L*LPHPH"Q"H,d €xo€ps 10 | L*LPLretQ7d € p€p0
3a L*LPQPd°H €€ 0 11la | L*LPQPA°Q"d €e,peps
3att’ L*LPQPA°H” H' Hy€,p€ps 11b | L*LPQPd° Q7 d €enpepo
3b L*LPQPd°H €exppo 12a | L*LPQ,u*Qpit®

3bM° | L*LPQPd°H" A" Hyeqpeps 12b* | L*LAQrucQ ii’ep€pr
4a L*LPQ,ui°HPeg, 13 | L*LPQ,ii°LPe‘ep,
4q1° L*LPQ,i1° HP H” Hyeg, 14a L“LﬁQPaCQPdC%
4pt L*LPQ,i°HPeup 14b | L*LPQuu°Qrd eg,
4bT | LLPQ,u¢ HP A7 Hyeyp 16 | L¥LPefd e e,

5 L*LAQPd°H H" Hy€epo€py 19 | L*QPd°d e e g

6 L*LPQ, i H” Hf Hyepy 20 | L*Q.du‘ecac

7 L*QPeQP HyH" H g€y 66 | L*LPHPH"Q"H,d €yp€py
8 L*e°a°d°HPe,p

Table 4.1.: List of relevant dimension-5, 7 and 9 AL = 2 SMEFT operators in the Babu-Leung
basis [395] that we consider in our analysis. The superscript 1 indicates that Oy, is
Fierz-related to Oy, .

Neutrinos are by far the lightest known fundamental fermions. From direct measurements
of the tritium beta decay electron kinematic spectrum endpoint at the KATRIN experi-
ment [397,398], the electron-flavoured row of the neutrino mass matrix m3 = Y, |U,;|*m? is
constrained to m, < 0.8 eV at 90% C.L [399,400], where U;; are the PMNS matrix elements
(see Sec. 2.3.1). From neutrino oscillation data the largest squared mass difference between
any two neutrino mass eigenstates is Am3; = (2.510 = 0.027) x 10~ eV? for normal ordering
(NO) and Am3, = —(2.4901005¢) x 1073 eV? for inverted ordering® (I0), where the error
ranges are given at 1o significance [401]. Since the lightest neutrino may in principle be mass-
less, the maximum neutrino mass splitting sets a lower limit on the most massive neutrino
m3 2, 0.05 eV. Lastly, the Planck collaboration has set a cosmological bound on the sum of
neutrino masses Y_m, < 0.12 eV at 95% CL [55].

Assuming a generic value for the neutrino mass that is allowed by experimental constraints,
e.g. my, = 0.1 eV, an estimated limit on the scale of LNV can be derived corresponding to
a given SMEFT operator. Adapting the formalism in Refs. [393,394], we use the following
recipe to obtain the diagrams that generate a neutrino mass given a single AL = 2 SMEFT
operator in the Babu-Leung basis from Tab. 4.1:

1. Draw the operator with all its external legs.

INote that, per definition, the largest mass splitting is between the first and third mass eigenstates in normal
ordering, but between the third and second in inverted ordering, therefore the largest squared mass splitting
is denoted as Am%1 and Am%2 in normal and inverted ordering, respectively.
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Figure 4.1.: Top row: Process of estimating the neutrino mass given the AL = 2 SMEFT
operator O3;. First the quark legs are closed into a loop, after which the Higgs
field is substituted for a mass insertion.Bottom row: Different diagrams that

contribute to the neutrino mass via operator O, ;.

2. Pair up the external fermion legs in all possible ways that they can be closed into loops
via mass insertions, while leaving only two neutral components of lepton doublet fields
left unclosed. If such neutral components are not available, use charged components or
electron singlets instead.

3. For each unclosed lepton leg that is a right-handed singlet field e‘, turn it into the
neutrino component of a lepton doublet field L by having it interact with the charged
component of a Higgs doublet ¢= that comes either from the operator itself or from
one of the other external fields or loops.

4. For each unclosed lepton leg that is a charged component of the left-handed lepton
doublet, turn it into a neutrino by having it interact with a W boson that either comes
from the operator itself or from another external leg or loop.

5. Close any left-over vector boson or charged components of Higgs fields into loops.

6. For each neutral component of a Higgs field, allow for both possibilities of closing it
into a loop and having it give a mass insertion to the operator.

Now the appropriate diagrams should have been drawn. The following steps show how
these diagrams lead to an expression for the neutrino mass:
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7. Begin with the quantity ﬁ where D is the dimension of the operator.

8. Multiply by v where v is the SM Higgs vev and m is the number of mass insertions
from Higgs fields to the operator.

9. Multiply by vy; for each fermion loop closed with a mass insertion, where y} is the
Yukawa coupling corresponding to SM Dirac fermion f of generation i that goes in the
loop. For a flavour-specific Wilson coefficient, choose the corresponding specific index i,
while for a flavour-general Wilson coefficient sum over all indices i.

10. Multiply by ﬁ for each loop, including coupling constants g for each weak interaction

and y{; for each Yukawa interaction.

11. Multiply by A?*, where x is the number of loops in which the operator directly partic-

ipates. This leads to a factor f(A) = (162n 5 + X—Z) for each self-contracted Higgs-anti-

Higgs pair H"H,. Note that A** here comes as a cut-off scale that regulates the loops
connected to the operator. This is not strictly allowed in a pure EFT formalism, rather
it is here assumed that there is some UV-complete theory underlying the operator for
which A is an appropriate scale [393,394]. Therefore, the expression for the neutrino
mass that we obtain in the end does not come from pure EFT, but rather from a middle
ground between EFT and simplified models. In order to separate it from other methods
of estimating the neutrino mass, we still call the neutrino mass obtained using the steps
in this list as the EFT-based neutrino mass.

12. For each step where multiple choices were allowed, sum over all contributions, and
finally write the whole expression as equal to the neutrino mass m,.

An example of this procedure is illustrated for operator O3, in Fig. 4.1 (top row), and
the different diagrams that should be summed up for operator O,,;» are shown in Fig. 4.1
(bottom row). Due to the smallness of the neutrino mass, the procedure outlined above
can put severe constraints on the scale of LNV corresponding to a given operator, for some
dimension-7 operators it can be as high as Ainy 2 107 GeV [1]. However, as is discussed
in Sec. 5.3, these constraints depend highly on the UV-completion of the operator. Only in
certain specific scenarios is this EFT mass limit applicable, and depending on the internal
mass hierarchy between different heavy degrees of freedom the actual limit on the scale of
LNV can be lower by several orders of magnitude [4].

The resulting LNV scales corresponding to m, = 0.1 eV are shown in Tab. 4.2 for dimension-
7 and -9 LNV operators in the Babu-Leung basis, using first generation Yukawa couplings. We
see that the LNV scales vary greatly depending on the operator, ranging from 7.4 x 1077 TeV
for Oy to 5.2 x 10* TeV for O3,. Some of the scales in Tab. 4.2 would increase further if
second or third generation Yukawa couplings are considered, for e.g. operator Oy, the scale
corresponding to a top-quark in the loop is given by % X (2.4 x 10*) TeV = 1.9 x 10° TeV. In
Secs. 4.2.2 and 4.2.3 we will compare these neutrino mass scales to LNV meson decay limits.
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@ my A™ [TeV] @ My A™ [TeV]
1 2 4
W e ~ 11.6 8 | M K | 7.9 %1070
Yag~ o* YelYa —4
3(1H2 (1;7;22)21\2 69 10 (162n22)2/; 9.6 x 10
- Yas _5
3b 16%12% 52 X 104 11b (16%12)2%2 8'9 X 10*3
H? Ya v s
30T | rema s | 330 120 | oo 19 x 1073
4a Ju v 2.4 x 10*
, | oA 12p% | g o 2.6 x 10
4aft | ek | 150 ey
e, 13 Yolbs o 45x107*
4pt yz,gz . UX 33 (16 )2 ;
2| g | Dot 56%100
4ptH Yu§ . 0.2 (1672) ;
(1672) Az 14b ydy; ZUK 4.1 x 10_3
5 Ya o 330 (1672)
emy 16 | daes o 74 %1070
6 | pepn |10 sl F
o 19 | Ysol 241076
7 B SR | 0.6 (1672 A°
Sraaeg? o ) 20 | Lol | 1851076
i ey n | 4310 (167')
66 % KF(A) 330
Table 4.2.: LNV scales A™ that generate a neutrino mass m, = 0.1 eV for dimension-7 and
g

-9 operators in the Babu-Leung basis, calculated according to the expressions in
the second column of each respective table. First generation SM Yukawa couplings
were used, as well as a a diagonal CKM matrix. The function f(A) is given by

fA) = (&= + %)
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@ K—mvw Y Agggg [TeV]

e | o 2.4

3b |G 115

367 | fia) 5.7
1

5 e % 2.6
1 Yev

10 | 2% 08
1 Yq©0

11b | 2% 08
1 Yu©

14b | A0 29

66 F(A) A3 5.1

Table 4.3.: List of effective dimension-6 coefficients that contribute to the rare kaon decay
K — mvv and come from dimension-7 and -9 AL = 2 SMEFT operators in the
Babu-Leung basis. Here y are the Yukawa couplings of the SM fermions and A
is the scale of NP corresponding to a single operator. The constraints in the last
column are calculated using the E949 limit in Eq. (4.10).

4.2.2. Rare kaon decay

As is also discussed in Ch. 6, rare kaon decays are processes in which a kaon decays into a
pion and a pair of neutrinos. This process can be LNV in case the two final state neutrinos
carry the same lepton number. At dimension-7 there is only one operator in the Babu-Leung
basis that can trigger this decay at short range, namely O3,. Here we focus mainly on this
operator, since the 9-dimensional ones are expected to give less stringent constraints.
Contracting the SU(2)-indices of operator O3, in a way that is relevant for rare kaon
decays gives
O3 = Lf‘LfQﬂdiH"eapeﬁg — WodSdy, v, . (4.4)

In this broken phase there are two possible spinor index contractions
Cl bdsdy, v v, — O (d5dr,) (v ) + CRO (divn,) (vigdy,) . 45)
and these contractions can be related via Fierz transformations [402] (c.f. Appendix B)

CI™RO (dedy,) (vLivLj) + CI RO (v, (VLjdLb) =
- Cz’jab . Cijub o
(clf — =2 | O (didy,) (VLI,VL].) — 21 (d5o™dL,) (vLjvvai) . (4.6)

The last term on the RHS of Eq. (4.7) contains a tensor interaction that vanishes for identical
neutrino flavours. For the rest of this section we consider identical neutrino flavours only, such
that this last term vanishes. Considering also the Hermitian conjugate of O3, while assuming
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c1,2 = €], now lets us rewrite the expression in terms of the Dirac spinors d = (d, d°)T and
v = (v,7.)7T such that

ija ija Cijab 7 _ T _
Coy (O +0k) = (Cf = 2) 1 [(du) (7v7) + (duvsds) (mivsvy)] (@)

where only the first term contributes to the rare kaon decay due to conservation of angular
momentum. From here on we absorb the two Wilson coefficients into a single LNV scale such
that

B Ciiab 1
cit 2 . (4.8)
2 Aijab

As is discussed in Ch. 6, this LNV scale can be related to the branching ratio of rare kaon
decays, and experimental constraints on rare kaon decays can then be used to set limits on the
scale of LNV. Using the expression for the LNV rare kaon decay branching ratio from Ch. 6,
the expected total number of LNC and LNV rare kaon decay events can be expressed as

N(K = mvv) = (BR(K — mvi)smAsm + BR(K — ﬂvv)LNVALNV) Nk, (4.9)

where N is the number of kaons, and Agy and ANy are the fraction of SM and LNV events
that are accepted in the experiment, respectively. Using A;nv/Asm = 0.41 [1], constraints on
the scale of LNV can be found from the expression [403]

3
x Y BR(K — mvvj)iny < 3.35x 10717, (4.10)

i<j=1

BR(K — 7tvi7)gm + (ALNV>

Asm

where the experimental constraint comes from the E949 experiment [403], and where we
have used Z?szl BR(K — 7tv;vj)iny = 3 X BR(K — 7rv1v1 )Ny, assuming identical neutrino
flavours as well as flavour universality. The constraints on LNV scales in dimension-7 and -9
operators coming from this expression can be found in Tab. 4.3. Here we see that the most
stringent constraint comes from the dimension-7 operator O3;,. All other operators appearing
in Tab. 4.3 are 9-dimensional, and therefore we may expect their corresponding constraints
to be less stringent. In the second column we also show the general expression with which
the LNV scale enters into the rare kaon decay matrix element. These expressions may be
compared to the estimates of the scale of LNV coming from a neutrino mass of m, = 0.1 eV,
as given in Sec. 4.2.1. We see that for most operators, though not all, the neutrino mass
provides a more stringent constraint than rare kaon decays. Note however that the neutrino
mass constraint should only be taken as indicative, as the true value of the neutrino mass
depends on the details of the UV-completion of a given LNV operator.

The NA62 experiment provides a more stringent limit than the E949 experiment on
the branching ratio of rare kaon decays K™ — mtvv, given by BR(K™ — 7 vi)Nas <
1.78 x 1010 [404]. Furthermore, for the neutral mode K; — 7%v7, the KOTO experiment
provides a limit BR(K, — 7%7)koro < 3.0 x 1077 [405]. However, for these experiments
there are no dedicated limits on the current that mediates the LNV mode, while such a limit
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does exits for the E949 experiment. As is discussed in Ch. 6, both the NA62 and KOTO
experiments have different relative acceptance rates for LNV and LNC currents, given by
ALNV/ASM = 023/015 for NA62 and ALNV/ASM = 064/030 for KOTO [1] Using this
fact, we approximate the limit on the LNV scale for operator O3 as )_; Ajisg > 17.2 TeV for
K* — mtvv at the NA62 experiment, and Y; Ajiss > 12.3 TeV for K; — 7vv at the KOTO
experiment.

In Sec. 4.8 we compare the constraint on the dimension-7 operator Oz, with other probes
of LNV. This comparison is done in the Lehman basis, for which the Osj,-constraint coming
from NA62 is translated into a constraint on the operator Oy 5,y 0f

for the charged mode K — mtvv and

for the neutral mode K; — 79vv.

4.2.3. Fully leptonic kaon and pion decay

The fully leptonic decays 7+t — u*9, and K™ — pt, [406] could be triggered by a variety of
dimension-7 operators at short range. The hadronic matrix element in fully leptonic decays
of pseudoscalar mesons consists of a parity-odd current, since the initial meson is parity-odd
while the vacuum is parity even? [407,408]. The form factors for such decays can be obtained
from the vector and axial vector current form factors as

(0] 271 [M(p)) = 0
(O] 27" vsq1 |M(p)) = —ifmpyu, (4.13)

where M(p) is a meson with momentum p and decay constant f, consisting of the quarks
g1 and gq. Using the equation of motion

10y (2" ysq1) = — (myg, +mg,) Y591, (4.14)

the scalar and pseudoscalar form factors are obtained as
(0] 7291 [M(p)) =0,
2

m
0| 7 M =i—M £, 415
(0] 72vsq1 [M(p)) qu1+mq2fM (4.15)

Taking O3, as an example, the matrix element for the process M — u* 7, (M = K™, 1) can
be expressed as [1]

M =i— ( 2 2 f (4.16)
iM=i— (m{—m >7 M- )
Af’].kl M) mg, +mg,

2The hadronic part of fully leptonic meson decays consists of a meson decaying into vacuum, since the final
state leptons are not part of any hadron.
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o M = 070 | Agus [TeV] | Aeyua [TeV]
3a. | % 2.2 1.7
3aM | f(n) G 1.3 1.1
4 | 5 2.2 1.7
40" | Y 1.3 1.1
at |5 2.2 1.7
VAN N 1.3 1.1
6 f(N) s 1.3 1.1
7 v 0.8 0.7
8 X 2.2 1.7
87| fn G 13 1.1
la | %2 0.2 0.1
120 | 2% 0.6 0.5
120% | % 0.7 0.6
13 s 0.2 0.2
4o | Wty e 0.5
16 s 0.1 0.1
19 e 0.1 0.1
20 oy 2 0.5 0.4

Table 4.4.: List of the effective contributions to dimension-6 interactions mediating the fully
leptonic LNV charged pion and kaon decays for the relevant dimension-7 and -9
AL = 2 operators in the Babu-Leung basis. Here y are the Yukawa couplings of
the SM fermions, A is the scale scale of NP corresponding to a single operator, and
g is the weak coupling constant. Only operators that do not lead to the rare kaon
decay K — mvv are listed, since those limits are expected to be stronger.
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Using this matrix element to obtain the LNV decay width as a function of the LNV scale A,
the corresponding branching ratios [1]

29TeV°
BR (K™ — ptg,) =103 ( J eV) ,
Aeyus
20TeV°
BR (7" — pt1,) =102 < 0 Te ) . (4.17)
Aeyud
can be compared to the 90% CL experimental constraints [406]
BR (Kt — u'7,) <33 %1072,
BR (" — p'7,) <15x107° (4.18)

to obtain limits on the scale of LNV, as shown in Tab. 4.4. Here we show limits both for fully
leptonic kaon (flavour content epus) and pion (eyud) decays. These constraints are generally
lower than the constraint on O3, coming from rare kaon decays. Furthermore, similar to the
rare kaon decays, we see that the dimension-7 operators in Tab. 4.4 generally lead to more
stringent constraints than the dimension-9 operators. In the second column of Tab. 4.4 we
show the general form in which the LNV scale enters into the fully leptonic meson decay
matrix element, c.f. Eq. (4.16). We only show SMEFT operators that do not trigger the rare
kaon decays discussed in Sec. 4.2.2, since the constraints from those decays are more stringent.

Considering the neutrino mass constraints from Sec. 4.2.1, we see that for many operators
they are more stringent than the constraints put by fully leptonic LNV decays. However,
LNV scale constraints obtained from the absolute value of neutrino masses are not as strict
as direct experimental constraints, since the neutrino mass can depend on the details of the
UV-completion of the operator [4], as discussed in Sec. 4.2.1.

In the Lehman basis, fully leptonic LNV meson decays lead to constraints on operators
Omorm Oarormzs Ogurrn, and Oy, The analysis of these constraints are subject for
future work and will not be discussed in the comparison of different LNV probes in Sec. 4.8.

4.3. Low scale probes of LNV in the Lehman basis

In this section we discuss the remaining LNV probes that are considered in this chapter,
including new limits from collider searches that are subject for future publication in Ref. [4].
From here on we work in the Lehman basis, for which the dimension-7 AL = 2 SMEFT
operators are given in Tab. 4.5. An advantage of this basis is that the spinor contractions are
well defined, such that the basis is not overcomplete. In Tab. 4.5 the spinor contractions are
written in terms of parentheses, such that e.g. (192) = {2, In Sec. 4.3.1 we discuss the
connection of this dimension-7 SMEFT basis to dimension-6 LEFT operators, after which we
discuss different low-scale LNV probes in Secs. 4.3.2 to 4.3.8 and high-scale LHC searches in
Sec. 4.4.
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Type < Operator

Y2H? or, eijemn (LS L)Y HIH" (H' H)

¥2H°D Olenp €ij€mn (L5 Yuer)HI (H™iDFH")

w2pep2 | Olunn eijenn (L5 Dy L) (H" DI H")
Olips €im€jun(L5'D L])(HWD#Hﬂ)

W2E2Y Ols SE€ij€mn (L w L) H/H" BHY
Ol g'eii(€T!)mn (LS oy L") H HWIHY

D Oliniip eij(dyyytr) (LiDM L))
O iLu €ij€mn(€yLL) (LILI)H"
Ofters_ €i(dpLy) (uger)

¥ OZ_’ZS(;LHI €ij€mn(dpLL) (QYLY) H"
OZZSQtLHZ €im€in(dpL}) (QY L") H"
OE?ZLH eij(Qpur) (LELY) H

Table 4.5.: List of all dimension 7 AL = 2 SMEFT operators in the Lehman basis [381,382].

4.3.1. Connection to LEFT

Many of the LNV observables that are discussed in Sec. 4.2 involve momentum scales that
are lower than the scale of EWSB Agw ~ 100 GeV. For these probes SMEFT is not a suitable
framework, since it involves fields which are only defined above Agy, and respects the full
SM gauge symmetry group unlike the physics at lower scales. Therefore it is appropriate to
introduce a basis of Low energy effective field theory (LEFT) operators that can be used at
low scales, and match the corresponding operators onto SMEFT at the electroweak scale in
order to compare high- and low-scale observables. In Tab. 4.6 we give the complete list of
dimension-6 AL = 2 LEFT operators, and show how they match with dimension-7 SMEFT
operators3.

4.3.2. Neutrinoless double beta decay

One of the most well-studied probes of LNV is neutrinoless double beta (Ovpp) decay. As
opposed to ordinary beta decay, in which a neutron turns into a proton by emitting one

3Note that dimension-7 SMEFT operators can generally match onto LEFT operators with other mass dimensions
than 6. When going from SMEFT to LEFT, the Higgs doublet is no longer an external field and can instead be
written as a vev v, changing value of the Wilson coefficient and reducing the dimension of the operator by
one. We find that the operators obtained in this way are often the ones most constrained by LNV observables,
therefore we choose dimension-6 LEFT operators as our main focus for analysing low-scale experimental
constraints.
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@) Operator Matching

OS,prst o
evl | — — Sprst o prst psrt
O Prst (erperr) (vEvt) Con =1 (2CELLLH + Gty T8 t)
ev,LL
S,prst
Oevz = (e—e )(?V ) CS,prst _ _v( st Stp 4 Ctr 5SP)
OS,prst Lp€Rr sVt ev2 LeHD LeHD
ev;RL
oLt = T,prst t t
ev — - —_— v ,prs . v pSV p rs
oLt (erpoverr) (vEo™ vt) Ce™ =+ (Cliin — Corirn)
ev;
OS,prst _

dv - — Sprst _ ypsrt ptrs
OS,prst (ddeLi’) (Vs Vf) Cdv ! (Cd_LQLHl + Cd_LQLHl)
dv,LL

OT,prst .

dv - — v T,prst v psrt ptrs
OT,PT’St (dRPO"quLr)(I/gU'y Vt) Cdl/ = _Z(Cd_LQLHl - Cd_LQLHl)
dv,LL

OS,prst o S orst . ,
w = — st | o (~PTS prts
OS,P;’{SLf (uLpuRr)(Vth) Cuy =+5 (CQ_uLLH + CQuLLH)
uv;
S,prst

duvel — v Sprst _ upsrt _ ~ptrs _ ~ptrs
@g/P“t (drpurr) (viewt) Cauver = Z(CJLQLHl CiLoLm Cd‘LQLHz)
uve;LL

S,prst
duve2 — — S,prst ¢
S,prst (deuRr)(VsceLt) CduveZ - +UV;PCeruSLLH
duve;RL
T,prst
duve ~ | (3 — v T,prst _ u ~psrt ptrs __ ~ptrs

T, prst (dRpO'yvqu) (v§oery) deg = —5 (CJLQLHl + Cd_LQLHl Cd_LQLHZ)
Odm/E'LL
V,prst
duvel — Pyl V,prst ¢
V,prst (dLF’rYVuLV) (Vscr)/yeRt) Cduvel - +vvr*pcieHD
duve;LR
V,prst
duve2 —| (7 o V,prst _ | o ~psrt
V,prst (dRPr)/P‘uR”)(VgrY‘ueRt) CduveZ - +§Cd_LueH
oduve;RR

S,pr - —
Ol | (drpdrr) (V)

OEﬂSLt (trpurr)(VEVt) no matching at dim 7 in SMEFT

O

O

T, _ —
Ouvl;?zSLt (uRp(Tyvqu) (veotvy)

Table 4.6.: List of the dimension-6 AL = 2 LEFT operators that match onto dimension-7 SMEFT
operators, along with the matching relations.
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W= W=
d U d U d u

Figure 4.2.: Examples of diagrams corresponding to OvpS decay induced by a dimension-5
(left), dimension-7 (centre), and dimension-9 (right) operator, respectively.

electron and one electron-flavoured antineutrino, OvBB decay is a process where two neutrons
beta-decay simultaneously without emitting any neutrinos or antineutrinos. The initial state
consists of two neutrons, and the final state of two protons and two electrons. Baryon number
is conserved, but the difference in initial and final lepton number AL = 2 is two units, and
the process is therefore LNV. Typically, a light neutrino exchange between the neutrons is
assumed to trigger the double decay, in which case the process would be suppressed by a
light Majorana neutrino mass insertion induced by the dimension-5 LNV operator, see Fig. 4.2
(left). However, OvBpB can also be induced by a variety of other BSM processes, such as higher
dimensional LNV operators [387,393,394,409-419]. At dimension-7, such operators lead to
long-range contributions, meaning that the LNV process can be thought of as occurring in
one nucleus rather than in the propagation of the exchanged neutrino, as shown in Fig. 4.2
(centre). For dimension-9 operators, the interaction can instead be short-range, meaning that
quarks from both nuclei are present in the NP interaction, see Fig. 4.2 (right).

In the experimental search for OvBp decay, the most stringent limits come from the Xenon

isotope 1§2Xe, leading to the constraint [420]

T, = Tiya (3Xe — iBa+e7e™) > 23 % 10%y (4.19)

on the decay half life T;,,. For Ovpp decay induced by the dimension-5 LNV opera-
tor, the decay rate can be estimated on dimensional grounds as To/* ~ myGrmzQpg ~
(m,/0.1 eV)2(10% y)~l. Here mr ~ 100 MeV is the typical energy scale involved in
Ovpp decay, Gr is the Fermi constant, and the final state phase space that is available
to the two electrons is proportional to Q“Zﬁ, where for a typical double beta decay we have
Qpp = O(1 MeV). For a dimension-5 LNV operator the neutrino mass 1, can be estimated
as m, ~ v*/ AS\)]V, where v is the SM Higgs vev, such that m, ~ 0.1 eV leads to LNV scales
as high as A(LSI\)IV ~ 3 x 10" GeV. For dimension-7, the long-range rate can be estimated
as F%ﬁ P Z)Z(Ag\)w)*6G%m4FQf’;I5 ~ (10° GeV/ A&V)é(m% y)~!. Finally, dimension-9 oper-
ators lead to the short-range rate o’ ~ (A](j\)w)_gnq‘}_QZ/S ~ (10° GeV/ A](j\)w)g(lO26 y) L
Incidentally, dimension-7 and -9 operators probe similar LNV scales in OvB experiments.
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Following Ref. [387], we write the Ov decay Lagrangian coming from dimension-7 SMEFT
operators in the LEFT basis as

2G —_— - c —_— = ¢
£y, = TzF Cyy (ry"dy) (eryuvs) + Cyp (#RY"dR) (ervuvf)

+C) (irrdy) (ervf) + CS (wrdr) (ecv) (4.20)
+C (ot dR) (erowvi) | + he,

for dimension-6 LEFT operators. For a single higher dimensional operator leading to the
OvpBp matrix element My,, the inverse decay half life can be written as

Ty 5 = le*Gov| Moy ?, (4.21)

where Gy, is a phase space factor corresponding to the leptonic current and € is a NP
effective coupling. By connecting the dimension-7 SMEFT operators from Tab. 4.5 to the LEFT
Lagrangians in Eqs. (4.20) and (??) according to the formalism in Sec. 4.3.1, the constraints on
the scale of dimension-7 LNV operators can be calculated using the formalism in Ref. [387].
Limits on the scales of the dimension-7 operators are given by [383]

Areyp > 171 TeV, Arpp1 > 279 TeV,

Arpw > 43.7 TeV, Agiip > 19.6 TeV, w22)
Adroum > 113 TeV, Adiore > 149 Tev, '
Agp oy > 236 TeV, Aguiry > 136 TeV.

4.3.3. Same-sign charged lepton kaon decay

As we saw in Sec. 2.1.4, kaons are mesons consisting of one strange and one first generation
quark, where one of the constituent fermions is an antiquark such that the kaon is colourless.
In the decay of kaons, there are several different LNV modes that are allowed kinematically,
such that they could be induced by LNV SMEFT operators. One such mode is K™ —
10" [421-423], where £ € {e, u}. This decay cannot be mediated by dimension-7 operators
at short range, and therefore dimension-9 operators are often considered instead [396,424].
Effective long-range contributions from dimension-7 SMEFT operators can however lead
to K™ — 7 ¢*¢" decays [388]. Such operators can be matched onto dimension-9 LEFT
operators to derive constraints on the scale of LNV from experimental bounds. However, the
constraints obtained in this way are generally low, for A = 1 TeV the predicted LNV branching
ratios lie several orders of magnitude below experimental bounds [396]. We therefore do not
consider experimental constraints coming from K* — 71~ ¢*¢" decays further.

4.3.4. Rare B-meson decay

Mesons containing one b-quark are appropriately called B-mesons. Similarly to kaons, B-
mesons can potentially decay via LNV modes if e.g. dimension-7 LNV operators are realised
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in nature. One well-studied scenario is the rare decay of B-mesons into an (excited) kaon and
two neutrinos, B — K® vy, This mode is LNV since there are two neutrinos in the final state,
rather than a neutrino and an antineutrino as in the SM decay B — K(*)u7, where this latter
mode is predicted by the SM but has never been observed*. Since the final state neutrinos in
such decays are not detected directly, the LNV nature can only be observed indirectly, via
an excess in the number of events as compared to the SM or in the distribution of the final
state kaon. In the LEFT basis, the Lagrangian corresponding to the LNC b — sv¥ transition is
given by [425,426]

L= Z CZ/;XLOZ/;XL' (4.23)
X=L,R

while the Lagrangian corresponding to the LNV transition b — svv is given by [425,426]

L= Z Cgv;XLogu;XL + Cgv;LLOdTv;LL +h.c., (4.24)
X=LR

where the different operators are defined in Sec. 4.3.1. For the SM mode b — sv,7,, the
only Wilson coefficient that has a sizeable contribution is given by the left-chiral vector

interaction [427]
4Gr « X
V,sbaa,SM __ F «
Corr =~ 7 g VisVib <Slr129w> , (4.25)

where X = 6.402 sin” 8y comes from electroweak corrections [428], V;j are the CKM matrix
elements, « is the fine-structure constant, and 6y is the weak mixing angle. The LEFT
operators most relevant for LNV rare B-meson decays that can be induced by dimension-7
SMEFT operators are O;V;L . and O;V;LL. Due to the small mass of B-mesons in comparison to
the SMEFT scale Agw, there can be a large difference in the values of the Wilson coefficients
between these scales. The RG running effects from QCD between the hadronic scale of the
B-meson Ay = 4.8 GeV and the electroweak scale Agy can be numerically expressed as [429]

Coyr (48GeV) =14C5,; (Aew), Chyrp(48GeV) =09Ch,.; (Agw)- (4.26)

Experimental searches for rare B-meson decays have been performed at the BaBar [430] and
Belle [431,432] experiments, both reaching sensitivities in the branching ratio a factor O(few)
above that predicted by the SM, while the future Belle II experiment is predicted to probe
values as low as 10% of the SM value [433]. The predicted SM values for different b — svv
decay branching ratios based on light-cone sum rules (LCSR) and lattice QCD [434,435] are
given by [428,429]

BR(B® — K%vi) = (41+0.5) x 107° BR(BT — Ktv) = (44£0.7) x 107

4.27
BR(B? — K*%v7) = (11.6 £1.1) x 10°®  BR(B" — K*"v7) = (1244 1.2) x 1079, #.27)

4Decays with final state neutrino pairs v or vv generally have very small branching ratios, which is why we
denote them as rare.
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leading to the experimental constraints at 90% CL [430—432]

BR(B? — K%7) < 2.6 x 107 BR(B" — K"v7) < 1.6 x 107°

4.28
BR(B® — K*%v7) < 1.8 x 107>  BR(B" — K*'vi) < 4.0 x 107°. (4.28)

Assuming that a single LEFT operator dominates, these experimental limits lead to constraints
on the LNV scale given by

Aps,, >10TeV,  Agr >25TeV. (4.29)

Using the matching relations in Tab. 4.6 this leads to a SMEFT constraint on the AL = 2
SMEFT operator Oy o1 given by

4.3.5. Invisible kaon decay

Neutral mesons have the possibility to decay invisibly, meaning that the final state consists
only of neutrinos. For LNC modes one of the final state particles is a neutrino and the other is
an antineutrino, while decay modes triggered by dimension-7 LNV operators would consist of
two neutrinos or two antineutrinos in the final state. For invisible LNV kaon decays K; — vv
we can express the Lagrangian in terms of LEFT Wilson coefficients as [424]

iBFy [, ~5,sd Sd — S,dsa S,sdap
[’KLHVV = T [(CdVS;LDZB + Cdv;zozﬁ) (ngﬁ) - (Cdv;zozg + Cdvs;vaB )(V“Vg)} KL ’ (431)

and similarly for Ks we have

S,dsap S,dsufBx

iBFO S,sd — S,sdaBxy /—
- [(C - Cairr )(vivp) = (Cappr — Cdf;fiﬁ )<VW/§)]KS' (4.32)

‘CKS —vv 2 dv;LL

Since kaons are pseudoscalar particles, a helicity-flip in one of the neutrinos is needed in
order to conserve angular momentum. This makes contributions to invisible kaon decays
from LNC operators suppressed by the smallness of the neutrino mass.

There is only one LEFT operator contributing to LNV invisible kaon decays that matches to
a dimension-7 SMEFT operator at tree-level, namely O3 |, which is triggered by the SMEFT
operator Oy ;- From QCD running the Wilson coefficient of this operator at the scale
of EWSB can be expressed in terms of its value at the chiral symmetry breaking scale A,
via [424]

C3,1(Ay) = 1.656 C3 1 (Agw) - (4.33)

The invisible kaon decay branching ratio can then be expressed as [424]

2

mg BF()
TP IVGE
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where B = —(7q)0/(3F) ~ 2.8 GeV [387] and Fy = 87 MeV [436] are parameters related to
the quark condensate. By summing up all the observed kaon branching ratios in the PDG [14]
we get a limit on BR (K — visible), which in turn can be translated into a constraint on the
invisible mode as [437]

BR (K; — invisible) < 6.3 x107* (95% CL). (4.35)

This constraint is less stringent than that of rare kaon decays, and the subsequent constraint
on the scale of LNV

is therefore not expected to be competitive.

4.3.6. T decay

The only lepton that is massive enough to have hadronic decay modes is the 7. Semileptonic
LNV 7 decays 75 — éIPiini with Pf; = ¥, K* can potentially lead to constraints on
the scale of dimension-7 SMEFT operators, with the unique feature that the constraints are
specifically put on the T-flavoured part of the Wilson coefficient. Experimental sensitivities on
the branching ratios for LNV 7 decays are however lower than for other observables. From
the Belle experiment we have the constraints [438]

BR(T™ —efm m)<20x107®, BR(t~ = u"m ) <39x1078,
BR(T~ —e¢"K"K7) <33x10%, BR(t~ — u"K K7) <47x1078, (4.37)
BR(T™ —e"K 7)) <32x107%, BR(t~ — u"K 7 ) <48x1078.
These limits are expected to be improved by the Belle-II experiment, giving the future
limits [355,439]
BR(t~ —etm ) <3x107, BR(t- —»utm ) <7x10719,
BR(t™ = e"K"K7) <6x107%, BR(t— = u"™K K7 ) <9x101, (4.38)
BR(t- —e"K m) <6x107, BR(t— = u"K 7)) <9x10710,
Even with these improvements, the future experimental limits are at least three orders of

magnitude away from probing dimension-7 LNV scales of O(Agw) [440]. Therefore, LNV T
decays are not competitive probes of LNV>.

4.3.7. u decay

The only SM fermions that muons can decay into are electrons and neutrinos®. Therefore,
tree-level LNV muon decays can only be induced by a single dimension-7 SMEFT operator at

5This picture could however change with the introduction of additional light sterile states [441-444].
6Note that muons are kinematically allowed to also decay into photons, as in e.g. 4 — ey. This mode can be
used to set very stringent constraints on violation of charged lepton flavour conservation, but it is not LNV.
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tree-level, namely Qg1 p. It is worth noting that this operator does not lead to OvBp decay
at tree-level, and therefore LNV muon decays can potentially be the most sensitive probe of
its corresponding scale. Below EWSB, the Lagrangian for LNV muon decays can be written
as [387]

4Gr ye _

L = _ﬁ{ S VRCLVLECVL;!+C eRVLVLeCVLM

1 1
—|—ZLC¥€ faroter VEECO'W,VL,” + ECFF” erot’ur V{IECU'VVVL,V} +h.c., (4.39)

where CgeT (CgeT) mediates the LNV decay u* — e*7.v, (1= — e vevy). These Wilson
coefficients can be matched onto the SMEFT Wilson coefficient of O,y via [4]

pe Hpee pepe peep pe __ v Hpee peep
CS 4\[ (CeLLLH + 2CELLLH + 3CELLLH) 4 CT - 4\5 ( eLLLH ~— CELLLH) 4
3 3
Cot = o (ClM, 2Ct i 4 3C ) O = — T (o, — L) (440
S 4\@( eLLLH eLLLH eLLLH) T 4\&( eLLLH eLLLH) ( )

The KARMEN experiment [445] has set constraints on LNV muon decay modes by searching
for 7, neutrinos via the capture process pi, — e*n. Since the muon-flavoured neutrino is
not detected, the ability of this experiment to set constraints on the LNV mode relies on the
assumption that there are no LNC flavour violating modes such as y* — e*#,v,. Provided
that this assumption holds, the branching ratio of LNV muon decays can be expressed in
terms of the Wilson coefficients as [387]

T (ut — et o)
T (ut —etvr,)

R(put —etop,) = ycﬂey + = |c"ey (4.41)

and the experimental limits on the branching ratio at 90% CL are then given by [445]

BR (" — " 0,7,,p =075) <09-107°,  BR(u" — e'77,,p =025) <13-1073,
(4.42)
where p is the Michel parameter [446], which determines how strongly the decay rate depends
on the energy of 7.. Relating the experimental limits to the Wilson coefficients leads to the
constraints |C{°| < 0.06 and |C}‘| < 0.04 [387]. The corresponding constraint on the scale of
LNV is given by
Aerrra > 0.64 TeV. (4.43)

4.3.8. u~ to e conversion

Experiments that search for charged lepton flavour violation in the conversion p~ — e~
in nuclei can potentially also be sensitive to the LNV p~ — e™ conversion [447,448]. The
currently most stringent limit on the LNV mode comes from conversion in Ti nuclei at the
SINDRUM II experiment [449] given by

_T(p +Ti— et +Ca)

— —12 %,
R, = e el 1.7 x 1012 (90% CL) . (4.44)
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q J

Figure 4.3.: Keung-Senjanovic diagram leading to pp — ¢*¢* at colliders.

Near-future experiments such as Mu2e [447] and COMET [450] are expected to significantly
improve the constraints on the LNC mode, with the projected limits

Mu2e: Rﬁle, > 6.6 x 1077 (90% CL),
COMET Phase-I: R}, >7.2x 107" (90% CL).

Both of these experiments will be sensitive to the charge of the outgoing lepton, and therefore
they can also possibly set constraints on y~ to e™ conversion. This latter mode can be used to
set constraints on the scale of LNV in the context of AL = 2 SMEFT operators [451]. However,
both current and future experimental sensitivities in 1~ to e conversion are not stringent
enough to probe dimension-7 LNV scales of O(Agw), and therefore these modes are not
competitive with other experimental searches’.

4.4. LHC

LNV can be studied at high-energy colliders via dijet plus same-sign dilepton final states
without missing energy. At the LHC, such a signal can be obtained from the process

pp — (*05jj+ X, (4.45)

where ¢ € {e, u, 7}, and where X stands for possible hadronic or electromagnetic fields that
accompany the signal. Concretely, we use X € {nothing, j, a}, where j is a jet and a is a
photon, and keep the kinematic cuts for these additional particles to their default values.
Other possible final state particles such as a physical Higgs boson & or a Z boson do not
contribute significantly to the cross section. A jet pair X = jj does contribute with a factor
O(few) less than a single jet X = j. However, an additional jet pair X = j;j increases the
computation time significantly, and we therefore omit it in the following analysis. In models
with a SU(2)g x SU(2); symmetry that contain massive Majorana fermion fields N and
heavy right-handed gauge bosons Wg, the interaction in Eq. (4.45) can be transmitted via the
Keung-Senjanovic diagram [452] shown in Fig. 4.3, in which a Wg boson is produced in a
collision between protons, after which it decays to two same-sign leptons and two jets via

"Note that i~ to e conversion can only occur at long range for dimension-7 operators. Similar to Ovfg decay,
short-range ji~ to e™ conversion requires at least dimension-9 operators.
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an intermediate right-handed neutrino N and an additional Wg. Similar topologies can also
arise in models that contain Majorana fermions as well as additional heavy scalar fields [453].
Collider signatures of UV-completions to the LNV dimension-7 operators Oy and Or.np
are discussed in detail in Ref. [389] and Ref. [415], respectively. For other considerations of
LNV at the LHC see e.g. Refs. [454-456].

From a model-agnostic perspective, the scale of LNV in dimension-7 operators can be
constrained using the non-observation of same-sign dilepton signals at LHC searches. It
is also possible to put severe constraints on high-scale leptogenesis given a potential LNV
signal [457], since the process that mediates the LNV interaction at the LHC should also
contribute to effective washout at relatively low scales.

In Ref. [458], the collider signatures of the dimension-5 LNV operator ¢*¢/*WFW¥, which
can be matched to the dimension-7 SMEFT operator O pp1, were discussed in the context of
neutrino masses. At the SMEFT level, possible muon-channel collider signatures of LNV vector
boson fusion processes using the dimension-5 Weinberg operator OSZ = €jj€mn(LL™)H/ H"
were studied in Refs. [459,460].

Collider limits on the scale of LNV in all dimension-7 AL = 2 SMEFT operators are
presented in this section, where the results are subject for publication in Ref. [4]. The
operators were implemented using FEYNRULEs [461], where a corresponding model file
containing each dimension-7 operator we consider is given in Appendix F. The LO cross
sections calculated using MADGrRaPH5_AMC@NLO [462] using the commands

generate p p > e+ e+ j j QED=2 QCD=0
add process p p > e- e- j j QED=2 QCD=0

J
add process p p > e+ e+ j j j QED=2 QCD=2
add process p p > e- e- j j j QED=2 QCD=2
add process p p > e+ e+ j j a QED=3 QCD=0
add process p p > e- e- j j a QED=3 QCD=0

for a final state same-sign electron pair, with the kinematic cuts shown in Tab. 4.7. For a
muon pair, the e is simply swapped for mu. These cuts are identical to the ones used by
the ATLAS collaboration in Ref. [463], which allows for effective data comparison based on
the non-observation of LNV events. For the PDFs the set NNPDF30 was used, which was
provided by LHAPDF6 [464], while hadronisation was handled by Pyrra1A8 [465] and detector
simulation by DELPHES3 [466].

With this set-up we get a similar but not identical result as Ref. [459] for a LHC vector-
boson-fusion cross section with the dimension-5 LNV SMEFT operator. Comparing the
benchmark scenario my = 0.3 GeV and Arnv = 200 TeV, we obtain the LO cross-section
0.107 ab while in Ref. [459] the NLO cross section 0.361 ab is reported. This difference could
e.g. come from a different treatment of the additional final states represented by X, the fact
that their cross section is at NLO while we evaluate it at LO, or the different treatment of jet
clustering, where in Ref. [459] the authors use the package FAsTJET [467], while we do not.

Similarly comparing the LNV vector boson fusion via a ££(*WTWT operator, we obtain a
cross section 4.1 pb for Ajnv = 1 TeV while in Ref. [458] a cross section of 4.5 pb is reported.
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Cuts for pp — (=(Fjj at /s = 13 TeV Cuts for pp — (F(*tb at \/s = 13 TeV

i1(2)
pf? >30GeV  ph > 100 GeV pf” >30GeV  ph > 100 Gev
Hr >400Gev 7' <20 7’ <20 7 <247
1731<2> <047 ,7;¢1<2) <25 ;ﬂ‘l(z) <25 mpp > 400 GeV

mpp > 400 GeV  mjp > 110 GeV

Changes for /s = 100 TeV Changes for /s = 100 TeV
n"'? <45 " <40 n'? <45 7’ < 4.0
mpp > 700 GeV M p > 200 GeV mpp > 700 GeV

Table 4.7.: The cuts used in the evaluation of o(pp — jjil*¢*) (left) and o (pp — th¢*(*) (right)
at collider experiments. Here the final state tb corresponds to b for a positively
charged lepton pair £*¢* and tb for a negatively charged pair ¢~ ¢~. In the dijet
final state process the cuts are reproduced from Ref. [463] such that the LNV scale
can be constrained using the data therein. The cuts used in the tb final state process
are constructed to be as similar as possible to the cuts for the dijet final state process
for better comparison between the two. The scaling of the cuts for the FCC process
in rapidity and invariant mass account for the increased centre-of-mass energy.

This discrepancy could come from a difference in the implementation of the (*(*WTWF
operator. In order to have a consistency check with our subsequent implementation of
dimension-7 SMEFT operators, we started with the dimension-9 operator ¢5/r (&*qu))Z
and broke it to the SU(3), x U(1)., symmetric level, while in Ref. [458] the starting point
could have been the already broken phase. It is possible that partial cancellations occur from
different broken-phase operators corresponding to the dimension-9 SMEFT operator in our
case. Furthermore, it is not clear in Ref. [458] which PDF set is used, and a difference in the
PDFs could cause further discrepancies.

The cuts in Tab. 4.7 are given in terms of the pseudorapidity #* = —In (tan 92—”), where 6*

is the angle between the momentum of particle a and the beam axis, transverse momentum

p7 = |Pa- (§ + £) |, and invariant mass m,, = \/2;9”};91% [cosh (1, — 11p) — cos (¢a — ¢v)], where

¢ is the azimuthal angle with respect to the beam. The quantity Hr = ) p]Tl is the sum of the
transverse momenta of the final state jets.

In Tab. 4.8, the cross sections for the process pp — (*¢'*jj + X corresponding to all 7-
dimensional AL = 2 LNV operators are presented for both the FCC-hh with /s = 100 TeV and
the LHC with /s = 13 TeV. These cross sections were calculated for two quark generations
under the assumption that C1/3/A = 1 TeV~!. The scaling of the cross sections with respect
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Figure 4.4.: Diagrams that correspond to same-sign dilepton plus dijet production at colliders
via AL = 2 dimension-7 operators that contain four fermions.

to A for all operators is found to follow the relation
o(pp — (E05jj+ X) = o9 x A7VE, (4.46)

as is shown in Fig. 4.6, where 0y corresponds to the cross section found using C3 /A =
1 TeV~!. Exclusion limits on the scale of LNV corresponding to the different operators can be
found using the asymptotic formula [468]

zoz\/z (s—bln (S“;b» (4.47)

where s = L x o(pp — (*¢*jj+ X) is the number of signal events that is expected for a given
luminosity £, b is the number of background events, and Zj is the statistical significance. The
expected number of background events for an integrated luminosity of £y = 36.1 fb~! is
given by the ATLAS collaboration as b = 11.2. Following Ref. [469] we assume that b scales
linearly with the luminosity and therefore use b = 11.2 x £/(36.1fb~!). By solving Eq. (4.47)
for Zy = 1.96 we find the 95% CL limits on the scale Ajny for the different dimension-7
operators, as shown in Tab. 4.8. Assuming that a similar number of background events is
expected at FCC-hh [184] per integrated luminosity, projected future 95% CL limits assuming
a search for pp — ¢*¢*jj at FCC-hh are also shown in Tab. 4.8 with the modified 100 TeV-cuts
from Tab. 4.7, using an integrated luminosity of 30 ab™!.

The cross sections corresponding to the LNV process pp — (=¢*tb + X for the dimension-
7 operators are also shown in Tab. 4.8, where t and b represent top- and bottom-quarks,
respectively. The pair b in the final state denotes b for a positive lepton pair £7¢* and tb for a
negative lepton pair £~ ¢~. These processes containing third generation quarks are interesting
as a complementary search to the dijet final state due to the difference in topologies. In the
Feynman gauge we can have final state charged Goldstone bosons that decay into a pair of
quarks and antiquarks, where the decay width is greatest for third generation fermions. As is
shown in Fig. 4.5 (left), this kind of topology involves two charged leptons of the same sign
entering the dimension-7 operator directly. This effectively reduces the number of mediators
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p p *
J
W=+
J
p p *

Figure 4.5.: Left: Diagram corresponding to the production of same-sign dilepton plus a third
generation quark-antiquark pair at colliders for LNV dimension-7 operators that
contain four fermions. Right: Diagram corresponding to same-sign dilepton plus
dijet production for operator Oj,;;p-

from two to one compared with the W boson-mediated diagrams (c.f. Fig. 4.4 left and right),
and removes the need of an additional mass insertion. For third generation final states, the
cross section of the Goldstone boson-mediated process is therefore greater than that of the W
boson-mediated one. However, no limits on the LNV scale can be drawn using this mode
since there have been no specifically dedicated searches for it (to the knowledge of the author).

As seen in Tab. 4.8, the operators of type ¥*H all have similar cross sections for the same-
sign dilepton process. There are still minor differences between the different cross sections,
which come from a variety of effects.

For the given the SU(2) structure of an operator, there are usually many different diagrams
corresponding to pp — jj¢*¢* that can be drawn. As an example, we note that OqoLm
leads to a greater number of diagrams than Oy o,y since the structure of SU(2),. indices
features a contraction of the two lepton doublets with each other in the former, but the
quark- and Higgs doublets in the latter, leading to a factor two difference in the number of
possibilities to generate diagrams of the topology shown in Fig. 4.4 (left). For Oy, there
is an ambiguity in which lepton doublet should correspond to the neutrino and which to
the charged lepton, while for Oy ; iy there is no such ambiguity. Note however that these
two SU(2), contractions of Oy oy, come with a different sign, due to the structure of the
Levi-Civita tensor, which effectively leads to a reduction of the cross section in diagrams
where both leptons are in the final state, i.e. diagrams with the topology shown in Fig. 4.4
(right). Such diagrams are relatively more dominant at higher collision energies, which is
why the cross sections coming from Oy ;1 and Oy oy compare differently at the LHC
and FCC.

Another effect that changes the cross section in operators with four fermions comes from
the number of up-type quarks it can contain. In protons the prevalence of up-type quarks is
greater than that of down-type quarks, and therefore a greater number of up-type quarks in
an operator generally leads to higher cross sections. This is the reason that the cross section
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+ ot + p+
Byt o(pp = £505jj+ X) (pb) | o(pp — £07tb + X) (pb) Ay | Altre
LHC FCC LHC FCC

Oiruen 29 %1075 0.12 1.8 x 104 3.9 0.72 5.1
Oqotm | 28x1075° 0.081 2.3 x 1074 4.8 0.71 48
Ofotmz | 2.8x 1075 0.030 76x1077 | 2.8x1073 0.71 4.1
Ogurty | 82x107° 0.29 83 x 1074 22 0.85 6.0
OrpH1 8.7 x 1077 6.8 x 1073 1.8 x 108 0.015 0.40 32
Orpm2 2.1x10°8 2.1x10°° 1.9 x 108 24 %1073 0.22 1.2
Orenp 1.3 x 107? 1.1x 1077 5.7 x 107° 3.1x10°° 0.13 0.51
OquLLp 0.023 2.9 x 103 1.0 x 104 390 22 28
Orn 13x10°8 | 3.6x10°° | 62x107? 1.2 x10°° 0.20 0.91

Table 4.8.: Cross sections and constraints on the scale of LNV corresponding to same-sign

dilepton searches at both the LHC and FCC, using the cuts from Tab. 4.7. The
cross sections for the collider processes pp — (*¢*jj+ X and pp — (*¢*th+ X
are given in the second to fifth columns, where X denotes additional hadronic or
electromagnetic contributions. All cross sections presented here are calculated under
the assumption that the scale of LNV is realised at 1 TeV such that C'/3/A = 1TeV—1.
The limits on the scale of LNV shown in the last and second-to-last columns are
given at 95% CL in units of TeV. The exclusion limits Ajnv are derived using the
non-observation of same-sign dilepton events at the ATLAS experiment [463], while
Aluttre 5 the scale which could potentially be excluded at 95% CL by searches at
FCC-hh [184] for an integrated luminosity of 30 ab~!. Both limits on the scale of
LNV correspond to same-sign dilepton plus dijet searches.

97



4. Phenomenology of LNV in SMEFT

109 C

’é 0.1F

i

&

4

S

o~ 10—11 L OJuLLD

g OrpH1

B’ ’ — Odruent OLpm2

10—21
—— LHC Vs =13TeV  — Ozo1 — OLenip
- -~ FCC +/s =100 TeV Oiotis  — Ovn
0.01 0.05 0.10 050 1 5 10

C'3/A [TeV

Figure 4.6.: Cross sections corresponding to the process pp — jj¢=¢* at the LHC (solid lines)
and FCC-hh (dashed lines) as a function of the LNV scale, evaluated using the
cuts given in Tab. 4.7.

corresponding to O,y is higher than that of the other four-fermion operators.

One cross section that sticks out in Tab. 4.8 is the one that corresponds to Oj,;; . This
cross section is significantly higher than the others, and the reason for this is that O;,;; 5
leads to a unique topology that involves a final state W boson, as shown in Fig. 4.5 (right).
For this diagram there is only a single external mediator, yet still there is no need to have a
Goldstone boson, such that the final state quarks may also be of the first or second generation.

Out of the twelve AL = 2 dimension-7 operators, three do not lead to the process pp —
Eiﬁijj at tree-level, namely O;1 11, Orup and Oppw. The operators Opyp and Oppw are
both antisymmetric in flavour indices. Searches involving these operators must therefore
include a differently flavoured same-sign lepton pair /*¢'* in the final state, where ¢ # '
Additionally, operator Oryp involves only neutral gauge bosons, which means that the
electromagnetic charge must be compensated for by a charged Goldstone boson for each
charged lepton in the operator. This leads to a very strong suppression with respect to O gw
for processes with a charged dilepton final state.

The operator Q111 leads to processes pp — (X405 ¢"Fjj + X at tree-level, where ¢/, €
{e, u} with no constraint on identical flavour, while O g and Oppw both lead to pp —
(=0'*jj 4+ X where £ # (. The cross sections corresponding to these processes are shown
in Tab. 4.9, where the cuts from Tab. 4.7 have been used. For the pp — (X40/*0"Fjj + X
process, the lepton cuts apply to all leptons. We see that with four leptons in the final state
the cross section is very small, and it may therefore be doubtful whether or not O 11y can
possibly lead to LNV signals at the LHC. The cross sections with /£¢'F in the final state,
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LHC FCC LHC ‘ FCC
Operator
o(pp — (EE0E0"Fjj+ X) (pb) | o(pp — (E0E0E0"Ftb + X) (pb)
OerLLLH 3.6 x 1016 79 x 10721 31x10°23 1.1x 10718
o(pp — Eif’ijj + X) (fb) a(pp — 0E0Eth + X) (fb)
OLus 2.21 x 10710 3.6 x10°° 7.3 x 10712 9.6 x 107?
Oraw 1.382 x 10~° 2.0x 1074 2.0x 1078 6.2 x 10

Table 4.9.: Cross sections corresponding to same-sign dilepton processes pp —
(EOEPELF(jj/th) + X with £,0,0" € {e,u} for operator Op 11y and the non-
flavour diagonal process pp — (*¢'*jj+ X with £ # ¢’ for operators Oy and
Oruw, evaluated using the cuts in Tab. 4.7 under the assumption of a LNV scale at
1 TeV such that C'/3/A =1 TeV 1.

corresponding to operators Opyp and Oryw, are comparable to the same-flavour dilepton
pair cross sections in Tab. 4.8. A dedicated collider search for pp — ¢*¢'*jj may therefore
be of interest, as it could potentially lead to constraints on LNV scales of O(1 TeV). Such
searches have been made, c.f. e.g. Ref. [470], and the analysis of this mode with respect to
dimension-7 LNV is reserved for future work.

4.5. Limitations on the applicability of the EFT formalism

As discussed in Sec. 2.3.3, the momentum scales involved in a given process must be
sufficiently small for EFT to be an accurate description. The EFT expansion of a mediator that
contains a particle of mass My,eq is given by

1 1 2 4
M. MR <1+MQ2 +0<MQ4 )) (4.48)

med med med med

where Q? is the square of the momentum exchanged by the mediator. If Q? is large compared
to the squared mediator mass aned' this expansion is invalid, and the EFT method becomes
a bad tool to describe the given process. A requirement in order for the EFT to be valid
is therefore that the condition M2, > Q2 holds. For observables in which only small
momentum scales are involved, such as e.g. Ovpp decay, this condition poses no problem
since the NP scales being probed are presumably high enough to validate the expansion in
Eq. (4.48). For high-energy observables however, such as e.g. the LHC where Q? can be quite
large, it is important to take the limitations of the EFT framework into account, such that it is
not used it beyond its validity [471-473].

Following Ref. [472], a lower limit on the mass M4 can be found by taking the average of
the transferred momentum in proton-proton collisions at the parton level. Since there may be
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many different topologies that enter into the LHC processes, there is no way to calculate a
general averaged momentum transfer which is applicable to all diagrams directly. To obtain
a useful limit on My,eq we therefore take the most extreme topology where the transferred
momentum is expected to be the highest, in which the partons directly enter into the LNV
operator, as illustrated in Fig. 4.4 (right). Such diagrams lead to the most stringent constraints,
and the limits obtained therefrom should therefore be viewed as conservative.

In the collision of two partons q; and 4>, with parton distribution functions (PDFs) f;, and
fa,, respectively, the squared transferred momentum Q? is given by

s

Q* = (x1 + x2)21 , (4.49)
where x1 and x; are the momentum fractions® carried by the two partons, respectively. As-
suming that protons contain four quark flavours’, the average (Q?) of the squared momentum
transfer for the topology shown in Fig. 4.4 (right) can then be estimated as

Z‘h:H/C th:dls f dxydx; (f%(xl)fﬁz (X2) +ffh (xZ)fqz (xl)) ®(Q - QO)Q2
quzu,c Zqzzd,s f dxldx2 (f!h (xl)flh (XZ) + fql(XZ)fq'z(xl)) ®(Q - QO) .

Here © is the Heaviside function and Qg is the minimum transferred momentum, which
can be estimated as the sum of the lower limits on the invariant masses of the lepton and jet
pairs that are used in the cuts (c.f. Tab. 4.7) such that we have Qp = 510 GeV. Using the PDF
set NNPDF30 [464] and setting Qo to be the renormalisation scale for the PDFs, the average
momentum transfer (Q?)1/? ~ 1200 GeV can be obtained using the centre-of-mass energy
Vs = 13 TeV [4].

The mediator in Eq. (4.48) couples to two vertices in a given decay or scattering diagram,
and we choose to denote the corresponding coupling constants by A; and A,. If we assume
that only a single mediator mass scale is involved in the different dimension-seven AL = 2
operators, this leads to a lower limit on the scale of LNV given by

(Q%) = (4.50)

ANV = Mied/ (AM1A2)13 (4.51)

For a constraint on the coupling we can take the perturbative limit'® Ay, Ay, < 47, such
that the lower limit on the scale of LNV for a given mediator mass is given by Arny >
(477) 723 Mpeq ~ 0.185 X Myeq- Combining this with the constraint (Q?)1/2 > 1200 GeV
coming from the momentum transfer, the limit on LNV scales of dimension-7 operators that
can be probed at the LHC is given by Arnv 2 220 GeV. However, this lowest scale only applies
to coupling constants that are very close to the perturbative limit, if they are smaller the limit
on the scale of LNV should be higher, with a scaling behaviour described by Eq. (4.51) .

8These momentum fractions represent how much of the total momentum of the proton is carried by the partons
in question. Typically, in proton-proton collisions with a centre-of-mass energy /s = 13 TeV, a single proton
has an energy of 6.5 TeV, and a parton with x = 0.5 therefore has the energy of 3.25 TeV.
9Protons contain not just two up-type quarks and one down-type quark, but in fact a whole sea of quark-
antiquark pairs, as discussed in Sec. 2.1.4.
10 Another way to limit the couplings is by using the unitarity of the S-matrix rather than the requirement that
the interaction is perturbative, see e.g. Ref. [474].
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Figure 4.7.: LHC constraints on the LNV scale corresponding to dimension-7 AL = 2 operators
as a function of the effective mediator mass My,eq and coupling \/A1A;. The
red-shaded area in the low-M,eq side of the plot shows where the EFT approach
is invalid due to the fact that the average momentum scales involved are larger
than the effective mediator mass Mp,.4. The various other coloured regions
are excluded by LHC same-sign dilepton searches at 95% CL for the different
dimension-7 operators, and the black dashed line indicates the perturbative limit

\//\1/\2 =47r.
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Figure 4.8.: Limits on the scale of LNV AeLflﬁw at 95% CL as a function of the effective mediator
mass Mmeq for the operator O,y (solid), as well as a UV-completion described
by Eq. (4.52) where the mediator has a width I'n,eq = %Mmed (dashed) and T'eq =
ﬁMmed (dotted).

Fig. 4.7 shows the constraints corresponding to different dimension-7 AL = 2 operators
as a function of the effective mediator mass M4 and coupling \/A1A;. We here make the
simplifying assumption that only a single mediator mass scale is involved in the process,
whereby we use Eq. (4.51) to relate M4 to the LNV scale. This assumption can be regarded
as being valid for tree-level processes at the LHC that are realised by UV-completions of
dimension-7 operators where mixing occurs between the two heavy BSM fields. Such UV-
completions do exist for all dimension-7 AL = 2 operators that we consider here, as can be
seen in Ch. 5. For operators Ory, Orenp, and Orpma, no part of the excluded region overlaps
with the region where the underlying UV-completion can be perturbative. The other operators
do have such regions, ranging up to ~ 12 TeV in the mediator mass Mmeq for Oy, p, Which
is the most stringently constrained dimension-7 operator at the LHC.

In order to study the level of agreement between LNV EFT operators and simplified-model
extensions for same-sign dilepton searches at colliders, let us now take operator O,y as an
example and compare different effective limits on the scale of LNV using both the operator
itself as well as a generic UV-completion. In the mass basis, the simplified model example we
consider includes a scalar field x with couplings to both quark- and lepton bilinears. The
Lagrangian is given by

LD Ald_LuR)(* + )\zéCLVLX +h.c., (4.52)

where the field x can be realised as one component of the admixture of the fields ¢ € (1,2, %)
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and A € (1,3,1). Now relating the couplings and masses as

/\1)\2 0
o A (4.53)
med LNV

where A$f; is an effective LNV scale corresponding to the scenario where the heavy field
X with mass Mp,eq is integrated out, we can compare the LHC constraints coming from the
simplified model and operator O, | iy, where the latter is given in Tab. 4.8. In Fig. 4.8 the 95%
CL constraints on the effective scale A¢l,, are shown for both approaches. The constraints
coming from the simplified model were obtained using MADGrAPH5_AMC@NLO [462] with
the same procedure and cuts as for the operator (c.f. Sec. 4.4). The red-shaded low-M,cq
region of the plot shows where the EFT formalism breaks down due to the average momentum
scales being greater than the mediator mass. The operator limit is shown in solid blue (c.f.
Tab. 4.8), and the blue dotted and dashed lines correspond to the model in Eq. (4.52) for the
mediator widths I'eq = ﬁMmed and I'peq = %Mmed, respectively. The former width is found
using A1 = 1 while assuming large scales vM2 , < (A$)3, which leads to A» < 1. The
latter, larger width allows for additional decay modes of the mediator, such that couplings of
X can go beyond those given in Eq. (4.53).

A smaller width in Fig. 4.8 leads to an increase in A¢, for some mediator masses.
This increase comes from resonant enhancement in s-channel y-mediators, which is greater
for smaller widths. This effect is not seen in the EFT approach, where all contributions
are assumed to be off-shell. For somewhat small mediator masses O(1) TeV < Mpeq S
O(10) TeV, the EFT approach therefore leads to an underestimation of the constraint on
Arny. The simplified-model limits on A$f, are lower than the operator limit in the regions
of parameter space where the EFT-approach breaks down due to the fact that the kinematic
cuts remove a larger part of the phase space for small mediator masses, leading to an
overestimation of the limit on the LNV scale for My,eq S O(1) TeV. In this region of parameter
space we do not consider the EFT-based limits to be meaningful. For large mediator masses
Mpeq 2 O(1) TeV, there is a high level of agreement between the EFT- and simplified-model
approaches, as expected. For such masses the simplified-model limits lie only slightly below
the ones coming from the operator, where the small difference is due to the fact that the
non-zero decay width modifies the s-channel mediators, which leads to a slight reduction in
the cross section.

In Sec. 5.4.2 we compare neutrino masses with different constraints on the scale of LNV
in the context of simplified-model UV-completions of the four-fermion dimension-7 AL = 2
operators. Due to the large number of parameters present, some simplifying assumptions are
made, one being our choice of setting all couplings to unity. With these couplings the LHC
constraints on the scale of LNV all approximately fall within the region of non-validity, and
therefore we neglect LHC constraints on the operator scales in Sec. 5.4.2.

This concludes our list of LNV observables. Other experimental methods that could
potentially lead to constraints include LNV CEvNS and neutrino oscillations. The analysis
of these probes is reserved for future work [4]. In Secs. 4.6 and 4.7 we cover two additional
aspects of LNV operators, before giving a combined overview of the different experimental
constraints in Sec. 4.8.
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4.6. Washout from SMEFT operators

Realisations of LNV operators in nature would not only have implications for Majorana
neutrino masses, but also for the mechanism behind the generation of the baryon asymmetry
of the Universe. In order to generate a baryon asymmetry, the three Sakharov conditions [216]
have to be fulfilled, as discussed in Ch. 3. However, the asymmetry can only survive to this
day in the absence of strong additional washout processes. If such washouts are there, a
pre-existing asymmetry could be removed, and even though it was initially generated, no
baryon asymmetry would be left to leave the imprint in BBN and the CMB that we observe.
The AL = 2 SMEFT operators that we have considered in this chapter could lead to such
washouts [394,475,476]. If these operators are indeed realised at a relatively low scale, any
asymmetry generated at a high scale would be effectively removed, due to the LNV operators
being active at a later time. Therefore, in case LNV is observed using one of the probes
in Secs. 4.2.1 to 4.2.3 or Secs. 4.3.2 to 4.3.8, and it is due to heavy NP, the corresponding heavy
scale Apnv can lead to an effective scale A where the washout stops being effective [394], as is
discussed below. First, we note that the Boltzmann equation (c.f. Sec. 3.4 and Appendix E)

dﬂL nrn;... ning ... . . .
HTnvﬁ =— (niqnéq — n?éniq — y*4(Li--- — jk...) + permutations.  (4.54)

can lead to an effective equation relating the lepton asymmetry to the scale A of LNV
corresponding to a SMEFT operator, given by [1,394]

dijar _ _aL Ap (T o (4.55)
dz z PA\A ’ '

where ¢, is a numerical coefficient that can be obtained using chemical potential relations
(c.f. Appendix D) and D is the dimension of the operator. The form given in Eq. (4.55) comes
from an approximation of the equilibrium reaction rate density 7“1 that is given towards the
end of Appendix E, which is useful for complicated phase spaces. Assuming a large initial
asymmetry 17a; ~ 1 at some high temperature, the washout from the LNV operator is active
at a lower temperature T in the range

A<ST<SA. (4.56)

Here the upper limit A comes from the fact that our LNV operator is not defined above this
scale, and the lower limit A is given by [394]

~

A=

1/(2D-9)
] (4.57)

1 -2
(2D —9)In <0> AP0 4 2D9

obs
B

with A = A(A/(chAp))Y ?P~9). The precise form of Eq. (4.57) comes from considering the
dilution of baryon asymmetry between the high scale and the time of recombination (assuming
that the observed value of the baryon asymmetry 75 is based on CMB measurements). The
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Figure 4.9.: Running of the dimension-7 AL = 2 operators that are relevant for OvS decay.
The EFT formalism is not valid in the red region under the assumption of unitary
couplings in the underlying UV-theory.

details of this calculation, as well as a specific example of how the chemical potential relations
can be applied to obtain the final form of the Boltzmann equation, are given in Sec. 8.2.
Effectively, any asymmetry generated above the scale A should be washed out completely.
This means that if LNV is experimentally observed, severe constraints can be put on high
scale baryogenesis/leptogenesis, since the baryon asymmetry of the Universe should then
have been generated below A.

4.7. RG-running of dimension-7 SMEFT operators

The Wilson coefficients of the dimension-7 operators in Tab. 4.5 run with respect the the
energy scale u at which they are evaluated. The running of the subset of Wilson coefficients
relevant for OvpB decay is described in Ref. [383] for first generation quark- and lepton flavour
indices. Below we give the running relations for general indices:

d _prt 1 + 1 +
@C?Hm = —471{(&1 — 20y — 60ct)Cf;ID1 + 5(0&1 — 70&2)C2§1D1
1
+ 4 (7a1 + 11z + 8, L1y + (a1 + 2o<2)c;";jm} (4.58)
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d T 1 t t 1 +
@C’Lj;{m = _4”{7“2@;;{01 +axCllypy — 5(5“1 — a0y + 8y +120¢)C
1 rpt

— §(3zx1 +702)C 'y (4.59)
d prstt 1 1 3\ ~prstt 1 prtst
@Cd‘um} =1 8(5041 +3ap +6a:6™)C5 )+ g(“l +3a2)Cs 1 (4.60)
d 1|1
@C%D = —471{2(31;(1 — 124 — 18at)CfZLD} (4.61)
d prstt 1 1 s3 prstt
ﬁ dLueH — —E 1(23061 + 90(2 — 12061}(1 + 0 ))CJLMEH (462)

—_

d prstt 1 3 3 3573 prstt
dy ~QuLLH — _47r{ — 75 (01 — 4502 — 963 + 60y (6 + 567 + 60" +1267°8"))Cpp 1 1y

T
- 3”‘2CETL+LH - \/"Tt{ (4ar — 32)07°6" (CLipy — Citip1)
— VarV/m(an +3a2) 876" (Cipy — CztITIDZ)} (4.63)
derstt LI L g0 4 63an + 96as — 181 (6 4+ 6%))CP
du ALQLH1 — " 47 %( &y + 63z + 963 — 181 (6 + 07)) dLQLH1
1 tsrt
— 5200 + 360 — 4813)Cl o) 1
prstt ptsrt
— 40‘2Cd_LQLH2 — Zocsz-LQLHZ} (4.64)
d Cprsﬁ‘ . 1 1 (20 18 47 Cptsr+ 2 553 Cprsﬁ‘
dp L2~ 47\ 9 a1 + 180 — 47u3) JLQLH1 — (202 + a;6™) JLQLH1
1
+ 5 (4101 + 2070z + 96n3 — 18:(6 + 5553))c§f&m
1 tsrt
+ §(100¢l —9ay — 24a3)C§LSéLH2} (4.65)
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d prt 1 7 prt 1 rpt 1 prt
—Cluw = i) T g"‘ZCLHDl + 1“2CLHD1 + E(3“1 —702)Cp ppo

prt rpt
“ZCLHDz 301C g — Z“2CLHW

1
+ (81 — 90z — 160, 24at)c{gw} (4.66)
d 1 (1
ﬁcﬂ} =0 { 5 (31 + 1502 — 80a — 24a,)CPY
3 t
+ 7(2“ —ma2)(Cp LHDl +Cllip1)
37r

? (40{1 + 8aqar + 120&2 — ocAoc2> (Cfgm + CZ’;}LDZ)
+6ma3(Clr + )

tprt trpt
—12V7(an/a — &) 578 (Cl y + Cfg:flm)} (4.67)

d prstt 1 1 prstt prtst
—Coiin = Tin 1(9"‘1 + 70 = 1204)Cyp g — 200Cy1 11

dp
2l ~ el 9
d _prt 1 9 + t 6 + t
el = = ] (€l ~ o)+ 15501~ (T ~ i
1 prt 3 prt rpt
+ E(DC] + 100(2 - 80()\ - 120(t)CLHB - gﬂ(Z(CLHW - CLHW) 7 (4-69)

where a;, i € {1,2,3,A} is the coupling constant corresponding to the U(1)y, SU(2)r, SU(3),
gauge interactions and quartic Higgs interaction, respectively, and 5 is the Dirac delta
function. As can be seen from the relations above, the operators mix in the running. In Fig. 4.9
the running is shown for a given initial value at y = myy corresponding to the exclusion limits
from Ovpp experiments (c.f. Sec. 4.3.2), where myy is the mass of the W-boson. We see that the
running has a minor effect on the Wilson coefficients, and we therefore neglect RG-running
effects of dimension-7 AL = 2 SMEFT operators in subsequent chapters. Note however that
other forms of RG running, in particular due to QCD, can play an important role (c.f. e.g.
Sec. 8.1.2).
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Operator 0vBB Meson decays LHC ™ decays

OLn - - 0.20 -
Orup 171 - 0.13 ;
Oiupi 279 - 0.40 ;
OLuD?2 - - 0.22 -
Oipw 437 - ] ;
Osnip 196 - 22 ;
OeLLLH - - - 0.64
Opoun 113 218 0.71 ]
Omorn 149 i 0.71 .
Ouv 236 - 0.72 .
Oguiiy 136 i 0.86 ;

Table 4.10.: Experimental constraints on the scale of LNV in 7-dimensional AL = 2 SMEFT
operators, in units of TeV.

4.8. Combined analysis of different observables at dimension-7

In Figs. 4.10 and 4.11 the different constraints arising from the LNV observables listed in
Sec. 4.2 are compiled, where the numerical values corresponding to the different bars are
presented in Tab. 4.10. We see in Fig. 4.10 that OvBp decay is generally the most constraining
probe of LNV. However, as mentioned previously in this chapter, OvBS only probes the
electron-flavour components of the different LNV operators. To constrain also other flavours,
a wider set of observables is needed. For the muon flavour, LHC is the most stringent
probe for the operators that lead to the pp — o+ jj process. Operator O rp does not
trigger this mode, and is instead constrained by LNV muon decays. Rare meson decays
constrain all flavours universally since the flavour-content is undetermined in the final state
neutrinos. However, only one operator triggers such decays, namely Oy ;1. A comparison
of different LNV meson decay modes is shown in Fig. 4.11, where we see that the rare kaon
decay K™ — 7" vv leads to the most stringent limits. Note that operator O yp is absent from
Figs. 4.10, 4.11 and Tab. 4.10. This operator is in general poorly constrained by experimental
searches for LNV.

If a signal is seen in one of the LNV observables, a next step would be to find out what kind
of NP generates the process. To this end, it is interesting to see whether the different LNV
operators can be disentangled. Given a signal in one of the next-generation Ovp experiments,
we can expect the scale of LNV to be sufficiently high such that it is out of reach of near-
future collider searches. However, as is seen in Ch. 5, the details of the UV-complete model
underlying the LNV operator could still lead to collider signatures. Rare kaon decays might
additionally offer insights in case the process favours y- or T-neutrinos, thereby enhancing
the expected signal for this observable. If signals are seen in both Ovpp decay and rare kaon
decays, we may suspect that the processes are mediated by operator Oy o1 -

In this section we have not included neutrino masses as a probe of the scale of LNV in
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Figure 4.10.: Constraints on the scale of LNV corresponding to different dimension-7 operators.
Here the blue bars indicate the limits coming from OvSS decay (electron flavour),
and the green bars correspond to constraints coming from LNV meson decays
(flavour universal). The red bars indicate limits on the muon-flavour Wilson
coefficients, where these limits come from the LHC in all cases except for operator
O;LLrH, where they come from LNV pt decays.
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Figure 4.11.: Constraints on the scale of LNV in dimension-7 operator Oy ;- Here the
different meson decay observables are shown, where the rare kaon decay limits
constitute the most stringent constraints.
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4. Phenomenology of LNV in SMEFT

dimension-7 operators. The reason for this is that such constraints depend highly on the
details of the UV-completion that realises the operator in question, a feature not in common
with the other probes of LNV. The conventional method of generating neutrino mass-based
constraints on LNV scales, described in Sec. 4.2.1, is ill-equipped to capture the influence of
such model-specific details. In Ch. 5 we describe a novel way of estimating the constraints on
LNV operators coming from neutrino masses.

Conclusion to Chapter 4

In this section we have discussed how different observables of LNV can be analysed in
effective field theories, in particular SMEFT. This connects the NP scenarios discussed in
Sec. 2.3 with the possible baryogenesis mechanisms from Ch. 3, and highlights the benefits of
model-independent experimental searches. We have reviewed the most constraining LNV
probes in terms of dimension-7 LNV operators, including OvS decay, different LNV meson
and lepton decays, and p1~ to e™ conversion. New limits were derived for rare kaon decays
K* — mfvv and fully leptonic meson decays K™/t — (77, as well as the LHC. The
meson-decay results were published in Ref. [1], and the LHC results are subject for future
publication [4]. This analysis is useful for Ch. 5, where all tree-level UV-completions of
dimension-7 LNV operators are systematically analysed.

The EFT formalism is applicable to NP that is realised at high scales, which is a well
motivated in scenario terms of e.g. baryogenesis, gauge unification, and neutrino masses.
However, there are limitations to EFTs that make it worthwhile to also look for other tools.
We discussed one such limitation in an analysis subject for future publication [4] that was
presented in Sec. 4.5. There it was noted that the parameter space available to EFT studies
at the LHC was limited due to the breakdown of the underlying assumptions that validate
an EFT framework, namely the smallness of momentum scales with respect to the scale of
NP. Another limitation comes from the fact that there is only a single EFT scale involved in
a given operator. For NP scenarios that contain multiple scales, any effects coming from a
hierarchy in the internal degrees of freedom is missed by an EFT.

In Ch. 5 we continue the analysis presented in this chapter by considering tree-level UV-
completions of dimension-7 LNV operators in the context of neutrino masses and hierarchies
in the heavy scales.
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5. Beyond SMEFT: LNV simplified models at
dimension-7

In Ch. 4 we discussed the SMEFT formalism with a particular focus on the dimension-7
AL = 2 operators shown in Tab. 4.5. From a phenomenological perspective, these operators
were found to be constrained by a range of different experimental searches, including OvS
decay, rare kaon decays, LNV muon decays, and proton-proton collisions at the LHC. In this
chapter we continue our investigation of dimension-7 operators by systematically analysing
and categorising all tree-level UV-completions in a bottom-up approach®. In Sec. 5.1 we
review the covariant-derivative-expansion framework, which lays the foundation for our
categorisation of UV-completions in Sec. 5.2. We connect the UV-completions to neutrino
masses in Sec. 5.3. In Sec. 5.4 we derive constraints on the UV-completions in terms of
LNV searches and neutrino mass limits, and present a new analysis in terms of an internal
hierarchy in the degrees of freedom, that is subject for publication in Ref. [4].

One of our motivations to study LNV at dimension-7 is its relative simplicity. Only a single
scenario can be thought of as simpler, namely LNV realised by the dimension-5 operator,
which can be generated at tree-level in three different ways: the three seesaw types. However,
if neither of the seesaw fields are realised in nature at a heavy scale, it could be the case that
LNV is first generated at dimension-7.

Rather than a single operator leading to three possible UV-completions, at dimension-7 we
have 12 operators leading to 26 different NP fields that combine in 56 pairs. This sharp increase
in complexity highlights the rich phenomenology of higher dimensional operators [390,391,
477-486], where e.g. neutrino Majorana mass generation could be connected to a wide range
of different models [487,488]. In this chapter, we systematically categorise each UV-completion
that is found at tree-level corresponding to the dimension-7 LNV operators, and compare
experimental constraints to neutrino mass realisations in the context of a varying internal
hierarchy in the heavy degrees of freedom. We call these UV-completions simplified models
to differentiate them from models that are constructed in order to solve a specific problem,
e.g. gauge coupling unification or generating a dark matter candidate. Simplified models
constitute extensions to the SM by O(few) heavy fields, and they could potentially fit into
the framework of a more complete model. However, in this chapter we are mostly concerned
with models given at the simplified level.

Note that we are here focusing on tree-level UV-completions. It is entirely possible that the
LNV operators we consider are instead realised at loop-level, in which case the analysis we
perform here must be modified. Loop-level UV-completions do not offer the same kind of
absoluteness in terms of classifying the different BSM fields that could participate: as soon as

1For a top-down approach see Ref. [391].
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5. Beyond SMEFT: LNV simplified models at dimension-7

there is a loop consisting of purely BSM fields the U(1)y charges could in principle take on
any value. The same goes for any additional symmetry group U(1)x or Z; for i € IN that
could be imposed on the BSM fields. There is no handle on such charges since for loop-level
UV-completions they can be conserved internally, while at tree-level each BSM field has to
talk to the SM fields, even if indirectlyz. We therefore choose to limit ourselves to tree-level
UV-completions.

5.1. Covariant derivative expansion

Following the method used in Ref. [489], the operators in Tab. 4.5 can be expanded to find
all NP field combinations that generate them at tree-level. To do this, we first systematically
integrate out heavy fields from a simplified-model Lagrangian to find all SM-invariant
operators (see also Refs. [490-495]). After this we identify the operators we obtain with those
from dimension-7 AL = 2 SMEFT, and compare with our simplified model starting point to
identify the quantum numbers of the UV-fields.

We start with a simplified generic extension to the SM

Ls=Y (zm + LI+ Eﬁj‘) ) (5.1)
ij

where 71; is a light field, I1; is a heavy field, and the whole Lagrangian Lg corresponds
to one simplified model (S). We first write Ls only in terms of light fields, by creating
non-renormalisable terms where heavy scalar, vector, or fermion fields are integrated out.
These non-renormalisable terms are then identified as EFT operators. The integrating-out
procedure can then be repeated until there are no more heavy fields in the Lagrangian. All
operators are then written only in terms of light fields. In the case of SMEFT, all light fields
belong to the SM, and after identifying the light fields as such we deconstruct the operators
to find all possible simplified model UV-completions. Below we first show how fields of
different Lorentz structures can be integrated out, after which we systematically deconstruct
the dimension-7 AL = 2 operators. The scalar- and fermion field deconstructions in Secs. 5.1.1
and 5.1.1, respectively, are given in Ref. [201], while the vector field deconstruction in Sec. 5.1.3
is given here for the first time (to the knowledge of the author). Many of the identities used
in this section are presented in Appendix B.

5.1.1. Scalar field

The first type of effective Lagrangian that we consider is the one we obtain by integrating out
a heavy scalar field Il; — ®. Using covariant derivative expansion (CDE) [201], the terms

2 As an example of this we may look at an extension of the type-i seesaw. For the regular diagram we know that
N has to be uncharged under U(1)y in order to preserve this symmetry. However, if we now imagine that
one of the L-H vertices is a triangle loop, all the fields in the loop could carry a U(1)y-charge of x € R. The
symmetry would still be preserved, but we have no systematic way of identifying all particles classified in
terms of their hypercharge. This complicates the problem in comparison to tree-level UV-completions.
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5. Beyond SMEFT: LNV simplified models at dimension-7

that involve both light fields 7; and a heavy complex scalar field ® can be written as

Lt
9D

Lg D LDt 4 ckin — <c1> + h.c.) + @ (=D* —m3) @+ O(D%), (5.2)
where D is a covariant derivative. In Eq. (5.2) we have ignored quadratic terms in ®, such
that )

o2 Lt

00 0P
Such terms do not lead to new fields in the explosion procedure that would not also have
been found from the terms in Eq. (5.1), since any quadratic vertex can also be drawn as two
trilinear vertices, with identical legs. Evaluating the equations of motion (EOM) for ® we
have

Ls @ (5.3)

o Lint
(-D*—m3) ® = — aqﬁ +O(d?). (5.4)
We can solve the linearised EOM using the classical field
1 oLnt

Dy = D2 -2 T 00 (5.5)

which can be expanded in D?/m3, as a power series, giving us

1 D2 -1 aﬁint 1 D2 aﬁint

Og— L (142} 2% _ (1 D )% 5.6
T2 ( +m%> oD+ (mé> m‘é)+ ) 0P+ 56)

If we substitute the classical field into the simplified model Lagrangian in Eq. (5.2) we get a
series of interaction terms

P
Legs D Log =

; (5.7)

oLy ( 1 D? >a/:g;t
i

od \m2  mt oo+

Eq. (5.7) now contains an effective Lagrangian that does not feature the heavy scalar field ®,
but that does depend on its interactions with other possible heavy fields as well as the light
fields 71;. Such interactions are contained in the derivatives 9Lt/ 0®(*). A general expression
of this type of derivative is given below, but first we apply a similar procedure as the one
outlined here to find an effective Lagrangian that encode the interactions of heavy fermion
and vector fields.

5.1.2. Fermion field

A heavy Dirac fermion field ¥ = (x., 7™ )T leads to the simplified Lagrangian

int
Ls DYDY — my¥Y + (*Pagg -|-h.c.>

. . 5.8
B,C{f}t 4 8[,%{,“ (8)
OXu T on“

= ngD’j‘ﬁX;; + iiy"‘D,XB;fB + (Xa — myl" Xa -|-h.c.> ,
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5. Beyond SMEFT: LNV simplified models at dimension-7

where we have used the relations

D" =D'5,f,  D,;=Dlo,;.

5.9)

In Eq. (5.8), the second term can be written in the same form as the first term by using

integration by parts (IBP), assuming that the total derivative vanishes,
in* Dy P = —i(D'y*) 0™
after which we apply a Fierz transformation (see Appendix B)
—i(D )0, = ik Dy = inDPp,

such that we can write the coupled EOM as

) ) aﬁint

Z'Daﬁ)( — my m—i—i\Y:O
) ) aﬁint

. + Y o

ZD“ﬁI][;—mT)(’X-FTn;—O/

where Eq. (5.12) can be solved for 17;,
1 oLint 1 1 oLy
T &p b A &p
Ts = g b ( D™ xp + o > Ll L. C oxh

Inserting this result into the complex conjugate of Eq. (5.13) now leads to

1 1 oLt oLint
— _DPre, D¥y, 4 i— DP® —myxt + —2 =0.
1y pal AR T oxth X 0a

We can express the first term in Eq. (5.15) in terms of the field strength
Xof = XM 0y0500° = —i [DF, DY) 0yaq 71"
by using the relation
_ ip /3
DFe €3 D" = D'D"5, e,
= DI'DVePro Wﬁaf
= D'DYePT (1,00, — 2i (o) ")
= D%eP* + %emX “,
where we have
_ 5—5‘7

(o

I bt iy
(‘71* 7y nwrp

4 _ 4 _ 1
(va)zxﬁ = 1 (0';40470—17!3 - Uva"ya—;]ﬁ) ’ (va) B = 1 vy
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This then leads to the relation

_D2€a§ o 1X txe'yé . aﬁint aEint
2 24y 7 Ty Ba Y Y _
m +iD _ 1 m =0, 5.19
¥ ( m‘ZY € ) XsT1 ox'P ¥ FPR ( )

which can solved by the classical fermion field

. -1 . .
_DZ ad Ix a Yo . 9 [int o Lint
(Xa1)s = 12< € = € —€“5> <1'D5"K £y + my £y )

m m oy 1A 0
¥ L r e (5.20)
My My oxtp LI

The corresponding classical field (7)s can be found in the same way. Now substituting the
fields in the effective Lagrangian in Eq. (5.8) we get a series of interaction terms

) int DZ 1'X'y .9 int o) int
ﬁeffD,C‘eI;:f: ﬁ\}r <€tx§+ €p¢(5+2 o G'y&_f_“.) (lDBa EIF 4 Eq,r)

My

x5 \ My "y oxth M
aﬁ'mt D2 iX v . aﬁint aﬁint
+ an" (Zj‘j M. J};j A LA ) <iD/5”‘ - f;; + My a; ) +he (5.21)
g ¥ ¥ U «
oLyt (1 D2+ 3 X0t , ALY
where we have used the relation )
o = 2y, (5.22)

T2
Extending this formalism to Majorana fields can be done via the replacement #* — x* and

5.1.3. Vector field
A massive vector field V¥ leads to the simplified Lagrangian

Lt
av;

1 * * 1 * *
L5 (DVVV - vay) (DFVY = D'VI) 4 g ViVH — S50V (5.23)

where we have the field strength X" = —i [D#, D"]. From Eq. (5.23) we then obtain the EOM

2 2 OLY
D*V¥ — D"D, V" 4 my, V¥ — oV =0, (5.24)
which can be solved by the classical vector field
_1 9L int
(Va)p = (DZUW’ — D"DFyy, + m%mup) ! aﬁ\i
Vi (5.25)
_ 1 (17 i Dz’?up — DyDyn"* i ) aﬁi\r/lt .
— T A HP DY % .
m3, mi oV
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5. Beyond SMEFT: LNV simplified models at dimension-7

In the effective Lagrangian this then leads to a series of interaction terms

ALY (’YW Dy — DyDy, i ) LY

Legt D LY =

ov, \ m my vy, 526
9Lkt (26:°847 . 2D%5,°847 — D, ;DY .\ aLint '

This concludes our analysis of the different Lorentz structures in CDE. In the next section we
apply this formalism to EFT operators to find their underlying UV-completions.

5.2. Operator expansion

The derivative of an interaction Lagrangian with respect to the heavy field Il; can be written
in terms of light scalar ¢; and fermion ¢; fields, as well as heavy BSM fields I1;, such that we
have

oLnt
aH]T

int
- (1 + m%ﬁ‘}) (cotiun + Wl tl' + codudude + npgud) . (627)
Here c; are dimensionless coupling constants, and y; has mass dimension one. The derivative
aﬁg;t / E)H:-r can subsequently be expanded again, and this procedure can be repeated until
only light fields remain. Note that we do not include light vector fields because we want
to match with the SM, where all vector bosons are gauge bosons that instead appear in the
covariant derivative. In a given UV-complete simplified model, there can exist multiple heavy
fields with different interactions terms and different Lorentz- and gauge structures. We
therefore write the total effective Lagrangian as

Lo = Lsm+), Z £l (5.28)
i ab,.

Here the dimension of the light field bilinears that were obtained in the CDE is denoted
by the superscript (i), where the smallest possible mass dimension is 5. Furthermore, I1,
denotes a heavy vector, scalar, or fermion field that leads to the given light-field bilinear when
integrated out. We want to finally match with SMEFT, and therefore all terms in the effective
Lagrangian must only contain light fields that are part of the SM. However, since in the CDE
only one heavy field is integrated out at a time, the terms in the UV-complete simplified
model Lagrangian that contain several heavy BSM fields I1,,11;, ... must go through many
iterations of the CDE procedure, leaving only SM fields in the end.

Eq. (5.28) can be matched to an EFT Lagrangian written in terms of a series of NP operators
and Wilson coefficients,

Lot = Lom + chp(,i)op(,i) . (5.29)

For each mass dimension i, the effective Lagrangian in Eq. (5.29) can be written using a full
basis of SMEFT operators that contain SM fields, covariant derivatives, and field strengths.
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Figure 5.1.: Tree-level topologies that appear in UV-completions of dimension-7 AL = 2
operators of type Y4H. Here a is a spinor index and & is an antispinor index.

Figure 5.2.: Tree-level topologies that appear in UV-completions of dimension-7 AL = 2
operators of type Y2H>D. Here « is a spinor index.

When matching this EFT Lagrangian to the expression in Eq. (5.28), the Wilson coefficients
are expressed in terms of the masses and coupling constants corresponding to the heavy
fields, and the SMEFT operators are obtained from derivatives of the heavy field interaction
Lagrangians. By performing the CDE in reverse for a given SMEFT operator and all its
Fierz transformed counterparts, in all ways that do not leave any free spinor- or Lorentz
indices and does not produce any term that is charged under the SM gauge symmetry
group SU(3). x SU(2); x U(1)y, we can obtain all possible combinations of heavy fields
that lead to tree-level UV completions of the operator in question. We call this procedure
exploding following Ref. [489], in which systematic decompositions of AL = 2 operators in the
Babu-Leung basis were made for scalar and fermionic UV-completions. We extend this work
here using the Lehman basis by considering also heavy vector fields and by analysing the
results in a novel way in terms of a hierarchy in the internal degrees of freedom.

In Tab. 4.5 we list all dimension-7 AL = 2 SMEFT operators. From this list, the ones that
will be the main focus in this chapter are those of type Y*H (Os111H, Omorm Odrorm
Ofiruerr» and Oy 1 1h), type Y2H3D (Orenp), and type ¥2H* (OLp). Exploding these operators
results in the list of heavy BSM fields shown in Tab. 5.1. These are the only fields that can
UV-complete the dimension-7 AL = 2 SMEFT operators at tree-level. In the interaction basis,
at least two fields from Tab. 5.1 are used per UV-completion, and for operator O;p some
UV-completions involve three heavy fields. We denote these types of UV-completions as two-
and three-field combinations, respectively, where our main focus towards the end of this chapter
will be on two-field combinations.
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Figure 5.3.: Tree-level topologies that appear in UV-completions of dimension-7 AL = 2
operators of type ?H*. Here a is a spinor index.
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Field | Rep Coupling to SM fields (+h.c.)
S |5(1,1,0)(0) IksSH'H + 1AsSSH'H
E | 5(1,3,0)(0) IxkgH'E"0"H + 1Az (EE) (HTH)
k| S(1,1,1)(0) yphtLioo LS + x,h ' HT H
A [ 5(1,3,1)(0) LA (B1A) (H'H) + 30 fuse (A7AY) (Yo% H)
+yaA" Lo®ion L + xa A" (HT0"H)
¢ |S(1,2,1/2)(0) Ay (¢"H) (H'H) + y40'eL + y49'dQ + yi¢tioaQTu
©; | 5(1,4,1/2)(0) Ao, (H'o"H) Cl, Abe;;0]
®; | 5(1,4,3/2)(0) Ao, (H'o?A)Cl Abe;0)
S| 8(3,1,1/3)(~1) | ykSi1QiooL + y2151Qir2Q° + y2S1duc + y 16U
Ry |5(3,2,1/6)(1) yR RiionLTd
Sy | 5(3,3,1/3)(—1) SgQCzaza“L + y28§Q0 i Q°
N | F(1,1,0)(0) /\NNcp*L
Y | F(1,3,0)(0) AT o L
Y | F(1,3,-1)(0) Az, ZiptorL
A | F(1,2,-1/2)(0) | Aa, A He
As F(l 2,-3/2)(0) | Aa,A1He
F, | F(1,4,1/2)(0) -
u | F(3,1,2/3)(1) AUHATQ
Qs | F(3,2,-5/6)(1) | Ag,QsHd
Qs | F(3,2,7/6)(1) Ao,Q7Hu
T, | F(3,3,—-1/3)(1) AR TIH 0" QP
T, | F(3, 3 2/3)(1) AL T§H 0" QP
W, | V(1,1,1)(0) S8 Wy + g{,{v],Wl’”JriDyHTiazH
Va | V(1,2,3/2)(0) V”*%,L
U, | v(3,1,2/3)(1) g ut ey,d + g Ul Ly, Q
Va | V(3,2,-1/6)(=1) | g Vs yuL + gy, dyuicnQ°
Us | V(3,32/3)(1) gu, U5 L0 Q

Table 5.1.: All heavy BSM fields that appear in the explosions of dimension-7 LNV operators,
shown in the representation that has a positive hypercharge, as well as their
allowed couplings to SM fields. The different naming conventions follow from
Refs. [480,484,496—498]. The representation in the second column corresponds to
the SM gauge group SU(3). x SU(2)r x U(1)y, where the last parenthesis (3B)
shows the baryon number B multiplied by three, and the letter in front of the
representation indicates whether the field is a scalar (S), fermion (F), or vector (V).
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OLn Otenp  Oerrtd Ogruer Oqrorm Oqrormz Oguiin
S| AN
& AY
h ¢, N, AL o, U, Qf
A % 1“ ’@i', Yl ozal | exnal 9,53, Q1 ¢, Q7, T
[ A,N,% h,A,N,% A,N, % h,% A,N,%
@ AX
@] Ax
51 Ro,N,Qf | Ry, N,Qf
R, S1,AY,Q7 5 1'; ?%ZN | S5, 3, u
S;3 ARy T, Q; Ry, T, Q; R,
N | S ¢,A! AT h, ¢ S, W{,Ui | ¢,51,R, o, Uy, Vi
5 ‘Z)':’A?’ lif;’ A, A} A 0,R2,S3 | ¢, R0 S5 | @ Vi Us
st e,

Table 5.2.: Part 1 of a list showing the combinations of heavy BSM fields that generate tree-
level UV-completions of dimension-7 AL = 2 operators. Here the operators at the
top are generated by combining the fields in their respective columns with the
corresponding field to the left in each row. There is one row for each field, and
since we are considering two-field UV-completions, each UV-completion is listed
exactly twice. For the representations of the different fields under the SM symmetry
group, as well as their couplings to the SM fields, see Tab. 5.1.
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Orn OLenp OeLrrn Od‘LueH Od‘LQLHl Od‘LQLHz OQuLLH
Al N, % A,N,Z Ry, Wy, Vot
Al h,A
F, PN
u h, Ry
Qf S, Vs, Vi | A,S1,S; h,S;
Q7 Ro, V3,Uy A, Uy, Us
T} A,V
T, R,
W] N,ALLV;
Vs Qi Qr, W,
u; N,Q7, Vi N, Qy, Vi
v A%, QLU Nafﬁ ‘
U3 %, Q7 Vi

Table 5.3.: Part 2 of a list showing the combinations of heavy BSM fields that generate tree-
level UV-completions of dimension-7 AL = 2 operators. Here the operators at the
top are generated by combining the fields in their respective columns with the
corresponding field to the left in each row. There is one row for each field, and
since we are considering two-field UV-completions, each UV-completion is listed
exactly twice. For the representations of the different fields under the SM symmetry
group, as well as their couplings to the SM fields, see Tab. 5.1.
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In Fig. 5.1, 5.2, and 5.3 we show the different topologies corresponding to operators of
types Y*H, Y2H3D, and ¥*H, respectively. Here scalar and vector bosons are drawn with
dashed and wavy lines, respectively, and fermions are drawn with solid lines, where spinor
indices are indicated by « and antispinor indices by &. In Fig. 5.1 we see that different Lorentz
structures appear in the contraction of fermions depending on whether they have spinor-
or antispinor indices. Diagrams where all fermions have spinor indices lead only to UV-
completions with scalar mediators, while if two fermions have antispinor indices also vector
mediators can be generated. In Fig. 5.3 we see that many topologies coming from operator
Orn have three heavy mediators. However, in some of these three-field UV-completions, two
out of the three fields are identical. In such cases, we classify the UV-completion as two-field.

In Tabs. 5.2 and 5.3, the specific two-field combinations of the fields that give rise to
different operators are shown. This list is exhaustive: there are no other tree-level UV-
completions of AL = 2 dimension-7 SMEFT operators. We see that only two operators feature
UV-completions with vector fields, namely Oy, and Oy .- These are the only operators
that contain fermions with spinor indices as well as fermions with antispinor indices, and
therefore they are the only ones that can generate a vector mediator. There are many heavy
fields that are unique to operator Oy, where three of these are SU(2); quadruplets (0, O3,
and F;). The heavy fields N and X both appear in six out of the seven operators, while A
and ¢ both appear in five out of seven. These are the most commonly occurring fields in
explosions of dimension-7 AL = 2 operators. As discussed in Sec. 2.3.2, the fields N, A, and X
are the ones that give rise to the three possible tree-level UV-completions of the dimension-5
operator. The field ¢ on the other hand has the same representation under the SM gauge
symmetry group as the Higgs fields, which means that it can couple to a large variety of
other SM fields.

As an example of how the explosion can be done, the method of obtaining the UV-
completions for operator O, 1 is outlined below.

5.2.1. Example: OQuLLH

We now proceed to explode the operator Oy, 1y = €; (Qu)(L°L))HI. Assuming that this
operator has been obtained in the CDE by repeatedly integrating out heavy fields, we can
reverse the process to find the underlying UV-completions. The goal of this explosion is to
identify all ways in which a CDE method could have led to O, . We hope to find all
minimal renormalisable simplified-model Lagrangians containing only SM fields as well as
generic heavy vector-, fermion-, or scalar fields that could lead to some Fierz transformed
version of Op, - The first step is to disentangle the spinor contractions, such that we
consider all of them, and randomly select one SM field that couples to the other SM fields
one at a time, X1 "

Opurry = €;i(Qu)(LLYH  —  e;Qul*L'H . (5.30)

4]

The above equation should be read as follows: we consider the quark doublet @k to be part of

w1
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5. Beyond SMEFT: LNV simplified models at dimension-7

a renormalisable term in the full simplified-model Lagrangian along with one of the other SM
fields from the operator, u, Lk, LI, or H/, as well as a new heavy field which we generically
denote as x1, 1, ¢1, or wy. The Lorentz structures and SM gauge group representations of
the heavy fields can be read off from the combination of the SM fields it contracts with in the
full simplified Lagrangian, using the fact that the whole term has to be a Lorentz-invariant
SM singlet. We then repeat the procedure by coupling the remaining SM fields to the heavy
field, one at a time, such that we have

P2 %
Oouria — elka" H]/G,]lpl ull H]/ezjgbl uLk /euw1 uLkLl (5.31)

Now all terms are renormalisable and the process comes to an end®. In our notation, the
field x1 can be paired with x;, i € {2,3,4} to realise a tree-level UV-completion of the the
operator O, - Similarly, we can pair ¢; with ¢;, i € {2,3,4}, and so on. There is however

one remaining caveat: our initial choice of selecting the quark doublet Q" to contract with
the other fields was an arbitrary one. It is possible construct the operator Oy, using

renormalizable terms for which, in addition to the SM terms, Qk only couples to heavy
BSM fields. In this case there are no terms of the form given in Eq. (5.31), instead all terms

involving @k can be written as ngl (2, where (1 and {, are heavy fields. This leads to three
possibilities, namely

{01, 02} = {x2, ¢4}, {x3, ¥a}, {xa P3}. (5.32)

After this last consideration we have exhausted the possibilities to tree-level UV-complete the
operator O, - The representations under the SM gauge group and Lorentz structures of
the new fields can be deduced from the combination of SM fields that they couple to in the
full Lagrangian. We then simply read off

x1~5S(1,2,1/2) ¥, ~V(3,1,-2/3) ¢1~V(3,3,-2/3) wy ~ F.(3,3,1/3)

X2 NFR(l,l,O) lpz NFR(l,l,O) 472 NFR(L?),O) (%)) NS(1,3,1>

X3 ~ Fr(1,3,0) ¢35 ~F.(3,2,-7/6) ¢3~F.(3,2,-7/6) w3~ V(3,2—-1/6)

xe~ S(1,3,1) Ps~V(3,2,-1/6) ¢a~V(3,2,—-1/6) ws~V(3,2-1/6).

(5.33)

Here S, V, F;, and Fr denote scalar, vector, left-handed fermion, and right-handed fermion
tields, respectively. Note however that due to anomaly cancellation (c.f. Sec. 2.1.5) we generally
cannot introduce new heavy chiral fermions naively, and we therefore considerer all BSM
fermions to be vector-like F;, Fr — F from here on. Many fields have identical representations
in Eq. (5.33), and this list is therefore overcomplete.

3Note that for some higher dimensional operators, e.g. dimension 9 or 11, as well as the dimension-7 operator
OrnH, we would have had to continue the procedure by repeating the second step until only renormalizable
terms remain.
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X
Figure 5.4.: Left: Topology I Right: Topology II.

This concludes our explosion of operator O, - In the next section, we will discuss the
neutrino mass topologies that are generated by the different UV-completions underlying
dimension-7 AL = 2 operators.

5.3. Neutrino masses in UV-completions at dimension-7

In this section we will discuss the radiative neutrino mass topologies that can be generated
in the simplified models found by applying the explosion procedure from Sec. 5.2 onto the
dimension-7 AL = 2 operators.

From the twelve operators in Tab. 4.5, seven lead to tree-level UV-completions that do not
necessarily involve any of the seesaw fields. As can be seen in the CDE in Sec. 5.1, operators
of types Y?H?D? and Y?2H?X? appear as higher order corrections to UV-completions of the
Weinberg operator at tree-level. Therefore, the underlying simplified model also induces
the dimension-5 operator at tree-level in addition to the higher order dimension-7 operator.
Furthermore, the operator of type ¥*D cannot lead to a tree-level UV-completion according
to the CDE formalism, since the covariant derivative D should arise from a fermion mediator,
however the four fermion legs of the operator cannot be contracted with a fermion mediator
due to conservation of fermion number. The conclusion is then that this operator can only be
realised at loop-level.

5.3.1. Neutrino mass topologies

Out of the seven explosive operators, one is of the form YH*, one ¥2H?D, and the rest ¥*H.
In the following sections we construct all possible neutrino mass realisations beyond the three
seesaw types using the UV-completions of these seven dimension-7 operators.

Y4H

Operators of type Y*H contain two distinct subtypes: those where all fermions carry spinor
indices, and those where only two fermions have spinor indices while the other two have
antispinor indices. The first subtype gives rise to radiative neutrino mass diagrams mediated
via either scalar or vector bosons, while the second subtype only leads to scalar-mediated
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Figure 5.5.: Left: Topology III Right: Topology IV.
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Figure 5.6.: Left: Topology V Right: Topology VL

diagrams. There are two distinct topologies (which we denote as Topology I and Topology II)
for this radiative mass, and both of them are shown in Fig. 5.4, where the bosonic mediator is
either scalar or vector. For UV-completions that generate Topology II with a type-ii seesaw
mediator boson A there is also an additional diagram where the seesaw field contracts directly
with the two neutrinos.

Y2H3D

For type Y2H®D there is only one dimension-7 AL = 2 operator, namely Op,yp. For this
operator there is only one tree-level UV-completion that does not also lead to a tree-level
UV-completion of the Weinberg operator: the combination of A and Al. Rather than closing
two fermion legs, as is how neutrino mass diagrams of Topology I can be generated from
operators of type Y*H, for this specific UV-completion of O1,yp we can connect one of the
Higgs fields to the lepton singlet leg, thereby closing them in a loop. This leads to an external
L leg, as required in a neutrino mass diagram.

Y2H*

There is also only a single dimension-7 AL = 2 operator for type Y2ZH4, namely Opy. This
operator is of the same structure as the Weinberg operator, except that it has an additional
Higgs-anti-Higgs pair with self-contracting SU(2)-indices. This simple modification to the
dimension-5 operator leads to a plethora of UV-completions with many possible neutrino
mass topologies, as shown in Figs. 5.5 to 5.7. However, for Ory there is only one tree-level
UV-completion that does not contain any of the seesaw fields. This UV-completion is realised
by the combination of @3 and Z{, as can be seen in Tabs. 5.2 and 5.3. Due to the fact that Oy
contains six external legs rather than five, as is the case in Y4H- and ¥2H? D-type operators,
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Figure 5.7.: Left: Topology VII Centre: Topology VIII Right: Topology IX.

tree-level UV-completions of Oy can contain three different BSM fields rather than only
two?. All such combinations of three fields are shown in Tabs. 5.11 to 5.13, where two of the
tields are given in the row and column of each table, and the third is the seesaw field shown
in the respective top-left corners. All UV-completions of Oy with three fields contain at
least one of the three seesaw fields. Entries in the diagonal of Tabs. 5.11 to 5.13 show the
UV-completions that only require two heavy fields: the seesaw field in the top-left corner and
the field in the corresponding row and column. The tree-level neutrino mass diagrams that
appear for Op g can be thought of as extended seesaw diagrams, such that they constitute the
next-simplest neutrino Majorana mass diagrams at tree-level, where the three regular seesaw
diagrams are the simplest.

Figs. 5.5 to 5.7 do not represent an exhaustive list of extended seesaw diagrams. However,
the additional diagrams not shown there contain either the type-i or iii seesaw fields, which
would lead to a tree-level UV-completion of the dimension-5 operator, as is discussed in
Sec. 5.3.2. Note that extended seesaw diagrams with type-i or iii seesaw fields could still
provide the most dominant contribution to neutrino masses depending on the hierarchy
between Dirac and Majorana mass contributions (e.g. as in inverse seesaw [499-501]).

5.3.2. Simplified neutrino mass models

Here we summarise the results of the explosion procedure described in Sec. 5.2 applied to all
dimension-7 AL = 2 operators that lead to tree-level UV-completions, in the context of the
radiative neutrino Majorana mass diagrams discussed in Sec. 5.3. These results are presented
as tables corresponding to each individual operator that describe the specific neutrino mass
topology (c.f. Sec. 5.3.1) that is generated for each combination of heavy BSM fields. We are
mainly interested in radiative neutrino mass diagrams that do not contain couplings that
inevitably also lead to a tree-level UV-completion of the dimension-5 operator. The reason
for this is that the radiative diagram would be expected to be subdominant to the seesaw

“The maximum number of heavy NP mediators 1 needed to tree-level UV-complete a given operator that
contains m > 3 external legs is n = m — 3. For operators with multiple boson legs this number can be smaller
since four bosons can couple to the same vertex.
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Figure 5.8.: Example of a scenario where a UV-completion leads to a neutrino mass diagram
containing A in the absence of its coupling to the SM Higgs doublet, such that
L = uH'H/A*I. These diagrams can come from a UV-completion of operator
Ogr1Lp realised by A and Ag (c.f. Tabs. 5.2 and 5.3).

diagram in such cases.

If a simplified model contains any one of the three heavy seesaw particles N, A, or %, it
could lead to a tree-level UV-completion of the Weinberg operator. For seesaw types i and
iii this occurs if there is a coupling between the heavy seesaw field, SM Higgs field, and
SM lepton doublet via terms of the form H*L,N or H"‘Lﬁzaﬁ. Unless there is a significant
hierarchy in the coupling constants of the seesaw fields, the Weinberg operator will most
likely dominate in the contribution to the neutrino mass over any additionally generated
dimension-7 operators. If the dimension-7 operator dominates over the dimension-5, there
could be a still greater contribution coming from a dimension-9 operator. The reason for
this can be seen by noting that any dimension-7 AL = 2 SMEFT operator containing at least
two lepton doublets L and a Higgs doublet H can be written in the form of LH x L(dim-3),
where (dim-3) denotes a dimension-3 object. As is shown in this section, operators with two
lepton doublets L and one Higgs doublet H can lead to one-loop radiative neutrino Majorana
masses [498,502,503]. If a given tree-level UV-completion contains a heavy type-i or iii seesaw
field F € {N, X}, this field couples to the combination LH. The two parts of the dimension-7
operator, LH and L(dim-3), are then connected via the heavy seesaw fermion F. Should
the coupling LHF be stronger than the corresponding coupling FL(dim-3), two instances of
LHF can be used to construct the Weinberg operator LLHH, which should have a bigger
contribution than the dimension-7 operator to the neutrino mass. If instead the FL(dim-3)
coupling dominates, it can be used twice to form the dimension-9 operator LL(dim-3)(dim-3),
which should constitute the leading contribution. There is therefore never a scenario in which
the most dominant neutrino mass contribution comes from a dimension-7 AL = 2 operator of
this type®.

For type-ii seesaw, there are two couplings involved in the generation of the dimension-5
operator, namely H*HPA,g and L*LPA.4. Tree-level UV-completions of a given AL = 2
dimension-7 operator containing the field A do not a priori induce the dimension-5 operator,
since it could be that only one of the two couplings are part of the simplified model®, see

5A similar argument can also be applied to operators containing a lepton singlet ¢°.
6Note also that if a given UV-completion contains two copies A; and Aj, where one interacts with HH and the
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Table 5.4.: All combinations of fields that UV-complete O, at tree-level. Here each entry
indicates which neutrino mass topology (c.f. Fig. 5.4) is generated by combining
the fields to the top and left that share the same column and row as the given
entry, respectively. An empty entry indicates that no UV-completion is generated
by this combination of fields, and a circle indicates that the dimension-5 operator is
generated.

Fig. 5.8 for an example. This can be the case for operators of e.g. types Y2H>D, ¥*H, and
Y2H?*. For the latter type, many UV-completions contain A along with a factor LHF, leading
to the generation of the Weinberg operator via F.

In Tabs. 5.4 to 5.8 all possible tree-level UV-completions are shown for all ¥*H-type
dimension-7 AL = 2 operators, where each table corresponds to a single operator. In these
tables, the leftmost column and the top row indicate the heavy BSM fields that arise as a
result of the operator explosion procedure discussed in Sec. 5.2. Entries that contain a Roman
number (I to IX) indicates that the two fields that overlap, i.e. the corresponding fields to the
left and top in the same row and column as the entry, lead to a radiative neutrino Majorana
mass topology corresponding to the Roman number, as given in Figs. 5.4 to 5.7. Only the
top-right parts of each table is used, since otherwise each entry would be double counted. An
empty circle in a given entry indicates that this combination of fields inevitably generates a
tree-level UV-completion of the Weinberg operator, in which case the dominant contribution
to the neutrino Majorana mass generally either comes from the Weinberg operator itself or a
corresponding dimension-9 operator, as discussed in Sec. 5.3. A filled circle represents the
case where this combination of BSM fields indeed generate the operator in question, but
that this UV-completion does not lead to any tree- or one-loop-level neutrino Majorana mass
diagrams. The dominant contribution could instead come from a two-loop diagram, as e.g.
realised for Oy o, yp via an additional W-loop or for Oy, via an additional H-loop.

In Sec. 5.3.3 we give general expressions for the neutrino mass in Topologies I and II

other with LL, the Weinberg operator can be suppressed.
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Od_LQLHl = €ij€mn (d_pLi) (@jLT)H"
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Table 5.5.: All combinations of fields that UV-complete Oy, py; at tree-level. Here each entry
indicates which neutrino mass topology (c.f. Fig. 5.4) is generated by combining
the fields to the top and left that share the same column and row as the given
entry, respectively. An empty entry indicates that no UV-completion is generated
by this combination of fields, and a circle indicates that the dimension-5 operator is
generated.

OJLQLHZ = €im€jn (d_ler) (@jLT)Hn

h @ Rz 53 x| u Qg
h ° o o
@ O
R, ® | O @
53 O { ]
2
u
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Table 5.6.: All combinations of fields that UV-complete Oy, at tree-level. Here each entry
indicates that a UV-completion is generated by combining the fields to the top and
left that share the same column and row as the given entry, respectively. An empty
entry indicates that no UV-completion is generated by this combination of fields,
a filled circle denotes that this combination of fields leads to a two-loop radiative
neutrino mass, and an empty circle indicates that the dimension-5 operator is
generated.
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Table 5.7.: All combinations of fields that UV-complete O 111 at tree-level. Here each entry
indicates which neutrino mass topology (c.f. Fig. 5.4) is generated by combining
the fields to the top and left that share the same column and row as the given
entry, respectively. An empty entry indicates that no UV-completion is generated
by this combination of fields, and a circle indicates that the dimension-5 operator is
generated.

Od_LueH = €jj (d_PL;) (u_get)H]
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Table 5.8.: All combinations of fields that UV-complete Oj; ,.;; at tree-level. Here each entry
indicates that a UV-completion is generated by combining the fields to the top and
left that share the same column and row as the given entry, respectively. An empty
entry indicates that no UV-completion is generated by this combination of fields,
a filled circle denotes that this combination of fields leads to a two-loop radiative
neutrino mass, and an empty circle indicates that the dimension-5 operator is
generated.
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Table 5.9.: All combinations of fields that UV-complete Or.up at tree-level. Here each entry
indicates which neutrino mass topology (c.f. Fig. 5.4) is generated by combining
the fields to the top and left that share the same column and row as the given
entry, respectively. An empty entry indicates that no UV-completion is generated
by this combination of fields, and a circle indicates that the dimension-5 operator is
generated.

Oru = €jj€mn(LS'LY")H/H" (H'H)

Q5| =1
O3 111
]

Table 5.10.: All combinations of fields that UV-complete Oy at tree-level using only two fields.
Here each entry indicates which neutrino mass topology (c.f. Fig. 5.5) is generated
by combining the fields to the top and left that share the same column and row as
the given entry, respectively. An empty entry indicates that no UV-completion is
generated by this combination of fields, and a circle indicates that the dimension-5
operator is generated.
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Table 5.11.: All combinations of fields that UV-complete Oy at tree-level using three fields.
Here each entry indicates that a UV-completion is generated by combining the
fields to the top and left that share the same column and row as the given entry,
respectively, as well as the third field N. An empty entry indicates that no UV-
completion is generated by this combination of fields, and a circle indicates that
the dimension-5 operator is generated.

Oru = €jj€mn(LS'LY")H/H" (H'H)
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Table 5.12.: All combinations of fields that UV-complete Opp at tree-level using three fields.
Here each entry indicates which neutrino mass topology (c.f. Figs. 5.5 to 5.7) is
generated by combining the fields to the top and left that share the same column
and row as the given entry, respectively, together with the third field A. An empty
entry indicates that no UV-completion is generated by this combination of fields,
and a circle indicates that the dimension-5 operator is generated.
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Table 5.13.: All combinations of fields that UV-complete Opy at tree-level using three fields.
Here each entry indicates that a UV-completion is generated by combining the
fields to the top and left that share the same column and row as the given entry,
respectively, as well as the third field . An empty entry indicates that no UV-
completion is generated by this combination of fields, and a circle indicates that
the dimension-5 operator is generated.

applicable to all simplified models, before comparing these expressions with a concrete model
example in Sec. 5.3.4.

5.3.3. Model-independent neutrino masses

In Sec. 5.3.2, we showed for each explosive AL = 2 dimension-7 operator which radiative
neutrino mass topologies it could generate (c.f. Sec. 5.3.1). In this section we derive simplified
expressions for the neutrino mass in these topologies, and in Sec. 5.3.4 we compare this
treatment to a specific simplified model featuring leptoquarks.

A simplified model containing the SM plus one heavy fermion ¥ and one heavy scalar ®
can be described by the Lagrangian

L= Lov+ LY+ LG — A fLO* —yyfYH, (5.34)

where £¥" and £X" contain the kinetic terms of the heavy fermion and scalar, respectively,
and f is a SM fermion. Similarly, a simplified model with two heavy scalars ®; and ®; can

be described by the Lagrangian
L= Lom+ L+ L — Ao, LT — Ao, LD} — p®; D3 H . (5.35)

To calculate the value of the radiative neutrino mass generated in a generic UV-completion,
we use the following expression for Topology I (c.f. Fig. 5.4 right),

1 v
2

~ 5.36
16712 max(m?2,, m%) (5:36)

i
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Table 5.14.: Part 1 of a compilation of all one- and two-field UV-completions of dimension-7
operators. For each non-empty entry, the operator indicated by the corresponding
letter(s) is generated by the field in the top row and leftmost column that share
the same column and row as the given entry, respectively. The single-field UV-
completions are correspondingly given along the diagonal. Here the letters refer
to the operators as A = Orn, B = Orenp, C = Oerrrn, D = Oy o, E = Od‘LQLle
F = O40rm2 and G = Oy, 1y, where we use the shorthand notation * = ACEG
and t = ABC. Along the diagonal, a W indicates that the Weinberg operator is
generated by this field, and therefore the non-explosive dimension-7 operators
Orup1, Orap2, Orge, and Oppw can be generated as well.
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Table 5.15.: Part 2 of a compilation of all one- and two-field UV-completions of dimension-7
operators. For each non-empty entry, the operator indicated by the corresponding
letter(s) is generated by the field in the top row and leftmost column that share
the same column and row as the given entry, respectively. The single-field UV-
completions are correspondingly given along the diagonal. Here the letters refer
to the operators as A = Org, B = Or.up, C = Oer1ra, D = O o E = OJLQLHl,
F= 001 and G = Op,114-
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Table 5.16.: List of the seven dimension-7 AL = 2 SMEFT operators that lead to successful
explosions. The dimension-7 operators not listed here either only have tree-level
UV-completions that inevitably lead to the dimension-5 operator, or have no tree-
level UV-completions at all.

and the following for Topology II (c.f. Fig. 5.4 left),

1 ou

2 2
s max(mq) , m(D

() ~ ) (A, MsAT, + Ag,M] Aq)l) (5.37)
Here mvy, mg, me,, and me, are the masses corresponding to ¥, ®, &1, and P,, respectively.
Furthermore, i and j are lepton flavour indices, and M = diag(m fa Mgy, M fs) is a diagonal
3 x 3 mass matrix containing three generations of the SM fermion f € {e,u,d}. For simplicity
we consider the possibility for ®, ®;, and ®; to also be vector fields. In Eq. (5.36), My is the
mass matrix of ¥; Ay is the coupling matrix between the SM fermion f, an outer neutrino
and ®; Ay is the coupling matrix between ¥, ® and the other outer neutrino; and yy is the
Yukawa coupling matrix between f, ¥ and the SM Higgs. In Eq. (5.37), Ae, (As,) is a coupling
matrix between the outer neutrinos, SM loop fermions and the heavy boson ®; (®,); and y is
the dimensionful coupling between ®;, ®, and the SM Higgs field.

For two-loop radiative neutrino mass diagrams, i.e. in the cases where an additional Higgs-
or W-boson loop is present, loop factors including Yukawa- or weak gauge-coupling constants
can be included in the expressions in Egs. (5.36) and (5.37) according to Step 10 in Sec. 4.2.1.

Besides leading to radiative neutrino Majorana masses, the generic simplified models we
consider here give rise to dimension-7 AL = 2 operators via the Wilson coefficients

Cij (AvyeAs) ij

= 5.38
A3 m2, (5:38)
for UV-completions with one fermion and one scalar (Topology I) and
Ci  M(AeAa,);;
= (5.39)
A Mo, Mo,
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for two-boson UV-completions (Topology II).

In Sec. 5.3.4, we take one concrete simplified-model example, and compare the one- and
two-loop Topology II radiative neutrino masses from a full Feynman-rules-based evaluation
with the approximate expressions from Egs. (5.36) and (5.37) as well as the EFT-based estimate
from the corresponding dimension-7 operator in Tab. 5.16.

5.3.4. Model example: leptoquarks at one- and two-loop

In this section, which is based on work that led to the publication in Ref. [1], we use the
leptoquark model described in Ref. [504]. As an example of how the neutrino mass in a
simplified model compares to the general expression in Egs. (5.36) and (5.37) and EFT-based
estimates in Tab. 5.16, we here consider a model in which the SM is extended by the two
leptoquarks S; and R, which constitute a possible UV-completion to the ¥*H-type operators
Ogreyn and Oy gy (cf. Tab. 5.2). This model is of special interest since it leads to LNV rare
kaon decays [1] (c.f. Sec. 4.2.2 and Ch. 6). Rare kaon decay is a leading probe of LNV in
universal lepton flavours, as opposed to Ovpp which only probes first generation fermions.
It is therefore interesting to see how a non-trivial flavour structure in the leptoquark sector
could lead to observable rare kaon decays, as well as the appropriate neutrino mass, without
triggering OvBB decay. In this section we will give an example of such a flavour structure in
a leptoquark-mediated two-loop radiative neutrino Majorana mass diagram. Furthermore,
S1 and R; along with the leptoquark S; € (3, 3, 1/3), have been suggested as related to a
possible solution of the R (., anomaly [504-508] (c.f. Sec. 2.3.1).

The representations of the leptoquarks S; and R, under the SM symmetry group are given
by [496]

R, e (3,2, 1/6),

= 5.40
S1€(31,1/3). (540
The Lagrangian for this model given by [504]
L= Loy — RO+ m? )Ry, — SO+ m3 )5
+ uS1H™ Ry — g Liaiy* Rypddy — 85 Q8 LP e0pSy (5.41)

- gé"ﬂflejsl +h.c.,

where [1 = ##Y0,0, is the d’Alembert operator. Greek and Roman letters in Eq. (5.41)
correspond to SU(2).- and flavour-indices, respectively, and o7 is the second Pauli matrix.
Taking both S; and R; to carry lepton number’ L = —1, all terms on Eq. (5.41) conserve
lepton number except the first term on the second row: the interaction between the two
leptoquarks and the SM Higgs field. The Lagrangian in Eq. (5.41) can also lead to LNC
rare kaon decays via dimension-6 effective operators, which constitutes another probe of the
model.

"Which lepton number charge to assign to the leptoquarks is somewhat arbitrary since the Lagrangian we
consider here violates lepton number conservation, and it is therefore not a well-defined conserved charge.
Our choice of assignment leads to the dimensionful tri-scalar coupling being the LNV vertex, which can be
motivated as originating from a mass insertion by a B — L-breaking scalar field.
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Figure 5.9.: Diagrams showing leptoquark-mediated LNC meson decays at dimension 6. The
left diagram corresponds to the first term in Eq. (5.42) featuring R,, while the right
diagram corresponds to the second term featuring S;.
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Figure 5.10.: Diagrams showing leptoquark-mediated LNV meson decays at dimension 7 with
two-neutrino final state (left) corresponding to Oy o,y Or neutrino + charged
lepton final states (right) corresponding to Oy .-

Integrating out the heavy leptoquarks, we first arrive at a dimension-6 effective La-
grangian [504]

G o) o)
Leép = 2 (duy"di) (LivuLia) + 2 eaﬁGPU(Q'X'YVQk)(L TLy)
mR2 m51
ik xjn ik o Xin
8383 - 5 3283 7} 3
+ 2m3, (@0 ui) (@) — Wﬁle‘*ﬁ (m,QF) (@iLjp) 642
ik o Xjn
+ 828 (.0 Q) @0y L)),
mg,

where oV = é [7*,7"]. These LNC terms lead to the rare kaon decay diagrams shown in
Fig. 5.9. At dimension-7 we obtain [504]

Lop = Vgl ng dkLV)(QHL )Hﬁeaﬁeuv Zl’:ngl gJZ chHVLV)(QP‘O—WL )Hﬁeaﬁé'yv

RS (5.43)

l’[glgé CT WO c
* sl(d“( ) HPeyg
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Figure 5.11.: One- and two-loop level radiative neutrino mass diagrams generated via lep-

toquarks, corresponding to the LNV dimension-7 operators Oy o (left) and

OliLuey (right).

We can identify the first term in Eq. (5.43) with the AL = 2 dimension-7 operator O 11
and the second term with Oj; ;- These operators lead to LNV rare kaon decays and fully
leptonic LNV kaon decays, respectively (c.f. Secs. 4.2.3 and 4.2.2). The corresponding decay
diagrams are shown in Fig. 5.10. Matching the model parameters to the flavour-specific LNV
Wilson coefficient C/*" we find the relation

y ik 1,dm
clikn _ k& 82(_2 3) (5.44)
dLQLH1 (dLueH) ~— 2m2 m% ’ :
Rz 1

where g, corresponds to Oy oy and —31g93 to Oy, Tespectively. Since rare kaon decays
are a more stringent probe of LNV than fully leptonic meson decays, we choose to focus
specifically on Od_LQLHl' For this observable we would have the flavour indices k = s/d,
j=d/s,and i,n € {e,u, T} in Eq. (5.44).

The couplings that generate the effective interactions in Eq. (5.43) also lead to corresponding
one- and two-loop neutrino mass diagrams, as shown in Fig. 5.11. As is discussed below, the
one-loop diagram is only the most dominant contributor to the neutrino mass under certain
flavour-structures of the coupling matrices. It could be possible that a two-loop diagram
dominates instead. The neutrino mass corresponding to the one-loop diagram in Fig. 5.11
(left) is given by [487]

. ~ik ~kj 2
3sin (26) yj, 0§l &' Ui . mig
(my); = log L, (5.45)
! ]Zk 32772 m%QZ

where we do not use Einstein summation, such that the mass eigenstate index i € {1,2,3}
is not summed over. Here several things need clarification. First of all, yf; and v are the SM
down-type quark Yukawa coupling matrix and Higgs vev, respectively, which come from
closing the down-type quark loop with a mass insertion, as seen in Fig. 5.11. Secondly, we
note that the leptoquarks in Eq. (5.41) were written in the interaction basis, where their mass
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matrix is given by
2
A2 o MR MY

(5.46)
"I/IU m%l

To generate the neutrino mass diagram, the upper SU(2); index « = 1 must be picked out in
the lepton doublet from the second term in the second row of Eq. (5.41), which means that
the lower index B = 2 is picked out from the leptoquark doublet

Ry=[“"], (5.47)

%)

where m, = my, = mg,. The field w, has the same U(1)y hypercharge as Sy, and the two of
them mix according to the matrix in Eq. (5.46), leading to the two mass eigenstates

LQq = cosOBwy + sin 65,

_ (5.48)
LQ, = —sinfw, + cos 057 .
for which the squared masses are given by
1
Mo, = 5 (3, +m2, + Vo =i )2 4207 (5.49)
for the mixing angle 6 given by [509-511]
2
tan(260) = ———. (5.50)
my — M,

Lastly, the couplings ¢ are written in the mass basis, such that
gh=Y gifun, &' =Y gfver, (5.51)
o o

where U is the PMNS matrix and V' the CKM matrix.

The expression in Eq. (5.45) represents the lowest loop-order radiative neutrino mass
diagram that can be generated by the leptoquarks R, and S1, however there is one remaining
caveat. Out of necessity by the flavour conservation of the SM Yukawa interaction, the same
quark-flavour index is picked out in the coupling constants ¢; and g». However, in rare kaon
decays a different set of couplings are present, since the initial state consists of a strange quark
while the final state consists of a down quark, c.f. the text below Eq. (5.44). It could then be
possible that the structure of the leptoquark coupling matrix specifically favours rare kaon
decays while suppressing the neutrino mass by having very small diagonal couplings. The
most dominant contribution to the neutrino mass could then instead come from a two-loop
diagram, where an additional W-boson loop is used to transform one flavour into the other.

Considering the scenario where the leptoquarks most favour the flavour structure present
in rare kaon decays, the two-loop diagram giving the most dominant contribution, shown in
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Figure 5.12.: Two-loop radiative neutrino mass with the leptoquark LQ, being a mass eigenstate
in the admixture of R, and S;. Here the W-loop is needed in order to satisfy
the flavour constraints coming from the leptoquark coupling matrices in the
specific scenario where the most dominant couplings are those present in rare
kaon decays.

Figure 5.13.: Diagrams showing leptoquark-mediated two-loop LNC meson decays at dimen-
sion 6 in the specific scenario where the most dominant couplings are those
present in rare kaon decays. The left diagram corresponds to the first term in
Eq. (5.42) featuring R,, while the right diagram corresponds to the second term
featuring S;.

Fig. 5.12, leads to the neutrino mass [1]

3sin(20)g* V4 g g]
(mv)i:Z 5127;4 2 0y, I(m%Ql,m%Qz,m%\,). (5.52)
j

Eor[lsigl]ering the SM fermions to be massless, the loop function I (m%Ql, m%Qz, m%v) is given
y

2
m
I(mLQl,m%Qz,m%v) (1 — Tz“Ql> X

Miq,
to 2 to
- T2 . miq, log m%/vz — miq, log m%vl .
a 2 2 5.53
3 MiqQ, — Mg, ( )
2 2
m lo 2Q2 — m? log —
1M & 2 LQ, | 198 72 ]
2 2
2 Miq, — Miq,
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5. Beyond SMEFT: LNV simplified models at dimension-7

The LNV rare kaon decay for this set-up is by construction unaffected by the constraints we
have put on the coupling constants between the leptoquarks and SM fermions. However,
the LNC rare kaon decay from dimension-6 effective operators is suppressed similar to the
neutrino mass, appearing first at two-loop order as seen in Fig. 5.13. Due to this suppression,
we expect the LNV mode to dominate over the BSM LNC mode for these couplings.

We now consider the difference between neutrino masses evaluated in the leptoquark
model, given by the one- and two-loop masses in from Egs. (5.45) and (5.52), and the general
simplified model expression for a diagram of the same topology in Eq. (5.37), as well as the
EFT-based neutrino mass estimate given for Oy oy (c.f. Sec. 4.2.1) by

02

d
Y
(7711/)1] - 167'[2 Cijkn —-1/3"7 (554)
( d‘LQLHl)

with the LNV Wilson coefficient C;]fg L1y related to the leptoquark masses via Eq. (5.44) using
82-

In Fig. 5.14, we show how the trace of the neutrino mass matrix in the mass basis scales
with respect to the hierarchy parameter

max (Me,, Mo, )

¢ =

: -1, (5.55)
min (Mg, , Ma, )
when evaluated by the different one- and two-loop mass expressions. We here choose
Mme, = mg, and me, = mg,, with mg, > mg,, and keep a constant value of the product
mg, X ms, = (20 TeV)?. Furthermore, we use §; = §» = 1 in the one-loop case, and

100 010
S1i=110 0}, =101 0 (5.56)
100 010

in the two-loop case, and set the dimensionful coupling to p = 20 TeV. For the PMNS matrix
elements we use the central values of the normal ordering neutrino mixing angles

61 = 33.44°, 613 =857°, O3 =492°,  Scp =197°, (5.57)

as provided by the NuFit collaboration [512]. A similar analysis could be performed for
inverse ordering as well, with very minor changes to the conclusion.

We see that for the one-loop mass, the three expressions agree well for small hierarchies
¢ S 1. For large hierarchies ¢ 2 1 the EFT-based estimate stays constant while the simplified-
and leptoquark model expressions go down to lower masses, staying about an order of
magnitude apart. We can conclude that the EFT-based expression does not capture the effect
of an internal hierarchy of scales, something our simplified-model expression from Eq. (5.37)
does quite well. This feature is important in Sec. 5.4.2 where we compare different constraints
in the plane spanned by the two heavy BSM field masses of general simplified models.
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Figure 5.14.: The trace of the neutrino mass matrix as a function of the hierarchy parameter ¢,
where a greater value of ¢ corresponds to larger hierarchies. The neutrino mass
here comes from a one- (top) and two-loop (bottom) radiative diagram involving
two heavy leptoquarks and a down-type quark, where the mass is estimated
using an EFT-based approximation (green), full radiative diagram (blue), and an
approximate expression from a general simplified model (red).
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For the two-loop mass, both the simplified model expression and EFT-based estimates
underestimate the neutrino mass for small hierarchies ¢ < 10. The effect of an increasing
hierarchy is again well described by the simplified model expression, though it stays below
the leptoquark model by roughly two orders of magnitude. The dip at ¢ ~ 85 comes from the
last two terms in the second parenthesis of Eq. (5.53) cancelling the first two. For vanishing
hierarchies there is an enhancement of the two-loop mass that is not captured by either the
simplified model expression or the EFT estimate.

For the parameters chosen in Fig. 5.14 we would get Apnv = 20 TeV, which is excluded in
the electron-flavour by OvBf experiments, and at the limit of exclusion for rare kaon decay
experiments.

5.4. Combined analysis of UV-completions at dimension-7

In Sec. 5.3.2 we discussed the different neutrino mass diagrams that appear in explosions of
dimension-7 AL = 2 operators. Neutrinos have a very small mass in comparison to the other
known particles, which can set severe constraints on the different UV-completions of LNV
dimension-7 operators. It could very well be possible that the generation of neutrino masses
occurs via some UV-completion of a dimension-7 operator, and for this reason it is interesting
to see if there are regions of parameter space that generate a plausible value for the neutrino
mass while still not being excluded by other experimental searches.

The method outlined in Sec. 4.2.1 has been commonly used in the literature to estimate
the size of neutrino masses being induced by EFT operators. However, as shown in the
previous section, this method misses entirely the effect of a hierarchy in the internal degrees
of freedom, something that can alter the neutrino mass by several orders of magnitude.

In Sec. 5.3.3 we proposed a new method to describe neutrino masses in higher-dimensional
operators. This method does capture the effect of an internal hierarchy, as is shown in the
model example in Sec. 5.3.4. In this section we investigate the parameter space of dimension-7
UV-completions in the context of neutrino masses calculated using the model-independent
formalism in Sec. 5.3.3.

5.4.1. Global fit constraints on the relevant BSM particles

The dimension-7 LNV operators in Tab. 4.5 can lead to tree-level UV-completions that contain
the fields listed in Tab. 5.1 via the assignment shown in Tabs. 5.2 and 5.3. Under the
assumption that all operators are generated at tree-level, LHC constraints on the fields in
Tab. 5.1 also lead to constraints the scale of the dimension-7 operators that they generate. If
the dimension-7 AL = 2 operators are generated at tree-level, the underlying UV-completions
could also lead to LNC dimension-6 operators. The validity of the tree-level assumption
can therefore be tested under different conditions, by comparing regions of parameter space
excluded by searches for dimension-6 operators with constraints on the dimension-7 operators
from LNV observables.

In Tab. 5.17 constraints on the mass of different heavy NP particles coming from global
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Field | Rep Coupling Mass constraint 95% CL
S |5(1,1,0)(0) ks =1TeV  mg >7.5TeV [513]
E | 5(1,3,0)(0) kz =1TeV  mz > 3.0 TeV [513]
no|5(1,1,1)(0) yp=1 my, > 0.84 TeV [513]
¢ |S(1,2,1/2)(0) Zgcosp=1 my > 1.0 TeV [513]
S1 | 8(3,1,1/3)(-1) | y& = mg, > 4.1 TeV [514]
Ry |S(3,21/6)(1) |yg =1 mpy, > 3.9 TeV [514]
Ss | S(3,3,1/3)(-1) |yl =1 mg, > 4.2 TeV [514]
N | F(1,1,0)(0) Av=1 my > 5.0 TeV [513]
¥ | F(1,3,0)(0) Ay =1 my, > 4.6 TeV [513]
b | F(1,3,1)(0) Ay, =1 my, > 6.1 TeV [513]
AT | F(1,2,1/2)(0) | Ap, =1 mpa, > 7.6 TeV [513]
AL | F(1,2,3/2)(0) | Ap, =1 ma, > 5.9 TeV [513]
U | F3,1,2/3)(1) | Ag= my > 3.6 TeV [513]
Qf | F(3,2,5/6)(-1) | Ag, =1 mq, > 2.0 TeV [513]
Q7 | F(3,2,7/6)(1) | Ag, =1 mg, > 2.6 TeV [513]
Tf | F(3,3,1/3)(=1) | Ar; =1 mr, > 2.1 TeV [513]
T, | F(3,3,2/3)(1) |Ap=1 mr, > 3.1 TeV [513]
Wi | V(1,1,1)(0) Sy =1 myy > 11.7 TeV [513]
| V(3,1,2/3)(1) | gl =1 my, > 5.6 TeV [514]
vy | v(E,2,1/6)(1) | gy = my, > 3.7 TeV [514]
U; | V(3,3,2/3)(1) | gu=1 my, > 9.9 TeV [514]

Table 5.17.: BSM fields that appear in the explosions of dimension-7 AL = 2 operators, as well
as the constraints on the mass of the different fields (last column) coming from
Refs. [514] and [513], provided that one specific coupling to the SM is set to unity
(second column).
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tits of LNC dimension-6 operators [513,514] are listed at 95% CL under the assumption that
one coupling per particle is set to unity, where this coupling is given in the third column (c.f.
Tabs. 5.2 and 5.3). For the constraints coming from Ref. [514] we have chosen for Tab. 5.17 to
show the most stringent limits in the cases where more than one constraint is given per field.
Note also that the limits given in Ref. [514] are applicable only to first generation leptoquarks.
We compare these limits to other mass constraints under the assumption that the relevant NP
couplings are all flavour-universal. Following Refs. [513,515], we use the coupling product
Zg cos B for ¢ rather than one of the couplings given in Tab. 5.1. This follows a notation that
is commonly used in Two-Higgs-doublet models, c.f. e.g. Ref. [516].

The couplings in Tab. 5.17 that are set to unity do not necessarily correspond to the
couplings that appear in the CDE leading to the different dimension-7 operators. The mass
limits from global fits should therefore not be directly compared to the LNV limits on the
operator in question, but should rather be taken as indicative.

Under the assumption that the dimension-7 AL = 2 operators that led to the fields in
Tab. 5.17 are realised at tree-level only, constraints on the individual masses of the fields
coming from global fits also constitute indirect constraints on the scale of LNV. Therefore, we
consider global-fit constraints along with different LNV probes in Sec. 5.4.2, and compare
them to neutrino masses coming from radiative diagrams containing the heavy BSM fields.

5.4.2. Comparison of neutrino masses with EFT constraints

The simplified-model based neutrino mass expressions in Egs. (5.36) and (5.37) can be
compared to the EFT-based estimate of the neutrino mass found using the formalism in
Sec. 4.2.1 for the Wilson coefficients in Egs. (5.38) and (5.39). In the third column of Tab. 5.16,
the concrete expressions corresponding to the EFT neutrino mass is shown for each explosive
dimension-7 operator under the assumption of a unitary dimensionless Wilson coefficient
Cij — 1. In this section, comparisons between the EFT- and simplified-model-based neutrino
mass expressions are made for generic UV-completions of all ¥#H-type operators leading to
radiative Majorana neutrino mass Topologies I and II, including different constraints on the
scale of LNV from low-scale experiments as well as global-fit-constraints on the BSM fields.

To compare LNV constraints and the global-fit constraints from Refs. [513] and [514] with
the neutrino masses in general simplified models that correspond to the exploded dimension-7
AL = 2 Y*H-type operators we go to the plane spanned by the masses of the two heavy BSM
tields. One reason for this choice of analysis is the dependence of the neutrino mass on the
hierarchy of scales between the two internal degrees of freedom, as discussed in the model
example in Sec. 5.3.4. Such a dependence can clearly be seen in a mass-mass plane, but is
not visible in e.g. mass-coupling or coupling-coupling planes. We look only at ¥*H-type
operators as an example. Operator Or.gp only leads to a single UV-completion that does not
also generate the dimension-5 operator, and Oy leads to too many different topologies to
be studied systematically in a condensed manner. We therefore reserve the analysis of the
exploded operators Or.pp and Opy for future work.

In Figs. 5.15 to 5.17 we compare EFT constraints with neutrino masses for dimension-7
AL = 2 operators Op,1 11, Ogruers Odrormts Odrormz and OeLiLH, respectively. Note that we
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Figure 5.15.: Constraints on the masses of two BSM fields that combine to UV-complete the
dimension-7 AL = 2 operator O,y (top row) and O,y (bottom row) with
the couplings Ay = Ay = 1 and yy = 0.1 for Topology I (left column), and
Ao, = Ao, = 1 and p = (vme,me,)'’® for Topology II (right column). The
grey areas correspond to the regions excluded by global fit constraints from
Tab. 5.17, with the least (most) stringent limit being shown by a solid (dashed)
line. The green area is excluded by 0vBp experiments, and the yellow striped
area corresponds to the EFT-based estimate of the neutrino mass. The red striped
area corresponds to the simplified-model-based neutrino mass expression from
Egs. (5.36) and (5.37) for Topologies I and II, respectively, where the filled red
area is excluded due to the neutrino mass being too large.
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Figure 5.16.: Constraints on the masses of two BSM fields that combine to UV-complete the
dimension-7 AL = 2 operator Oy, o1 (top row) and Oy p (bottom row) with
the couplings Ay = Ay = 1 and yy = 0.1 for Topology I (left column), and
Ao, = Ae, = 1 and p = (vme,me,)'/? for Topology II (right column). The grey
areas correspond to the regions excluded by global fit constraints from Tab. 5.17,
with the least (most) stringent limit being shown by a solid (dashed) line. The
green area is excluded by OvBB experiments, and the blue area is excluded by
rare kaon decays. The red striped area corresponds to the simplified-model-based
neutrino mass expression from Egs. (5.36) and (5.37) for Topologies I and 1II,
respectively, where the filled red area is excluded due to the neutrino mass being
too large. The yellow striped area corresponds to the EFT-based estimate of the
neutrino mass.
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Figure 5.17.: Constraints on the masses of two BSM fields that combine to UV-complete the

dimension-7 AL = 2 operator O, 1 p with the couplings Ay = Ap =1 and
yy = 0.1 for Topology I (left), and Ao, = Ae, = 1 and y = (vme,me,)'/? for
Topology II (right). The grey areas correspond to the regions excluded by global
fit constraints from Tab. 5.17, with the least (most) stringent limit being shown by
a solid (dashed) line. The purple area is excluded by LNV p* decays, and the
yellow striped area corresponds to the EFT-based estimate of the neutrino mass
from the third column of Tab. 5.16, with the LNV scale related to the BSM field
masses via Egs. (5.38) and (5.39) for Topologies I and II, respectively. The red
striped area corresponds to the simplified-model-based neutrino mass expression
from Egs. (5.36) and (5.37) for Topologies I and II, respectively, where the filled
red area is excluded due to the neutrino mass being too large.
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here extend the parameter space to masses below the EWSB scale Agw ~ 100 GeV for better
visibility in the plots, even though SMEFT is not a suitable framework in this region. The
striped areas correspond to neutrino masses that fall within the region allowed by neutrino
oscillation experiments based on the central value of the normal-ordering mass splitting
Am?, = 2514 x 1073 eV? coming from the NuFit collaboration [512], while simultaneously
falling below the largest allowed value of (m, ), = U,;(m,); < 0.8 €V coming from the KATRIN
experiment [400]. The filled red areas lead to neutrino masses that are too large, and they
therefore constitute excluded regions. The yellow striped regions correspond to the allowed
neutrino mass range when evaluated using the EFT-based estimate from Sec. 4.2.1. This
means that the whole parameter space to the bottom-left of this region should be excluded
due to the neutrino mass being too large. However, as seen in the model example in Sec. 5.3.4,
this EFT-estimate is not accurate when considering the possibility of an internal hierarchy in
the degrees of freedom, and we therefore choose to not paint almost the whole figures yellow
to denote the regions excluded by this estimate. The dark- and light grey areas correspond to
regions that are excluded by global-fit constraints based on the least and most stringently
constrained BSM field that appears in the explosion of each given operator, respectively.
Lastly, the green, blue, and purple regions are respectively excluded by Ovpp decay, rare kaon
decay, and non-standard muon decay experiments. Note that we do not include constraints
from LHC searches, since the corresponding limits are too low for the values of the couplings
considered here to fall within the region in which the EFT formalism is valid (c.f. Sec. 4.5). A
simplified-model-based LHC analysis would probably lead to quite stringent limits in the
parameter space spanned by two heavy masses in a given model, e.g. the leptoquark model
from Sec. 5.3.4. Such an analysis is reserved for future work.

For all contour plots in Figs. 5.15 to 5.17, the simplified-model-based neutrino mass (red)
is lower than the EFT-based estimate of the neutrino mass (yellow), especially for large
hierarchies, as expected from the analysis in Sec. 5.3.4. In the absence of hierarchy (i.e. at the
tip of each red triangle), we see that the two neutrino mass expressions agree quite well. We
see therefore that the previously considered neutrino-mass constraints (yellow) only hold
under very specific conditions, namely the absence of a hierarchy in the internal degrees
of freedom of an LNV operator. As we show in this chapter, a more accurate description
involving general simplified models (red) reveals the fact that the neutrino mass depends
significantly on such a hierarchy. This conclusion constitutes the main result of this chapter.

Considering the possibility of an internal hierarchy in the LNV operators, regions of
parameter space that were previously considered to be excluded are opened up. For most
operators, the exclusion limits coming from global fits, low-scale observables, and neutrino
masses all overlap in roughly the same region of parameter space. This means that, should a
signal be seen either at any of the collider searches that enter into the global fits or any of
the low-scale LNV observables, Figs. 5.15 to 5.17 can be used along with Tabs. 5.4 to 5.8 to
determine where to look for new particles that could potentially generate Majorana neutrino
masses. If a new particle is discovered at collider experiments, Tabs. 5.4 to 5.8 show which
additional particles it could be matched with to generate a radiative neutrino mass, and
Figs. 5.15 to 5.17 show at which energy scale such additional particles are expected to be
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found. For example, if a new particle that is consistent with a leptoquark S; with mass
mg, = 10 TeV is discovered at the LHC, we know from Tabs. 5.5, 5.6 and 5.8 that it could
lead to a one-loop radiative neutrino mass if we also find Ry, A or Q}:. In Figs. 5.15 and 5.16
we know that either mg, = Mg or mg, = Mg, is equal to 10 TeV, depending on whether the
additional field is a fermion or scalar. If LNV is realised in operator Oy .5y O Oy 012, We
see that the observed neutrino mass is generated for mg,, my ~ 10° GeV or mq, ~ 10° GeV, a
possibility that is excluded by 0vBg decay for Oy oy, but not for Oy, - In this way these
two operators can be disentangled by combining high- and low-scale probes with neutrino
mass generation, but only if we consider the possibility of having a hierarchy in the internal
degrees of freedom. For Oy o py; we instead have my , ms ~ 107 GeV or mg, ~ 10° GeV.

The neutrino mass for O,y is the largest out of all the operators, due to the up-type
quark running in the loop having the largest Yukawa coupling out of the SM fermions. For
operators Oy o1 and O gy, there are constraints from both Ovpp decay and rare kaon
decays, where these two probes constrain different flavour aspects of the Wilson coefficients
(electron flavour for OvBp decay, while the rare kaon decay constraints are flavour-universal,
see Sec. 4.8). For operators Oy oy and Oy the neutrino masses are comparatively
small, since the corresponding diagrams are given at two-loop rather than one-loop. The
four-lepton operator Ogr1rH is unconstrained by OvBp and we instead show the limit coming
from yt — e 7,7, decays.

Conclusion to Chapter 5

In this chapter we have discussed the UV-completions of all twelve dimension-7 AL = 2
SMEFT operators, based on an analysis that is subject for future publication [4]. Four out of
the twelve operators arise as higher-order corrections to the dimension-5 operator, and one is
not realised by any tree-level UV-completion. For the remaining seven dimension-7 operators,
we systematically list all possible tree-level UV-completions and classify them in terms of
the neutrino mass topology. Focusing on four-fermion operators, we compare the neutrino
masses in generic simplified models with LHC- and low-scale LNV constraints, and find that
a hierarchy in the internal degrees of freedom of an LNV operator could severely relax the
neutrino-mass constraints. This opens up regions of parameter space in which both LNV
probes and collider searches constrain models that could lead to the observed neutrino mass.

In case a signal is seen in one of the LNV probes, the results in Sec. 5.4.2 can guide the
collider search for BSM particles that lead to Majorana neutrino masses. Similarly, if a new
particle is found, the results in Secs. 5.3.2 and 5.4.2 show which other particles would be
needed in order to generate a Majorana neutrino mass, and at which scale they are expected
to be found.

In Secs. 4.2.2, 4.3.4 and 4.3.5 we saw that processes in which neutrinos are the only leptons
involved can be used to set limits on the scale of LNV. If an excess is seen experiments that
search for such modes, the additional contribution could be due to LNV. However, there
would be no a priori way of distinguishing it from a LNC contribution, since it is not known
whether the final state particles are neutrinos or antineutrinos. In Ch. 6, we show how such a
distinction can be made in rare kaon decays K — 7tvv based on the kinematics of the final
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state pion, and in Ch. 7 we show a similar distinction based on the distribution of final state
photons in radiative CEvNS events. These results were published in Ref. [1] and Ref. [3],
respectively.
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6. Disentangling LNV and LNC in rare kaon
decays

Neutrinos are very elusive particles that are difficult to observe experimentally. This is
perhaps the main reason why the nature of neutrino masses remains unknown, despite
a long history of searches (see Sec. 4.2). Observing charged leptons on the other hand is
comparatively easy, since they interact electromagnetically. Searches for LNV therefore often
involve final states that consist of two leptons that have the same charge, in the absence of
any missing energy that could have been carried away by neutrinos. One feature of such
processes is the fact that they necessarily involve an exchange of two units of electromagnetic
charge, AQ = 2, between the lepton sector and another sector (e.g. the quark-sector). To
produce two units of charge difference, many external fields have to be involved. In an EFT
description this increases the dimension of the effective operator that mediates the process,
leading to a decrease in experimental sensitivity (see Sec. 2.3.3).

Another search strategy for LNV is to look for processes with neutrinos or antineutrinos
in the final state, and infer whether or not the interaction is LNV based on the kinematic
distribution of other final state particles. An advantage of such searches is that the constraints
are applicable for all flavour-indices of the Wilson coefficients, since the flavour states of the
final state neutrinos are undetermined.

In this chapter we discuss the details about the possibility to observe LNV in rare kaon
decays. We review the SM contributions in Secs. 6.1 and 6.2, after which we focus on the LNV
BSM decay in Sec. 6.3 in order to compare the two modes in Sec. 6.4. LNV contributions to
rare kaon decays were discussed in Ref. [424], and the potentially observable difference in
the kinematic distributions between a LNV contribution and the SM mode is discussed here,
based on work that led to the publication in Ref. [1]. This difference in distribution impacts
the sensitivity of different experiments, both past and ongoing, which can possibly lead to
more stringent constraints on the scale of LNV in the near future.

6.1. Rare kaon decay in the SM

The two golden modes of kaon decays, K™ — ttvv and K, — v, are the main focus of

this section. The former mode is also discussed in Sec. 4.2.2. They proceed via electroweak
penguin and box diagrams in the SM, as shown in Fig. 6.1. These modes have a very small
branching ratio (BR) due to Glashow-Iliopoulos-Maiani (GIM) suppression! [517]. The

1GIM suppression states that flavour-changing neutral current (FCNC) loop diagrams are suppressed due to the
requirement of two mass insertions. If these mass insertions were not there, the corresponding diagram would
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up-type quark in each diagram is not directly involved in the decay process, but it is part of
the initial- and final state meson, and we therefore call it a spectator quark. If we replace the
spectator up quark by a down quark, we would instead have the decay K — 7%v7. As seen
in Sec. 2.1.4, the kaons K° and K° mix to form K, which is a mass eigenstate with a small
CP-violating component € of O(1073), such that [518]

1
V2t 2/e?

The BRs of K™ — 7v# and K — 71%v¥ can be parametrised in the SM as [519,520]

IKp) = [(1+€)|K) + (1—€)|K%)] . 6.1)

o | (Im(ViVaX)\? | [ Re(VAV, Re(ViiViaX:)\?
BR(KJF — 7T+1/17) — 7T [( ( t/iStd t)> + ( ( )c\s Cd) P+ ( t/s\g,td t)> , 6.2)
Im(V;iViaXe)
BR(K; — 7vi) =« (W) , (6.3)
where X; = 1.48 and P. = 0.404 are dimensionless parameters that correspond to loop

effects of top and charm quarks, respectively. Furthermore, A ~ 0.225 is the Wolfenstein
parameter and V;; are the CKM matrix elements. The parameters ®T = 0.517 x 10719 and
k. = 223 x 1071% are experimentally determined from the more common decay modes
Kt — n%*v and K — 7t~ e*v, respectively [521,522]. These quantities include hadronic
uncertainties in the decay, and the fact that they are measured to such a high accuracy leads
to very good theoretical predictions [523]

BR(K" — mtvi)om = (84+1.0) x 1071, (6.4)
BR(K; — %v¥)sm = (3.440.6) x 1011, (6.5)

The main uncertainty in these predictions comes from the experimental determination of the
CKM matrix elements. Because the rare kaon decays are so clean, meaning that their BRs can
be theoretically predicted to a very high accuracy, they serve as excellent probes of NP [524].

Note that in Eq. (6.5), the BR of K; — 7%v¥ is proportional only to the imaginary part of the
CKM matrix elements, which means that this mode can only proceed if there is CP-violation
in the SM. This is a consequence of flavour conservation in the lepton-sector weak interactions.
The two neutrinos form a CP-odd state that together with the pion form a CP-even state,
unlike the CP-odd Ky, [525,526]. A CP-conserving contribution to the decay only appears at
two-loop level [527].

From Egs. (6.4) and (6.5) we see that the BR of the K decay is smaller than that of the K*
decay. This should hold true even if there are BSM contributions, as the branching ratios of
the two decay modes are related via the Grossman-Nir bound [525]

BR(K; — 'v¥) < 4.4 x BR(K" — ttv7). (6.6)

vanish due to the unitarity of the CKM matrix.
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Figure 6.1.: Diagrams corresponding to the process to K™ — 7 v within the SM.

Experimentally, it is very difficult to probe this constraint since the outgoing neutrinos are
difficult to measure?. The Grossman-Nir bound could therefore be broken in the presence of
a modified final state, such as via AI = 3/2 operators [531,532] or dark particles in the final
state [533-537].

6.2. Experimental searches for rare kaon decay

The most stringent experimental limits on the BRs of rare kaon decays come from the
NA62 experiment [404,538] for K™ — v and from the KOTO experiment [528,530] for
K; — 7. Still relevant is also the older E949 experiment [403], since they provide limits on
the branching ratio for different Lorentz structures, as opposed to the modern experiments
where the limit is only given for a vector current.

6.2.1. The E949 experiment

The E949 experiment was situated in Brookhaven National Laboratory, and searched for
K* — 71t + Eniss using stopped kaons, where E;ss is missing energy3 [403]. With the vector
current interpretation of their result, the E949 experiment yields the BR

BR(K* — 7 07) oo, vector = (1.73t};5§) % 10710 6.7)

2As mentioned in Sec. 2.3.1, in 2019 there was a preliminary result from the KOTO experiment [528] which
indicated a violation of the Grossman-Nir bound [106,529,530], but this anomaly later disappeared [107].
3Presumably the missing energy in such events consists of neutrinos.

155



6. Disentangling LNV and LNC in rare kaon decays

with an upper limit
BR(K™ — 7 v7)E949, vector < 3.35 x 1071°, at 90% CL. (6.8)

This result is in agreement with the SM predicted value in Eq. (6.4). If the result is instead
analysed in terms of a scalar current, the upper limit becomes

BR(K' — 7 07)Eog9, scatar < 21 x 1071, at 90% CL. (6.9)

The E949 experiment collected data in two signal regions (SRs), called rtvv(1) and mvv(2),
which represent cuts in the momentum and kinetic energy of the final state pion. In the rest
of this chapter, these SRs are approximated as corresponding only to momentum cuts, such
that rvv(1) is defined as 211 MeV < pr < 229 MeV and mrvv(2) is defined as 140 MeV <
pr < 199 MeV.

6.2.2. The NA62 experiment

The NA62 experiment at CERN is currently ongoing and is searching for K* — 71+ + Epies
from kaons decaying in-flight [404,538]. Events are collected in SRs 1 and 2, which correspond
to cuts in the pion momentum p, and squared missing energy s. Both SRs have the pion
momentum cut 15 GeV < p; < 35 GeV, while in terms of the missing energy SR 1 is defined
as 0 < s < 0.01 GeV? and SR 2 as 0.025 GeV? < s < 0.068 GeV2. The NA62 experiment is
probing rare kaon decays at the SM sensitivity, and has found events in both signal regions,
leading to the result [539]

BR(K* — 71107 )nag2 = (11.ot§;g + 0.3) x 1011 (3.50 significance) . (6.10)
The upper limit from NA62 that we consider is given by
BR(K" = 17 vi)Nnage < 1.78 x 1071, at 90 % CL, (6.11)
which is in agreement with both the SM and E949. An even more stringent limit [540]
BR(K" — 7 vi)nag = (10.6745403) x 107", at 68 % CL, (6.12)

has recently been reported. However, for consistency with the analysis in Ref. [1], we consider
the limit given by Ref. [539] in this chapter. In the future, the NA62 experiment aims to reach
10% precision [541], which can be interpreted in terms of a BR as [1]

BR(K' — rfvp)future <111 x 107,  at 90% CL. (6.13)

6.2.3. The KOTO experiment

The KOTO experiment at J-PARC is also ongoing and is searching for K; — 710 4+ Episs [528].
Similar to NA62, the KOTO experiment utilises kaons decaying in-flight. Since KOTO searches
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for the neutral mode they have a 71¥ in the final state, which rapidly decays into two photons*.
Rather than measuring the final state pion, the KOTO experiment detects the two photons
into which the pion decays, and based on measurements of the photons, the transverse
momentum of the pion and decay location of the kaon are reconstructed. In the KOTO
experiment there is a single SR which is defined in terms of the pion transverse momentum
pL and the location Zyi along the kaon beam at which the decay occurs. The upper limit
on the transverse momentum is p£ < 130 MeV, while the lower limit depends on Zy. The
distribution of kaon momenta ranges from 0 GeV to 5 GeV, with a peak around 1.4 GeV [405].
The result from KOTO is an upper limit [528]

BR(K; — 7°vi)kxoro < 3.0 x 1077, at 90% CL, (6.14)
and a central value
BR(Ky, — m'v7)koro = (21741) x 1077, at 95% CL. (6.15)

Note that the central value of KOTO is in agreement with both the SM, c.f. Eq. (6.5), and the
Grossman-Nir bound, c.f. Egs. (6.6) and (6.4).

All experimental limits given above, except for the one in Eq. (6.9), are given under the
assumption that the rare kaon decay proceeds via a vector current, i.e. the same Lorentz
structure as that of the SM decay. Due to the fact that cuts are made in the phase space to
define SRs in which signal events are accepted, the full phase space is not explored in any
experiment. The fraction of the total phase space that an experiment can explore depends on
the Lorentz structure of the interaction being studied. Since the three experiments mentioned
above were/are mainly concerned with finding the SM mode (which is mediated by a vector
current), their SRs are placed such that events from a vector current decay are mostly captured,
which leaves as an unintended consequence the fact that events from a scalar current are
less visible. In order to obtain proper limits on the scalar BR for NA62 and KOTO, statistical
analyses would have to be performed to this end, which has not yet been done in the literature.

6.3. LNV in rare kaon decay

If LNV is realised in rare kaon decays K — 7rvv, where the two final state neutrinos carry the
same lepton number charge, it can be described in SMEFT at dimension 7 by the operator
Ogrorm from Tab. 4.5 [1,424]. The low-energy” matrix element corresponding to the scalar-
current mediated decay K — 7tv;v; is given by

. v -
iM= A {mtvivj| dsviv; |K) (6.16)
ijs

“Decaying into two photons is by far the most dominant mode for neutral pions, with BR(7? — 77) =
98.823 + 0.034% at 90% CL [14]. This decay is so rapid that it can be considered to occur inside the kaon beam
at the KOTO experiment.

SHere we mean low energy with respect to the EWSB scale, such that we may use the fields of the broken SM.
What is relevant in the frame of the kaon is the mass difference between kaons and pions, since this is the
energy available to the final state. This energy is very far from the EWSB scale.
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Here the fermions in the operator correspond to 4-component fields d = (d;,d°)" and
v = (v, 7.)T, where we assume that the SM neutrino is Majorana. From operator Omorm
there is also a tensor current contribution with non-identical neutrino flavours. We choose to
consider identical flavours only, and we therefore do not consider the tensor current further.
The matrix element in Eq. (6.16) corresponds to both the charged (K™) and neutral (K} ) kaon
decays, and the indices i and j indicate different neutrino flavours. We approximate the
matrix element by separating the hadronic and leptonic parts,

. v - _
iM= o (re(p")|ds |K(p)) vi(k)v;(K'). (6.17)
ijsd
We can now replace the hadronic part with a form factor [542,543]
2 2
N7 _ My =My .k
((p)]ds [K(p)) = - —, “fo (5)- (6.18)

Here the form factor f£(s) is a function of s = (p — p')? = (k+ k'), where p, p/, k, and ¥
are the four-momenta of the kaon, pion, and neutrinos v; and vj, respectively. In solving
Eq. (6.18) we here use the quark masses m; = 95 MeV and m; = 4.7 MeV, as well as the form
factor [522,543]

s
76 =50 (14 h0y ) (6.19)
mﬂ
where A = 13.38 x 1073, and where fX(0) is given by

K70) = 09778,  fXr(0) = 0.9544, (6.20)

for the charged and neutral kaon decay, respectively. We can then write the squared matrix
element as

Mp= -2 (m%(_m%f’((s)fs (621)
A?jsd mg — my 0 ' ’

The scalar form factor in Eq. (6.19) can be obtained from the vector form factor using equations
of motion [544]. The pseudo-scalar part (7| dyss |K) = 0 of the matrix element vanishes since
the decay is parity conserving. This type of current would instead lead to decays into vector
mesons, which we do not consider here®. From Eq. (6.21) we can express a double differential
decay width in terms of the variables s and t = (k' + p’)? as

['(K—mvy) 1 1 1
ds dt 1+ Jij (27)3 32m
1 1 1 <m%< —m%

1+ 51']' (2m)3 32m§’< Az‘6jsd

M2,
K

2
) KPR, 622)

ms — My

6In fact, the lightest vector meson, p, is too massive to be produced in the decays of kaons, and we would instead
have had to consider B-meson decays such as B — pvv. Rare decays of B-mesons into scalar mesons are
however generally more constrained than decays into vector mesons (compare BR(B* — p*vv) < 3.0 x 107°
at 95% CL [14] to BR(B* — 7t vv) < 1.4 x 107> at 95% CL [14]).
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where J;; takes care of the extra factor 1/2 needed for identical final state neutrinos. The
integration regions for t and s are t € [t~,t"] and s € [0, (mg — m)?], respectively, where

tt = m? — % <s — (m&k —m%) F4/A (s,m%(,m%)) , (6.23)

and where
Aa,b,c) = a? + b* + ¢® — 2ab — 2ac — 2be (6.24)
is the Kéllén function. Using the total widths ! = 532 x 1077 GeV and I'¢' = 1.29 x
10~ GeV for KT and K| [14], respectively, we can express the LNV branching ratios as
19.2 TeV\ °
BRinv (KT — tyj) = 10710 <9e> . (6.25)
Aijjsd
for K* and
24.9 TeV \ °
BRLNV(KL — 7T01/l'1/j) = 10710 (98) , (6.26)
Nijjsd

for Ky, where Ajj5 is the re-parametrised flavour-specific NP scale Ai;fd = Cijsa/ A3. We have
here assumed that the NP scale Ajj; is real. Neglecting the small CP-violating parameter €
in neutral kaon mixing (c.f. Sec. 2.1.4), the matrix element of the rare K; decay via a scalar
current is proportional to the real part of the operator coefficient, as opposed to vector currents
where it is proportional to the imaginary part. We can see this by noting the properties of the
transformation between }K0> and ]KO> for different currents,

(n°|d(1—5)s|K%) = (n°5(1—1s5)d|K"),

<7‘(O‘ dy" (1—1s)s ‘K0> _ <7.[0‘ 57" (1—s)d }K0> . (6.27)

Constructing a |K;) matrix element from the states |[K°) and |K?) gives [545]
iM (K= 77 ) = ! (F+e) (| C|K%)

\/2+2|€|2 (628)

+F*(1—¢€) <7‘CO‘ C }IZO> )VC(I_/' ,

where C is the current, which can take the form of V— A or S — P, where V, A, S, and P stand
for vector, axial-vector, scalar, and pseudo-scalar, respectively. The quantity F contains all the
underlying parameters such as coupling constants. Neglecting € we see that the imaginary
part of F is picked out for a vector current, as in the SM, while the real part is picked out for
scalar currents, as in the LNV case.

The SM contribution to the BR of the rare kaon decay can be parametrised as a dimension-6
EFT operator,

3

Yo (" (1= s)vi) (dyu (1 —s)s), (6.29)

K—mvo __
L 2
SM i=1

SM -
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where we have a single flavour index i rather than two as in the LNV case due to flavour
conservation in the SM. The Lagrangian in Eq. (6.29) leads to the matrix element

iM = (r(p" (k) (k)] L& ™ [K(p)) (6.30)
which in turn yields the squared matrix element

M = <5 i (6= ) = b (s+ 1= m2)] £K(s)2. (6.31)
SM

Here the vector current form factor is given by

2
K(o) — K 5 n 8
where we have A/, = 24.82 x 1072 and A/} = 1.64 x 1073 [522]. Constructing a double
differential decay width out of the SM matrix elements, we can integrate it over the phase
space and match the operator coefficients to readily available expressions coming from loop-
calculations. This yields the effective scales |Aé<1\+,[ = 8.5 TeV and Im(Agﬁd) = 15.46 TeV. The

BR of K — 7tv'V, where 7 indicates either v or 7, can then be written as

3
BR(K — nv?') = BRem(K — 7v) + Y BRinv (K = 7vy)) . (6.33)

i<j

Any interference between the SM and LNV contributions is suppressed by the smallness of
the neutrino mass, and is therefore negligible.

6.4. Kinematic distributions in rare kaon decay

As discussed previously in this chapter, the SM rare kaon decay proceeds via a vector
current, while possible BSM LNV contributions occur via scalar currents. The difference in
current modifies the phase space distribution of final state particles, which is an experimental
observable. Once enough data has been collected this can be used to distinguish between
different types of BSM contributions to rare kaon decays, including those that are LNV, and
can help to identify whether a possible excess is truly due to NP, as the deviation from a pure
vector-current distribution would be a clear signal of BSM physics. An initial assumption
about the phase space distribution would have to be made in order to set limits on the
BR, as the different experiments only probe parts of the phase space. Any experimentally
obtained limit on the BR of rare kaon decays would therefore have to correspond to a specific
assumption about the current.

The double differential decay widths for both the SM and LNV contributions to rare kaon

decays K(p) — m(p")v(k)V (k') were obtained in Sec. 6.3, in terms of the Lorentz invariant
variables s = (p — p’)? and t = (k' + p’)?. In Fig. 6.2 this double differential decay width is
shown for charged rare kaon decays at the NA62 experiment in terms of the squared missing
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Figure 6.2.: Double differential decay width of the rare kaon decay process in terms of the
squared missing energy s and pion momentum p,, shown for both the SM decay
K+ — mtvv (left) and the LNV decay K™ — 7" vv (right). The two signal regions
of the NA62 experiment are shown as shaded areas. This figure is taken from
Ref. [1].

energy s and the pion momentum p, = y/p’2 —m%. The variable ¢ can be transformed
into a function of p, and s using conservation of energy and momentum, given by the
relation p = p’ +k+k'. For both the SM (Fig. 6.2 left) and LNV (Fig. 6.2 right) modes,
this distribution is shown in the lab frame in which the kaon has the initial momentum
pr+ = (p? —m%.) /2 — 75 GeV. The upper edge of the distribution corresponds to the case
where the direction of the pion is parallel to the initial direction of the kaon. Note that the
range in pion momenta in Fig. 6.2 goes up to 75 GeV, which is the initial momentum of the
kaon. The rightmost corners in the plots in this figure therefore corresponds to the case
where the pion takes all the momentum of the kaon, which is allowed since the neutrinos are
effectively massless. The lower limit on p, in this frame is greater than zero since pions are
not massless, there is no way to conserve both energy and momentum for p, = 0. The two
SRs of the NA62 experiment are also shown in Fig. 6.2 following their definition in Sec. 6.1.
They are placed in a way such that the background is minimised.

From Fig. 6.2 it is apparent how the distribution in s varies significantly between the SM
and LNV cases, while both distributions are constant in p, when plotted with respect to” s.

"Note that this non-dependence of the distribution with respect to p is a consequence of the maximum s being
a function of py, as can be seen by the fact that the location of the upper edge of the distribution in s varies
with respect to p. If we integrate over s and plot the differential width with respect to p, the distribution
will not be constant. The flat behaviour in Fig. 6.2 does therefore not lead to a non-dependence on p in terms
of the number of events seen experimentally.
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The SM distribution peaks at s = 0, and reaches its minimum at s = smax = (1 — m)?. For
the LNV case the opposite is true, the distribution peaks at smax while reaching its minimum
ats = 0.

Angular momentum has to be conserved in the process, and this quantity is initially zero
in the frame we are using. The missing energy s can be expressed in terms of the opening
angle 0 between the neutrinos as

s = (k+K')? = k%" — cos 0|k||K'| = k°k"°(1 — cos 8), (6.34)

where in the last step we considered the neutrinos to be massless. The pion is a pseudo-scalar
particle, and the only angular momentum-carrying particles in the final state are therefore
the neutrinos, since they have an intrinsic spin. The two neutrino spins have to cancel each
other in order for angular momentum to be conserved, and this cancellation depends on the
direction in which the neutrinos are going. Because both neutrinos in the final state of the
LNV mode are left-handed, they cannot travel in the same direction (i.e the cross section for
the limiting case 6§ — 0 should vanish). If they did there would be no way in which their
spins could point in opposite directions such that the angular momentum vanishes, due to
their common helicities. For increasing 0 there is a larger phase space available in which the
neutrino spins point oppositely, reaching a maximum at 6 = 7 (in which case there is no
possibility for the neutrino spins not to point oppositely). The spins of the two neutrinos
in the LNV mode exactly cancel each other if they are travelling back-to-back. For the SM
mode, we have one left-handed neutrino and one right-handed anti-neutrino in the final state.
Similar arguments then apply as in the LNV case. For LNC decays, the neutrino spins have
to again point in opposite directions in order to conserve angular momentum. However, for
the SM mode this means that there is a larger phase space available if the neutrinos travel in
the same direction. This is because one of them has positive helicity and the other negative,
such that if they travel in the same direction their spins exactly cancel. In the SM mode the
size of the available phase space is therefore maximum for 6 = 0 and vanishes for 6 = .

In Fig. 6.3, the single differential decay width of K* — 7171V, normalised to the total
decay width, is shown in terms of s for the NA62 experiment8 . The distribution is shown
for both the SM (blue) and LNV (red modes), as well as some of the main background
processes. The dotted blue and red lines correspond to the SM and LNV rare kaon decay
distributions, respectively, after integrating only over the pion momentum range of the SRs
(15 GeV < pr < 35 GeV), as opposed to integrating over the whole momentum range. For
the LNV mode, the operator coefficient is set in such a way that the integrated branching
fraction matches that of the SM mode, and the areas under the blue and red curves in Fig. 6.3
are therefore equa19. Furthermore, the widths of both the SM and LNV rare kaon decays
have been multiplied by a factor 10'° for visibility, since their branching ratios are much
smaller than the main background processes. Even with the strategic placement of the SRs

8Note that integrating over all distributions in Fig. 6.3 and summing them up does not lead to unity. This is
because Tt is evaluated in the rest frame of the kaon while dI'/ds is evaluated in the lab frame. All curves
are therefore lowered by a factor 1/ where v = Eg+ /mg+ is the Lorentz factor.

9When naively comparing it however looks as if the area under the red curve is larger. This is simply a
consequence of the y-axis being in logarithmic scale.
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Figure 6.3.: Differential decay width of the rare kaon decay in terms of the squared missing
energy s. The solid lines in red and blue correspond to the LNV decay K™ — hvv
and SM decay K™ — mv, respectively. The two rare kaon decay widths have
been multiplied by a factor 10! for visibility. The dotted red and blue lines show
the rare kaon decay widths that correspond to the signal region constraint at NA62
in terms of the momentum of the pion. Differently coloured dashed lines show the
distributions of the most relevant background processes at the NA62 experiment,
and the two shaded blue areas correspond to the two signal regions. This figure is
taken from Ref. [1].
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Figure 6.4.: Left: Differential decay width of rare kaon decays at the E949 experiment with
respect to the kinetic energy of the pion in the centre of mass frame. Red and
blue solid lines show the LNV decay K™ — mfvv and SM decay K™ — vy,
respectively, while the dashed red and blue lines correspond to the decays after
performing the kinematic cuts according to the signal region at the E949 experiment.
The shaded areas indicate the signal regions. Right: Differential decay width of
rare kaon decays at the KOTO experiment with respect to the pion transverse
momentum. The shaded area indicates the signal region. This figure is taken from
Ref. [1].

to avoid the main backgrounds, there is still a significant contribution from K — et 7%,
and K — p* 7%, Therefore, further selection criteria via particle identification and photon
rejection have to be applied also inside the SRs [538].

Photon rejection is effective at eliminating backgrounds with a final state 7%, which rapidly
decays into two photons. A final state u™ or et could mimic a 77, but would then appear to
violate conservation of energy, since their masses are different, and 71t can in this way be
identified based on the final state kinematics.

Kinematic distributions of the pion are also shown for the E949 experiment in Fig. 6.4 (left),
and the KOTO experiment in Fig. 6.4 (right). The y-axis shows the differential decay width
normalised to the total decay width, and the x-axis shows the variable in which the SR is
defined (pion kinetic energy E; = for the E949 experiment and pion transverse momentum
pL for the KOTO experiment), where the blue shaded regions correspond to the SRs of the
experiment. From the placement of the SRs it can be seen that the sensitivity to the SM mode
is greater than that to the LNV mode in both the E949 and KOTO experiments.

In each rare kaon decay experiment it is the location of the SRs that determine the relative
sensitivity to different currents. In Tab. 6.1 the fraction of phase space that falls within the
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Experiment | SM (vector) LNV (scalar)
NA62 SR 1 6% 0.3%
NA62 SR 2 17% 15%
E949 mvv(1) 29% 2%
E949 v (2) 45% 38%
KOTO 64% 30%

Table 6.1.: Differential partial rare kaon decay width percentages that fall within the signal
regions of the NA62, E949, and KOTO experiments, for vector and scalar currents.
This table is taken from Ref. [1].

different SRs are shown for the NA62, E949, and KOTO experiments [1]. These fractions
can be obtained by expressing the phase space in terms of the relevant kinematic variables,
integrating over the SR, and dividing by the width obtained by integrating over the whole
phase space. The percentages in Tab. 6.1 serve as an indication of how sensitive each
experiment is to the different currents. We see that the all experiments are more sensitive to
vector currents than to scalar currents. For the NA62 experiment, most events are expected in
SR 2, and the ratio of the percentage of available phase space between the SRsis SR 1: SR 2
~ 0.02, while for vector currents the same ratio is SR 1 : SR 2 =~ 0.35.

Conclusion to Chapter 6

Rare kaon decays offer a unique way to probe LNV with universal lepton-flavour content.
Due to the difference in the kinematic distribution of the final state pion depending on the
chiralities of the associated neutrinos, it is in principle possible to discern whether or not
a potential excess in an experiment is due to a LNV interaction, if a significant number of
events is observed. This highlights an important feature about some of the observables that
involve final state neutrinos: even if the neutrinos themselves are not observed, their definite
helicity can affect the kinematics of other final state particles [1].

In this chapter, we have seen how the distribution of pions in rare kaon decays at the
NA62 experiment could lead to a distinction between LNC and LNV contributions. These
results were published in Ref. [1]. In Ch. 7, we show another example of how LNV could
potentially be probed using final state kinematics, namely via the electromagnetic interactions
of neutrinos.
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7. LNV in radiative CEvNS

Coherent elastic neutrino-nucleus scattering (CEVNS ) [546] is a SM process that was first
discovered by the COHERENT collaboration in 2017 [547]. Since its first observation, the goal
in CEvNS experiments has shifted from confirming the existence of this mode to using it as
a probe of SM parameters and to search for NP. In the future, CEvNS experiments will be
able to detect extremely small momentum transfers of O(eV), using very low nuclear recoil
thresholds [548,549]. One possible NP scenario that could potentially be observed in such
experiments is the Primakoff upscattering of incoming neutrinos into heavy sterile neutrinos,
e.g. via a transition magnetic dipole coupling, as illustrated in Fig. 7.1 (left). Such a dipole
portal could simultaneously be a way to probe both the existence of sterile neutrinos as well
as the NP that generates the magnetic moment coupling [3].

In this chapter we focus on a specific process involving dipole couplings at CEvNS ex-
periments: the initial upscattering of a neutrino v into a sterile neutrino N via a transition
magnetic moment N, and the subsequent decay of the sterile neutrino into a photon and an
active neutrino, as shown in Fig. 7.1 (right). We call this process radiative CEvNS. Searches
for it have been proposed for the DUNE [550], IceCube [551], Super-Kamiokande [552], and
NUCLEUS [3] experiments. The latter experiment is the main focus of a large part of this
chapter. First we discuss the details of neutrino transition magnetic moments (Sec. 7.1), how
they are connected to neutrino masses (Sec. 7.2), and how they can be searched for in CEvNS
experiments as well as how radiative CEvNS can be used to probe the possible existence of
LNV and the nature of neutrino masses (Secs. 7.3 and 7.4). The work presented in this section
led to the publication in Ref. [3].

7.1. Neutrino transition magnetic moments

To describe the transition magnetic moment coupling between an active neutrino v, of
flavour & € {e, 4, T} and a sterile neutrino N we use the following Lagrangian:

LD ]/lsNVaLO'VVPRNPVV +h.c., (7.1)

where the electromagnetic field strength tensor is given by FI*¥ = 0¥ AY — 9" A¥, and where
15 are the transition magnetic dipole couplings. Note that Eq. (7.1) is only valid below the
scale of EWSB since it is not invariant under the full SM gauge group. To obtain a Lagrangian
which is valid at higher energies, Eq. (7.1) would need to be matched onto expressions given
in terms of the SM doublets L, and H as well as the U(1)y and SU(2);, field strengths By,
and W;jv. The momentum scales involved in CEvNS are well below the scale of EWSB, and
therefore Eq. (7.1) remains a valid description of this process. In order to have coherence in
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Vg

v

Figure 7.1.: Left: Primakoff upscattering of a light active neutrino v, into a heavy sterile
neutrino N via a transition magnetic dipole moment interaction with nucleus A.
Right: The same but with the additional decay of N into an active neutrino v and
a photon v, i.e. the radiative CEvNS process.

the scattering, i.e. in order for the incoming neutrino to interact with the whole nucleus rather
than individual nucleons, the energy of the neutrino has to be less than the inverse diameter
of the nucleus, which for a nucleus of diameter 1 fm corresponds to an upper limit neutrino
energy of about 0.2 GeV.

Both the active and sterile neutrinos could be of either Dirac or Majorana type. The active
neutrinos v, are left-handed Weyl spinors that can be part of a Dirac (vx = V41 + Var) Or
Majorana (v, = v,1, + v5;) 4-component spinor. In the former case it is necessary to introduce
yet another sterile field, namely v,r. The heavy sterile field N can similarly be decomposed
into a left- and right-handed Weyl spinors according to whether it is a Dirac (N = Ny + Ng) or
Majorana (N = N + Ny) field, where in the former case N has been additionally introduced.
There are therefore four combinations of field types for the active and sterile neutrinos that can
realise Eq. (7.1). However, for light active neutrino masses well below the momentum scales
involved in the scattering m, < E,, the experimental resolution of the active neutrino mass
type is very limited, and the differential scattering rates are approximately equal for Dirac and
Majorana types. This is in agreement with the Dirac-Majorana confusion theorem [553,554].
For the heavy sterile neutrino, the difference between Dirac or Majorana masses can be
significant if my is close to E,.

The Lagrangian term in Eq. (7.1) leads to the Primakoff upscattering interaction v,A —
NA [555,556] depicted in Fig. 7.1 (left), where A is a nucleus. If the incoming neutrinos are
relativistic, the distribution of the cross section in terms of the nuclear recoil energy Eg is
identical for Dirac and Majorana N. Therefore, the current non-observation of any deviation
from the expected SM distribution can lead to constraints on the size of the dipole coupling
15y as a function of the sterile neutrino mass my, and these limits are then applicable to
both Dirac and Majorana N. Such flavour-dependent constraints have been set by a range of
different experiments [550].

Eq. (7.1) also leads to the radiative upscattering process v,A — vgyA [3] depicted in
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Fig. 7.1 (right). The corresponding cross section is proportional to the factor ]yﬁNnylz, which
contains four powers of the transition magnetic moment coupling y, N as opposed to the two
powers in ordinary Primakoff upscattering. This leads to a suppression of the rate of radiative
upscattering in experiments. However, the final state photon provides an additional signal
which can potentially be used to obtain more kinematical information about the process,
which in turn could potentially be used to discriminate between Dirac and Majorana N, as
can be seen below.

Note also that the final state neutrino vg remains undetected in CEvNS experiments.
Therefore, additional decay channels of the sterile neutrino N that produces a photon could
potentially also provide a signal. Introducing another sterile neutrino N’ as an additional
light state, such that my < my;, leads to the Lagrangian

L D pinUar 0 PRNF? + iniy N0, PRNFF + hec. . (7.2)

From Eq. (7.2) we have the radiative upscattering process v, A — X;A7y, where X; € {vg, N'}
is a light fermion. The corresponding cross section is then proportional to |u%y ¥ pix.n|%
which could lead to weaker experimental constraints as compared to the mode that only
utilises the coupling between N and v.

7.2. Neutrino masses from transition dipole couplings

In this section we consider the connections between transition neutrino magnetic dipole
moments and active neutrino masses. If the radiative CEvNS interaction is realised in nature,
and should the heavy sterile neutrino N that mediates the process be Majorana, the light active
neutrinos must be Majorana as well. As illustrated in Fig. 7.2, the transition magnetic dipole
moment coupling in combination with a Majorana mass insertion for the sterile neutrino
inevitably leads to a one-loop radiative active neutrino Majorana mass diagram. While this
contribution to the neutrino mass may in some instances not be the dominant one in the
presence of a Dirac mass term with light right-handed sterile neutrinos vy, it does imply that
the active left-handed neutrinos have a Majorana nature, which in turn implies LNV. For
Dirac N, no direct conclusion about the nature of active neutrinos can be drawn.

A large neutrino transition magnetic dipole moment y,y in combination with small active
neutrino masses could hint towards some underlying symmetry, e.g. related to the Voloshin
mechanism [557] or inverse seesaw [499-501]. These mechanisms can be model-independently
described in modified versions of SMEFT for both Dirac and Majorana neutrinos. The
modification involves adding an additional light! Dirac or Majorana sterile neutrino® N. If the
Weyl spinor component N couples to v;, via an active-to-sterile transition magnetic moment,
mass terms of the form

L D myn7LNgr + h.c. (7.3)

IHere we mean light with respect to the scale of EWSB. The light field in question, N, is often referred to as a
heavy field in the text since it is heavy with respect to the light active neutrino mass.
2Such an EFT is often called vSMEFT in the literature.
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8

AV4
ZEN A

Figure 7.2.: Active neutrino radiative neutrino mass diagram induced my by the transition
magnetic moment coupling y,y as well as a heavy sterile neutrino Majorana mass
insertion. This figure is taken from Ref. [3].

can be generated in an EFT description [558]. We can construct an EFT Lagrangian as

(d)
G ()
Legs = ;75\01_4 O](d)(y) + h.c., (7.4)
j

where j enumerates the different operators 0" and C](d) for a given dimension d > 4.
Furthermore, A is the scale of NP, and yu is the renormalisation scale. In a SM invariant
EFT formalism an effective active-to-sterile neutrino transition magnetic dipole moment
involving Dirac sterile neutrinos can be generated at dimension d = 6 via operators that
include couplings to the SM gauge field strengths Wy, and By, . In the basis we consider here,
going from the scale of EWSB to higher scales, these operators mix in renormalisation group
running with another operator containing three copies of the Higgs field. The three operators
in question are given by [558]

O§6) = ¢'LHoy, NgB"
(956) = gLt"Hoy, NRW (7.5)
oy — LANg (H'H),

where 7" = ¢ /2 are the generators of SU(2). The operator (’)§6) induces a Dirac neutrino

mass term given in Eq. (7.3) after EWSB. Assuming that Oéé) vanishes at some high scale

A such that C§6)(;1 = A) = 0, non-zero values of Cié)(‘u = A) and Céé)(‘u = A) lead to a
non-vanishing contribution to (’)gé) at the EWSB scale v via mixing, such that C§6) (u=0v) #0.
In this way, Dirac active neutrino masses are generated from the magnetic moment operators
056) and (956). Below the scale of EWSB these two operators combine, giving the magnetic

moment coefficient

P;g =-16v2 (57 ) |67 @) + &7 )] (7.6)
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where yup is the Bohr magneton, and C§6) leads to the Dirac mass contribution

3

_ (6)
om,ny = —C5 (v .
N 3 ( )Zﬁ/\z

(7.7)

Eliminating A yields the relation

v? )
16me ¢ (o) + ¢ (0) ¥

omyN = (7.8)

Assuming now that we have C§6) (1 =A)=0at A =1TeV, and that the mass constraint on
light active neutrinos is m, < 1 eV, the induced constraint on p,y is

|1un| _15 ( OmyN
s 10 Tov | (7.9)

However, in deriving Eq. (7.9) it was assumed that C§6) and C§6) have the same sign and
contribute equally to the neutrino magnetic moment. In case there are partial cancellations

between Cié) and C§6) the bound in Eq. (7.9) is no longer valid. Furthermore, there may be a
cancellation between a radiatively induced neutrino mass and a tree-level Dirac mass term
that is induced e.g. via a Yukawa coupling to some scalar with a non-zero vev. For the rest of
this section we consider these types of cancellations to be possible.

In case there is a large mixing between active and sterile neutrinos, a transition magnetic
moment can be induced via loop diagrams that involve charged leptons [559,560]. This
contribution is given by [555]

lyn|  3mynme Gg 13 ( MyN
= —_—~ 1 . 7.1
UB 1672 /2 0 (1 MeV) (7.10)

For Majorana N, the loop diagram in Fig. 7.2 is induced in the presence of a transition
magnetic moment. This contribution to the light active neutrino mass can be estimated as

2 2
UuN o myA
~ 7.11
mv < ]/lB > 167'( mg 7 ( )

where A is the scale of NP in the magnetic moment operator. For A = 1 TeV and my = 1 MeV,
the mass constraint m, < 1 eV leads to

‘PZ;V’ ~ 1078 (ﬂ@’;) : (7.12)

Both Egs. (7.10) and (7.11) depend on the Majorana mass of N, where the constraint on y,n
grows weaker for large my due to reduced mixing, while the light active Majorana mass
m, increases with increasing my. In e.g. the inverse seesaw mechanism [499-501], where
light active neutrinos get their Majorana mass from a combination of my, and the Yukawa
couplings between v;, Ng and Ng, Ni, both constraints can simultaneously be satisfied by a
set of parameters that keeps m,n small without having a large my, and that arises without
fine-tuned cancellations.
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Figure 7.3.: Left: Primakoff upscattering of a light active neutrino v, into a heavy sterile
neutrino N via a transition magnetic dipole moment interaction with a nucleus
A, using the kinematic variables s = (ky + k1)? and t = (k; + p1)?. Right: The
same but with the additional decay of N into an active neutrino v and a photon 7,
i.e. the radiative upscattering process, with the kinematic variables s = (ky + k;)?,
t = (k1 — p1)? 81 = (p2+ p3)% s3 = (p1 + p2)%, and t, = (ko — p3)%. This figure is
taken from Ref. [3].

7.3. Calculation of the radiative CEVNS process

In this section we calculate the cross section for both the Primakoff upscattering and radiative
CEvNS processes given by the diagrams in Fig. 7.1 (left) and (right) respectively, and use the
results to calculate event rates at the NUCLEUS experiment. The treatment of the kinematics
in these calculations follow from Ref. [561].

7.3.1. Primakoff upscattering

First we consider the Primakoff upscattering of an incoming light active neutrino v, into a
heavy sterile neutrino. In the flavour basis for v, and mass basis for N, this process can be
described by the Lagrangian

In case both v, and N are Majorana, we can simplify Eq. (7.13) as

L5 1T [U,WPR - C(UWPL)TC_l} NF™ = 1%\ 0,0, NFFY (7.14)

where we have used the relations (u%y)* = —u%,, assuming CP-symmetry, and CP[C~! = P;.
As shown in Fig. 7.3 (left), the momentum exchange between the neutrino and nucleus via
the photon is 4 = k; — p1 = pn — kz. For both Dirac and Majorana N, the process v,A — NA
leads to the matrix element

MOt [P, ] 8 g 7.15
v A—NA — BuN [UNOupl'Lg ”va] 7 Iz (7.15)
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while the process 7,A — N A leads to

.+ ,DM) R (—ig") A
ZM%A%NA = WuN [vvaaprquvN] T]a . (7.16)
where the hadronic current is denoted by J4. We assume this current to take the form
J& = —ieZ(iigvoua)F(q?), where F(g%) is a nuclear form factor. In the case of Dirac N, the
processes v,A — NA and 7,A — NA are suppressed by a factor m,/k3. For Majorana N
these processes are not suppressed. Due to the relation N = N°¢ their corresponding matrix
elements are again described by Egs. (7.15) and (7.16), respectively. We work in the limit of
vanishing active neutrino masses, for which the matrix element of the Primakoff upscattering
process is same same for Dirac or Majorana N. In this limit there is also no such concept as
Dirac or Majorana v,, since they are massless.
Using Egs. (7.15) and (7.16) we can now find the differential cross section by taking the
absolute square, averaging over incoming spins, and summing over outgoing spins. This
differential cross section is given by [3]

11

2s—ml)2 S IMOGY a2y, (7.17)

spins

2
A“oy A-NA =

where m 4 is the mass of the nucleus A and d®, is a two-body phase space of the outgoing N
and A (c.f. Appendix C), which is given by

1 d3p1 d3p N
(27)2 2Ep, 2Ep,

dd, = o (kg + ko — p1— pN) - (7.18)

Integrating, we can eliminate the delta-function to obtain

/ 1 d3p1 d3pN
(27)2 2E,, 2Ep,

dp  dt
27 87t(s —m?)

6* (ki +ka — p1— pn) = (7.19)
Here we have expressed the phase space in terms of the azimuthal angle ¢ describing rotations
in a plane perpendicular to the direction of the incoming neutrino, as well as the Mandelstam
variable t = g2. The integration limits for the phase space are given by the relation Az < 0,
where the 3 x 3 symmetric Gram determinant A3 is given by

s mi 1
1 0 m%j t 1
Az = o s my 0 my 1] (7.20)
my, t m%j 0 1
1 1 1 1 0
The absolute squared matrix element summed over spins can be written as
1 2722 (g2
5 Z My, asnal® = (uin)? [#(LI)LVVH’”, (7.21)
spins
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where Z is the number of nucleons, and the leptonic and hadronic tensors L,, and H,, are
respectively given by

L = Tr[(pn + mn) oy PLkaoa] 4", (7.22)
1
HY = S Te[(p1+ma)y" (K +ma)y']. (7.23)

There is no dependence on the azimuthal angle ¢, and we can therefore integrate over it to
obtain the single-differential cross section

F(s, m%\], t, mi)

dU—mA—)NA a2 212
dt - (‘uVN) aZ f (t) 2t2(5 — m%‘)z 7 (724)
where we have introduced
F(w,x,y,z) = 2y(w — 2)* + 2y*(w — z) — xy(Qw +y) + x*(2z + y).. (7.25)

Converting Eq. (7.24) into an expression given in terms of variables that are defined in
the lab frame, we can use the relations k; = (m4,0), ko = (Ey, k2), p1 = (ma + Egr,p1)
and py = (E, — Egr,pn), where E, is the energy of the incoming neutrino and Eg is the
nuclear recoil energy. The Mandelstam variables are now given by s = m(ma + 2E,) and
t = —2mEg. Using the Jacobian J (Eg) = aaTtR = —2my gives us

ATy ASNA | a \2 212 1 1 mg 2E, — Eg

4
- N (1 = ER) ] . (726
8mAERE5 ma

We are going to be interested in the case where the momentum exchanged by the photon is
much smaller than the mass of the nucleus, in which case we drop the terms in Eq. (7.26) that

are proportional to E, ! or m 1.

7.3.2. Radiative upscattering

We now compute the squared matrix element and differential cross section that corresponds
to radiative upscattering v;A — vgA7y [3]. This process can be thought of as a Primakoff
upscattering v, A — N A followed by a sterile neutrino decay N — vy that is induced by the
magnetic moment coupling. For Dirac N the matrix element for the decay N — vg7 is given

by

iM]Z:\)]—n/ﬁ'y = .qu [avﬁavaR“N]Pgev* . (7.27)

Here p} and € are the momentum and polarisation of the final state photon, respectively, and

Pg = 3(1+ 7s) is a right-handed projection operator. The matrix element for the conjugated
process N — 77y can be obtained with the replacement [avﬁovaRuN] — [z?NUWPLv,,ﬁ]. If Nis
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Majorana, the matrix element for N decaying via the transition magnetic moment coupling is
given by the sum of the processes N — vy and N — vg7. The matrix element is then given

by

ZMN—W;;’Y ,qu [7/_[1//5 [O'yVPR - C(UMVPL) ™ 1]MN] pg ”
= ny[ﬂvﬁaw(PR + PL)un]phe” = yvN [uvﬁa},qu]pg e’ . (7.28)

In order to obtain the differential decay width we must take the absolute squared of the
matrix element and sum over spins and polarisations,

e SIS VI L

2
_ Add, . (7.29
Novpd 2my spins, pols ’ )

N—M/ﬁ'y

Here we do not average over the spin of N, since in subsequent steps we take it to be an
intermediate particle in the full radiative upscattering process. The squared and spin-summed
matrix element is given by

Z ‘MII\\I/I—wﬁfy’z =2 Z ‘MR—WWF = 4(}!52\])21’11?\, ’ (7.30)

spins, pols spins, pols

where the factor two difference between Dirac and Majorana N comes from the additional
channel in the Majorana case. As seen in Appendix C, the two-body phase space can be
expressed in terms of the angles 6 and ¢ as

1 d¢ dcosb
o 7.31
2= 8ron 2 73
and integrating then gives the decay width
(o3
rN—)vﬁ'y = ZFN—H/ﬁ'y /dZFNﬁvﬁA - VZT[ N . (7.32)

The relative factor two between Dirac and Majorana N that is seen in Eq. (7.32) also appears
in vector neutral current decays [562,563].

Now considering the full radiative upscattering process, we define the Lorentz invariant
Mandelstam variables s, t, s1, s3, and f;, as

= (ky +k2)* = ma(mp +2E,), (7.33)
= (ky — p1)* = —2muER, (7.34)
= (p2+ p3)* = —2maEg — 2E,(Eg — \/Er(2ms + Er) cosb), (7.35)
s3 = (p1+ p2)? = ma(ma +2E, — 2E,) — 2E,E, (1 — cos,), (7.36)
= (ko — p3)* = —2E,E, (1 — cosb,), (7.37)

where 6, and 0y are the angles between the directions of the incoming neutrino and outgoing
photon and nucleus, respectively, and E, is the photon energy. The Mandelstam variables
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from Eq. (7.33) are illustrated in Fig. 7.3 (right) in terms of the associated momenta. For Dirac

N we have the two possible processes v,A — NA — vgAy and 7,A — NA — 73Ay. The

matrix elements for there processes are

iMP — b i[1,07 PR (P N+ 1mN)0up Prity, ] € plgP (—igho)
Vg A= g Aty vNI*yN p%\l _ m%\] +imnTy qz

JA, (7.38)

and

iMP =t i[04, 0o PR(P N + ) oneProy, €™ pigf (—igh)
T Ao Tg Ay vNFvN plz\] — mlz\] +imnI'y qz

j4, (7.39)

respectively, where I'y is the total width of N and p); = (p2 + p3)*. For Majorana N, the
additional processes v, A — 7 A7y and 7, A — vg Ay are allowed. The radiative upscattering
matrix element is then given by

M B i[b‘tvg”Aé(VN+mN)‘7upPL“w]€MPg’1p (—ig")

iM = u;, .
V,;‘A%VEC)AW HonHon p%\, — m%\, + imnT'y qz

jA, (7.40)

where the difference from the Dirac case is the absence of the projection operator Pr to
the left of the N mediator, since the sum P, + Pg = 1 is used for the two contributions
in the Majorana case. Note that the final state neutrino véc) may or may not be charge
conjugated, depending on whether the process has a v or 74 final state. This is strictly
applicable to the Majorana N case, where v is also Majorana. Assuming instead an incoming
v, of predominantly positive helicity (corresponding to 7, in the Dirac case) the replacement
[avﬁUAé(VN + mN)UP,pPLuVa] — [51/“0')\@131{(]?1\] + mN)O'],,pUVﬁ] should be made in Eq. (7.40).

The full differential cross section for the radiative CEVNS process can now be obtained by
squaring the matrix element, summing over final state spins and polarisations, and averaging
over the initial nucleus spin, [3]

1 1

DM
20 —n2)2 ) |Mva(/;lvwlzd<1>a- (7.41)

spins

5
d U—VD(A—H/ﬁA’y =

Here d®j3 is the final state three-body phase space which is given by

1 d®py d®p2d®ps
(270)5 2Ep, 2Ep, 2E,,
_ dﬁ ds1dtidszdt,
225674 (s — m3) v/ —As

The physical phase space is defined as A4 < 0, where the 4 x 4 symmetric Gram determinant

dd; = §*ki+ ko —p1 — p2— p3)

(7.42)
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A4 is given by

S3 t1 mi\ 1
0 0 th s 1
1
Ag=—— | 0 0 s 1 (7.43)
16 fl tz 0 mi 1
mi s1 8 mi\ 0 1
111 1 1 0
The absolute squared and spin-summed matrix element can be written as
\DM) v
1 D(M , 72 F% () Ly, " HY
5 x| VfAlVWIZ (Hin oy )? ad (7.44)

4 2 .2 )2 2712 7
spins, pols q (pN mN) +mNFN

where the hadronic tensor H"" is the same as in in Eq. (7.23), and the leptonic tensors are
given by
L1P = Te[paoazp NOuoka0v Prp Noyg) £ 9515070, (7.45)
Lii™ = Telpaong (px + mn) o kavueoPr(p o + mn) o] §Vp5p50°0° (7.46)

for Dirac and Majorana N, respectively. Integrating over the azimuthal angle ¢ we then obtain
the Lorentz-invariant differential cross section

D(M)
d4 V,,CA*)vﬁ;A’y 2 CKZ2]'_2(t1) LZ{,D(M)HVV

_ VeADVpAY  oa P
dSldt1d53dt2 (.MVN.MVN) 12873 t%(s _ mi‘)Z [(51 _ m%\])Z + mlz\]r%\]] /7—A4 .

(7.47)

7.3.3. Connection to experimental observables

Using the result in Eq. (7.47) we now connect the radiative CEvNS process to experimental
observables in order to draw conclusions on the model parameters based on experimental
results. In particular we are interested in the nuclear recoil energy Eg as well as the energy
E, and outgoing angle 6., of the photon. In order to fully express Eq. (7.47) in terms of these
variables we also need to use the nuclear recoil angle 6. The relation between the observables
and the different Mandelstam variables can be found in Eq. (7.33). From these relations we
see that s3 and t; are both independent of Er and 6r. If we want to first express Eq. (7.47) in
terms of the nuclear energy and angle we can then integrate over s3 and f; such that

40,40 Ay
Va —>1/5 Y Va _)V,B Y
_ d R
ds dt, tz/ dSS dsidtidssdty (7:48)

Here the integration limits are found by solvmg A4(s3,t2) = 0. Performing the integration for
Dirac N we have

d 01/ A—vgAy _ (}l“ B )2 aZ2FZ(t1) S%F(S, sl,tl,m%) (7 49)
dsidty VNFvN 1672 £2(s —m?%)2 [(s1 — m%)2 + m3T%]’ '
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and for Majorana N we have

2 M
d-o, vaA—>vﬁA'y 2 lXZ2.F2(t1> S1 (51 + m%\,)F(s, s1,t1, mi‘)

—— = () -
ds1dt; vNFvN 1672 t2(s —m%)? [(s1 — m%)? + m3, %]

(7.50)

We see that these cross sections are quite similar. They vary by a factor s/ (s1 + m3;), as can
be seen from the relation

2 D
d Uv A—H/ﬁA'y/d UvaA—>vﬁA'y

dSldtl

P

iy ot (7.51)

The second term in Eq. (7.51) corresponds to the additional channel that is present for
Majorana N. To change variables into Egr and 6g we now multiply the double differential
cross sections with the Jacobian

J(ERr,0r) = ‘m = —4E,ma\/Er(2my + Egr) sinfg, (7.52)
such that
d? 1291\21/;3147 B 203%%/17
T dEndon J (ER,0Rr) “dsdh (7.53)

Single differential cross sections can then be obtained by integrating over either the nuclear
angle or the recoil energy, such that

JoP™M) 2oP™M)

2

9, A—vgAy Oy Ay Ay
— = dog ——— 1, 7.54
dER o % dEgdég 759
D(M) D(M)
deaA—wﬁAy B E¥ JE d’o V&A—wﬁAv (7.55)
dx  Jo R T dEdex '
where the integration limits are given by
E E
cosby = R(ma + EBy) , (7.56)
Ey\/Er(2m4 + ER)
2mAE2 cos® @
Ef = Ay €05 R (7.57)

ma(ma +2E,) + E2(1 — cos?0g)

In order to express the cross section in terms of the photon angle 0., and energy E,, we can
integrate the differential cross section over sy and t; instead of s3 and t,. We then have

dz DE}l\A) A A A
g, —vpgAy _ va —>vﬁ g
dS3dt2 ty dtl/ dSl dSldtldS3dt2 (758)

where the integration limits can again be found by solving A4(s1, 1) = 0. Both of the integrals
in Eq. (7.58) are non-trivial since there is a s;-dependence in the denominator of the squared
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matrix element, and #; appears in the form factor F(t1). After integrating we can change
variables in the remaining double differential cross section into the photon angle and energy
by using the Jacobian

8(53, tz)

= i ) 7.59
3(E,,0,) 4dmaE,E, sin0, ( )

j(Evr 97) = ‘

The single differential cross sections can subsequently be obtained by integrating over the
remaining variable such that

d‘flz(jxvguﬁm B /" " dz‘TvDagl\gvﬁAy 7.60)
dE, ~Jo " dE,d6, ' ’
d‘TZE}x\QVﬁAy (B JE 2‘73(flx\i)vﬁm 7.61)
dao., o 7 dE,db, ' ’
where the integration limit on the photon energy is given by
Ef = MAEy (7.62)

T ma+E,(1—cosby)’

To solve the integral in Eq. (7.58) we use the Narrow Width Approximation (NWA). This is
implemented by making the replacement

1 7T
— 5(sp — m3 7.63
(s1 —m%)2+m3I% ~ mnIn (51— m) (7.63)

in the propagator. Now using the relation s; = m‘lz\,, which is given by the fact that N is
on-shell in the NWA, we can relate the nuclear recoil energy and angle via

m%\, +2Er(my + Ey)

2E,/Er(2ma + Eg)

cosfr = (7.64)

Solving for Er we instead have

ot _ 2maE2ck —m%;(ma + Ey) £ E,,CR\/élnfzqu%c%2 —dmam%(ma + Ey,) + m3, 7.65)
R 2ma(ma +2E,) +2E2(1 — ¢2) ' ‘

where cg = cosfgr. In the NWA formalism, the distance ¢, that N travels in the lab frame
before decaying is given by

2 2
1 |(En 1 E, — Er E, 1
lo = — — ] —-1=— -1~ ———. 7.66
° T Iy (mN> FN\/< my ) my I'n (7.66)

Here Eq. (7.66) is found by applying a boost factor By = y/7? — 1 to the time 7y = ﬁ in the
rest frame of N, where the assumption is made that N travels at (nearly) the speed of light.
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7. LNV in radiative CEVUNS

We also assume that the nuclear recoil energy Eg is much smaller than the incoming neutrino
energy E,. Using Eq. (7.66) we can then find the minimum decay width I'y that corresponds
to a signal at an experiment of fixed length Lge; between the CEvVNS target and the photon
detector.

The radiative upscattering cross section in the NWA is now given by [3]

D(M) D(M)
da—vaA—WﬁA’y . davaA—>NA FN—W[;’y (7 67)
dER  |xw 4Bk In '

From this cross section we can obtain the differential event rate for v,A — X where X €
{NA,vgAvy} at a given experiment as

D M max D M
dEx — A-my Jepney " dE,  dEgR |

where

. Er = m3 2m
e = (4 i) (14 14 22)), (7.69)

is the minimum energy of an incoming neutrino that can induce a recoil with energy Eg in
gy, . . .
the nucleus, and d(/g" is the incoming neutrino flux.

For radiative CEVNS cross sections that are differential in the photon energy E, and angle
6, there is no analogue to the factorisation strategy used in Eq. (7.67) that works similarly

well. Instead, we can write the double differential cross section as

D(M)
dzO—V“AHVﬁA'y B | . 8 ‘2 “22E7 sin 9’)/ t?’ dt L’;;;/D(M)HHVJ'_'Z(tl) (7 70)
dE,d0y |awa NN D8I BTy Sy T B TR e
where t; = g> = —2m4Ey is the momentum exchanged via the photon. Due to the presence
of the nuclear form factor F(t1), Eq. (7.70) cannot be solved analytically.
The differential event rate with respect to X, € {E,, 6,} can be written as
D(M) max D(M)
deaA—wﬁA'y _ 1 /Ev JE d(l)va daVaA—WﬁA'y (7.71)
ax, A -my JEpin(x,) Y dE, ax, ! ’

where A is the number of nucleons, and where the value of the minimum incoming neutrino
energy EM"(X,) depends on whether the distribution should be given in terms of E, or 6,
For E, we have

2
EM(E ) =E ) — 7.72
while for 6, we have
: my(2my —m
EXin(6,) = N(2ma — my) (7.73)

2(mA — mN)
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These relations come from conservation of energy and momentum. Eq. (7.72) describes the
minimum neutrino energy that can lead to the production of a photon with energy E,, and
Eq. (7.73) describes the required neutrino energy that leads to an on-shell N. The latter
relation follows from using E, = my/2 in the first, as this is the energy that the photon
acquires from the decay of an on-shell N in its rest frame, assuming we have used the massless
active neutrino approximation.

Apart from considerations of the event rate distribution, a difference between Dirac and
Majorana N can potentially be seen in the polarisation of the final state photon [3]. For Dirac
N (N), the decay N — VgY (N — 77) leads to a left-polarised -y (right-polarised <) photon
in the final state. The other polarisation does not appear since such a process would violate
conservation of angular momentum. A Majorana N can decay equally into a neutrino plus v
or y_, where the distribution of events with <4 in the final state in terms of the photon angle
0., has the proportionality relation® ARN—vg7. /A0y & (1 F cos 0). The total distribution for
Majorana N is therefore isotropic in the rest frame of N while the same does not hold for
Dirac N (N), where small (large) angles 6., are preferred.

7.4. Experimental sensitivity to radiative CEvNS

In this section, we evaluate the potential experimental sensitivity to radiative CEVNS
processes. Special focus is put on the future NUCLEUS experiment [548,549] located 100 m
from the Chooz nuclear reactor at a place called the Very Near Site (VNS), where it will
receive an antineutrino flux ¢y, ~ 10'? 7, cm~2 s~!. This experiment is designed to detect
nuclear recoil energies as low as O(10) eV, making it an ideal environment to search for
radiative CEVNS processes, where a large part of the incoming neutrino energy goes to the
final state photon and neutrino rather than the nuclear recoil. In Phase I of the experiment a
10 g ALO3/CaWOy target of diameter Lyt ~ 5 cm will be used. In the Phase II upgrade this
will potentially be exchanged for a 1 kg 7>Ge target of diameter Lge; ~ 25 cm. A cryogenic
outer veto that is used for background rejection in the NUCLEUS experiment could be
sensitive to outgoing photons in radiative CEvNS events. These photons could potentially
be detected in the energy range 1 keV to 10 MeV, where the high-energy end of this range
could feature a resolution of 50 — 100 keV [564]. It may be possible that the coincident signal
of a nuclear recoil and a high-energy outgoing photon could lead to excellent background
rejection in radiative CEVNS experiments. Therefore, when we consider radiative CEVNS
events at NUCLEUS in this section, secondary background processes are neglected.

In Fig. 7.4 (left) the rate of both Primakoff upscattering events with my = 1 MeV and
6y = 10710 g, as well as ordinary CEvNS events, are shown for the NUCLEUS experiment,
where the rates are calculated using the formalism from Sec. 7.3.3. Three different nuclear
targets types are used: *Ge, Al,O3, and CaWOy. The predicted nuclear recoil background
is indicated by a horizontal black dotted line, and the region in which the nuclear recoil
energy Eg 2 O(10) eV is large enough to be detected by the NUCLEUS experiment is
indicated in grey. In Fig. (7.4) (right), the event rate for the radiative CEvNS process is shown

3Note that this relation also holds for Dirac N (N).
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Figure 7.4.: Left: Differential event rates for Primakoff upscattering using three different
target materials 3Ge (grey), AlLO;3 (blue) and CaWOy (orange) at the NUCLEUS
experiment, with respect to the nuclear recoil energy Er, where the values my =
1 MeV and p%y = 107'° 5 have been used. The SM CEvNS rates are shown in
dotted lines. Right: Differential event rates in terms of Er for the radiative CEVNS
process, using my = 1 MeV and p%y = 3 x 1078 ug, for both Dirac (solid lines)
and Majorana (dashed) sterile neutrinos. This figure is taken from Ref. [3].

for the NUCLEUS experiment using the same three target materials for my = 1 MeV and
Mo =3 % 108 1, where the outgoing neutrino is assumed to be electron flavoured, for both
Dirac (solid) and Majorana (dashed) N.

In Fig. 7.5 the double differential cross section for the radiative CEvNS interaction using a
3Ge target, assuming F(t;) = 1 for simplicity, is shown in terms of E, and 6., for Dirac (left)
and Majorana (right) N using benchmark values E, = 3 MeV, my = 1 MeV, uf\, = 3 X 108 Us,
and I'y = 10! MeV. The difference in the differential cross section between Dirac and
Majorana N is clearly visible in the respective bottom-right corners of the two figures, where
it can be seen that a significant rate of high-E., low-6,, events should be expected in a radiative
CEvNS experiment if N is Majorana, but very few such events would be there for Dirac N.

In Fig. 7.6 the differential event rates for the radiative CEvNS process, obtained from
Eq. (7.71), are shown for Dirac (solid lines) and Majorana (dashed lines) N, for the three
different target materials 73Ge, Al,03, and CaWOj, at the NUCLEUS experiment. A difference
between Dirac and Majorana N can be seen in the distribution of events in terms of both E,
and 6,. In Fig. 7.6 (left), we see that the distribution of events in terms of E, is symmetric
around the peak at E, = my /2 for Majorana N, while for Dirac N smaller values of E, are
preferred. Since we consider active neutrinos to be massless as well as using the NWA, the
relation E, = my/2 holds in the rest frame of N. The distribution in Fig. 7.6 (left) appears
when boosting to the lab frame. In Fig. 7.6 (right) the radiative CEvNS event distribution is
shown in terms of the photon angle 6,,. Here it can be seen that smaller angles are preferred
for Majorana N relative to Dirac N.

Using the neutrino flux from the Chooz reactor, radiative CEvNS events have the largest
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Figure 7.5.: Differential cross sections for the radiative process v,A — v, A7 in terms of the
outgoing photon energy E, and photon angle 6., where the incoming neutrino has
an energy of E, = 3 MeV and 7Ge is used as a target material, assuming a sterile
neutrino mass my = 1 MeV. The values uj,; = 3 x 1078 pp and Ty = 101! MeV
are used, where these variables change the magnitude but not the shape of the
contours. The left and right figures correspond to Dirac and Majorana sterile
neutrinos, respectively. This figure is taken from Ref. [3].
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Figure 7.6.: Differential event rates in terms of the photon energy E, (left) and angle 6., (right)
at the NUCLEUS experiment, for target materials *Ge (grey), Al,O3 (blue) and
CaWO; (orange) and for Dirac (solid) and Majorana (dashed) sterile neutrinos,
assuming a sterile neutrino mass my = 1 MeV and transition magnetic moment
1oy = 3 x 1078 up. This figure is taken from Ref. [3].

cross section for sterile neutrino masses in the range my ~ 1 — 5 MeV. For a given value of
my, the radiative CEvNS cross section increases for higher incoming neutrino energies.
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Figure 7.7.: Left: Flux of antineutrinos from the Chooz nuclear reactor at the VNS. Right:
Fraction of neutrinos that arrive at the VNS from Chooz that are in the electron
flavour, as a function of the neutrino energy, where i € {e, y, 7}.

In Fig. 7.7 (left) we see the flux of neutrinos at the VNS as a function of energy. Since
the flux decreases for increasing E,, the total event rate will also fall off even though the
cross section increases. In Fig. 7.7 (right) the fraction of the flux at the VNS that consists of
electron flavoured antineutrinos is shown. This fraction deviates from unity due to neutrino
oscillations, where the oscillation rate is calculated using the formalism in Sec. 2.3.1. Since
this fraction is very high for most values of E,, we use the approximation that the entire flux
consists of antineutrinos in the electron flavour.

In order to determine the experimental reach of the NUCLEUS experiment in probing
the neutrino transition magnetic dipole moment parameter space, we need to consider both
Primakoff upscattering as well as radiative CEVNS processes. Assuming that N, events are
seen during the runtime T, the chi-squared can be constructed as

Xz = (Nobs - Nexp)2/Nexp . (774)

Here Nexp = Npkg + Nyva + Nna is the total number of expected events, where Npyg is
the expected number of background events, N, 4 is the expected number of SM CEvNS
events, and Ny, the expected number of Primakoff upscattering events for a given set of
parameters. The rate of background events is estimated by the NUCLEUS collaboration to
be dRpyg/dEg = 100 day ! keV ! kg ! [549], where the unit kg~ refers to the mass of the
detector. Assuming that there is no excess of events for a runtime T, i.e. that the observed
number of events Nexp = Npig + Ny4 has no departure from that expected in the SM, we have
Xx* = N% ,/ Nexp. Neglecting systematic errors for simplicity, we then obtain 90% CL bounds
on u¢ \ for a given my by solving x? < 2.71.

For radiative CEvINS the coincident photon plus nuclear recoil signal could lead to efficient
background reduction. As a first approximation we therefore assume that background
processes are negligible and take the expected number of events to be equal to the theoretical
value Ngxp = N, 4, where N, 4, can be found using the formalism in Sec. 7.3.3. If no radiative
CEvNS events are observed at NUCLEUS, the 90% CL bounds on ,, may be found by
solving x? < 2.30.
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Figure 7.8.: Number of radiative decays that occur inside the detector with respect to Al'y =
I'n — I'vvq, normalised to the total number of decays, using my = 1 MeV,
lo=5cm, E, =3 MeV, u,n = 107 UB.

In order for the experimental set up to be able to capture the final state photon, the radiative
decay of N must occur inside the detector, otherwise the signal mimics that of a Primakoff
upscattering. To capture this effect we multiply the radiative CEvNS cross section with the
probability factor

PR =1 — exp(—Laeln/BY), (7.75)

which describes the probability that N decays inside the detector. Fixing the decay width I'y
to a specific value, e.g I'y ~ 107! MeV, does not lead to any limitations on the applicability
of the calculations to different values of u{,, or my. To see the effect of a changing value
of I'y we consider the number of radiative decay events occurring inside the detector 1,,q,
normalised to the total number of decays, which is given by

—_ _ LaeeI'n
Mrad (AFN) _ I—‘N*H/’y 1—exp ( .Bt’Y ) ' (7.76)
Nyad (AFN = 0) 1HN 1-— exp (—4Ldetl§$ﬁw>

Here Al'y = I'y — 'y is the difference in decay width between the sum of all decay modes
and the radiative one. In Fig. 7.8 the fraction of radiative decay events that occur within
the detector is shown as a function of AI'y. For smaller differences Al'y, the probability
Pget that a decay should occur inside the detector is decreased, even though the branching
ratio for N — v is greater. For larger differences ATy, the probability P3t increases
while the branching ratio of N — v+ decreases, ending up in a reduction in the number
of radiative CEVNS events. This demonstrates that by choosing e.g. I'y ~ 10~ MeV, there
is no commitment to one specific scenario. As shown in Fig. 7.8, a decay width difference
ATN =~ T'y ~ 10711 MeV corresponds to the case where ~ 60% of the N decays that occur
inside the detector proceed via the radiative mode. A smaller difference AI'y would lead to
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Constraints and future sensitivities in the plane of the electron-flavoured tran-
sition dipole coupling u{, and sterile neutrino mass my, based on terrestrial
experiments [3,550-552,555,565-570] and astrophysical observations [551,555,565].
Filled regions correspond to existing constraints, and unfilled regions to future
projections. Solid red and black lines show the near- and far-future projected
sensitivities of the NUCLEUS experiment for Majorana N, respectively, using the
radiative CEvNS channel, where the dotted lines include additional invisible decay
channels for N with a width I'iny = B/ Lget (c.f. Appendix C). Dot-dashed red
and black lines show these projected sensitivities assuming an additional decay
channel into a light sterile neutrino, N — N'v, via a coupling pnn = 10 UB.
Dashed red and black lines correspond to constraints from Primakoff upscattering
processes at the NUCLEUS experiment. All future projections associated with
the NUCLEUS experiment are shown assuming a run time of 2 years, and all
projections are given at 90% CL unless otherwise is shown. This figure is taken
from Ref. [3].
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an increased number of signal events, and therefore also to a more stringent constraint on
HuN-

In Fig. 7.9 the current and future constraints on the electron flavoured neutrino transition
magnetic dipole moment coupling p; is shown as a function of the sterile neutrino mass
my. Here many different terrestrial and astrophysical observations are considered. The limits
from Primakoff upscattering processes at NUCLEUS are shown as blue and grey dashed lines
for Phase I and II, respectively. The solid blue and grey lines correspond to the potential
future NUCLEUS limits on the radiative CEvNS process for Phase I and II, respectively.
Finally, the dot-dashed blue and grey lines correspond to the radiative upscattering process
at NUCLEUS where an additional radiative decay channel N — N 'y is assumed, with the
coupling pinry = 107° g (c.f. Sec. 7.1). A run time of two years is assumed for all limits
derived from the NUCLEUS experiment.

In the radiative CEvNS mode, an experimental signal would consist of a coincident nuclear
recoil and outgoing photon. We have described a novel approach to search for such events,
which led to the publication in Ref. [3], where the final state photons are searched for in
a detector that is separated from the CEvNS target. Searching for Primakoff upscattering
events, the NUCLEUS experiment would improve on existing limits and probe an area of
parameter space for sterile neutrino masses my S 10 MeV that is either unconstrained or only
constrained by astrophysical observables. If Primakoff upscattering is observed at Phase I of
NUCLEUS, it would motivate the search for radiative CEVNS events in Phase II. Even without
such an observation, the experimental reach in the search for radiative CEVNS events could
be extended further if additional (light) sterile states, e.g. N’, are considered, such that the
radiative CEVNS cross section is proportional to |u¢y Yx #xn|?, where X € {v,N’,... }.

An advantage of using a reactor source is that the flux consists of only antineutrinos,
such that the total lepton number of the initial state particles is known. LNV could then be
deduced if the final state has a different total lepton number. If radiative CEvINS is observed
with a significant number of events, the Dirac/Majorana nature of sterile neutrinos could
be deduced based on the final state photon distribution, potentially providing an answer to
whether or not B — L is a conserved charge in nature. This would have implications for the
origin of neutrino masses as well as the generation of the baryon asymmetry of the Universe.

Conclusion to Chapter 7

The nature of neutrino masses remains one of the big open questions in particle physics.
Since neutrinos are massive, there must be some NP that generates the mass, and this NP
could also lead to other neutrino properties such as transition magnetic dipole moments.
In this chapter we have seen how CEvNS experiments can be used to search for transition
magnetic moments via upscattering from a light active neutrino into a heavy sterile neutrino.
We have also seen that, if the heavy neutrinos decay on detector lengthscales, an observation
of the final state photon distribution potentially also lead to a distinction between Dirac and
Majorana neutrinos. These results were published in Ref. [3].

In two examples, that of radiative CEvNS in this chapter, and rare kaon decays in Ch. 6, we
have seen how the kinematics of final state particles that participate in interactions involving
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7. LNV in radiative CEVUNS

neutrinos can vary depending on whether or not the process was LNV. Therefore, in case an
excess is seen in either CEvNS or rare kaon decays, a dedicated experimental search program
to determine the distribution of final state particles would be beneficial in the search for LNV.
If the distribution is determined to a reasonably high accuracy, it is possible that LNV could
be discovered.

In Chs. 4 to 7 we have discussed different aspects of AL = 2 interactions, including neutrino
mass generation and leptogenesis. Since B + L is violated in the SM via sphaleron transitions,
LNV inevitably leads to baryon number violation (BNV) in the early Universe, and vice versa.
In Ch. 8, we discuss AB = 2 interactions, and connect them to baryogenesis both in an EFT
description and in a simplified model. The results of Ch. 8 were published in Ref. [2].
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8. Beyond LNV: the case of AB =2

In Chs. 4 to 7 we discussed different theoretical and phenomenological aspects of AL = 2
processes, most prominently Majorana neutrino masses and the generation of a baryon
asymmetry via sphaleron transitions. However, both of these phenomena can also be realised
via baryon number violation (BNV). For successful baryogenesis it is enough to violate
conservation of baryon number B, an asymmetry can be generated without any AL = 2

interactions. Furthermore, in the presence of both AB = —AL =1 and AB = 2 processes, a
AL = 2 process associated with a neutrino Majorana mass can be generated indirectly via the
AB = —AL = 3 sphaleron [571], as can be shown in the naive arithmetic

[AB:—AL:1}+[AB=2,AL=0]—[AB:—AL::-;} - [AB:O,AL:Z . ©81)

However, in making this argument we have so far ignored the fact that sphalerons necessarily
involve all different fermion flavours, while the flavour content of the AB = —AL = 1 and
AB = 2 processes are undetermined. Furthermore, there may be any number of additional
BSM effects that need to be taken into account between the neutrino mass scale and the scale
at which the different AB = 2 and AB = —AL = 1 processes in Eq. (8.1) are generated. It is
nevertheless interesting to note the intricate connection between BNV and LNV processes.

Due to the presence of sphaleron transitions we know that B and L are both violated
individually in the early Universe, while their difference B — L is conserved. Whether a
certain mechanism is AB = 2 or AL = 2 is therefore of little importance with respect to the
generation of a baryon asymmetry in the temperature range where sphalerons are active.

Processes that violate both baryon- and lepton number, e.g. dimension-6 AB = —AL =
1 operators, can lead to proton decay modes such as p — e"7". Experimental results
lead to very stringent constraints on the operator scales, in some instances as high as
O(10'%) GeV [572]. These limits are not transferable to dimension-9 AB = 2 operators!, which
are less constrained as they do not directly lead to proton decay [573]. Unlike AB = —AL =1
operators, the AB = 2 operators violate B — L, similar to the AL = 2 operators. This means
that AB = 2 operators can affect the evolution of the total baryon number if they are present
in the early Universe, while the effects of AB = —AL = 1 operators would be negated by the
sphalerons.

Observables that constrain AB = 2 operators include n-i oscillations and dinucleon decay
e.g. via the mode nn — 7°7°. The main focus of this section is on the former mode, but we
also revisit the latter for a comparison. Recent progress in lattice-QCD calculations have led

INote that the lowest dimension at which a AB = 2 SM invariant operator can be generated is dimension-9. This
is because the only SM fields that carry baryon number are the quarks, which have B = 1/3. To make an
operator violate B by two units, at least six quarks are needed, leading to dimension-9.
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to an improvement in the accuracy of QCD matrix elements related to n-7 oscillations [574],
which allows for a greater theoretical accuracy in connecting different BSM scenarios that
realise n-7i operators to experiments. On the observational side, several upcoming experiments
will put increasingly stringent constraints on the n-7 oscillation time. Experimental searches
can be divided into two categories: bound n-fi oscillation, where neutrons reside within nuclei,
and free n-71 oscillation, where the neutrons are unbounded. Currently, the most stringent
limit comes from bound n-i oscillations, for which the Super-Kamiokande experiment [575]
provides a constraint T, > 4.7 x 10® s. For free oscillations the most stringent constraint
comes from the ILL experiment [576] Ti-; > 0.86 x 108 s. For both bound and free oscillations
the sensitivity is expected to be increased in the next generation of experiments. The
bound oscillation limit is predicted to reach a sensitivity of TPYNE > 7 x 10% s at the DUNE
experiment [577], and for free oscillations the NNBAR experiment [578] is expected to reach a
sensitivity of TNNBAR >3 % 10 s.

In this chapter we explore the connection between n-7i oscillation and baryogenesis, as well
as compare phenomenological realisations of n-71 oscillation to other low-scale observables
and collider searches. The work presented here led to the publication in Ref. [2]. We start with
an EFT description in Secs. 8.1 and 8.2, and follow up with a UV-completion with connections
to baryogenesis in Sec. 8.3. We discuss this UV-completion in terms of grand unification in
Sec. 8.4, and in Sec. 8.5 we connect it to different experimental probes. Lastly, in Sec. 8.6 we
explore the parameter space and identify regions that lead to successful baryogenesis.

8.1. Neutron-antineutron oscillation in effective field theory

Since n-71 oscillation violates baryon number, if it does occur it must be induced by some
NP beyond the SM. Such BSM physics can be model-independently described using an EFT,
where the effects of heavy NP degrees of freedom are encoded in dimension-9 operators.
Running down from a high scale to the scale relevant for n-7 oscillation, the Wilson coefficients
can be matched onto hadronic matrix elements obtained from lattice computations.

8.1.1. Operator basis

At the QCD scale, the 9-dimensional operators relevant for n-i oscillation consist of six quark
fields that are described by the broken SM Lagrangian obeying a SU(3), x U(1)em symmetry.
A complete basis? of these operators can be constructed as [579-583]:

071(17(2)(3 = (uiTCP?Cluj)(dI{CPdel)(d;ECPXSdﬂ)T{SS?{kl}{mn} ’
022(1)&)(3 = (uiTCPX1dj)(MI{CP)Czdl)(drj;zCPX3dn)T{Si§§{kl}{mn} ’ (8-2)
0361)(2?(3 = (uiTCPde]')(u£CPX2d1)(dz;zCPMdH)T[?jﬁI?l]{mn} 4

2Note that all operators in Eq. (8.2) are written with scalar currents. Performing Fierz transformations on a pair
of spinor contractions yields also operators with vector or tensor currents.
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where x = {L, R} denotes chirality, P,z = (1 F 75) are projection operators, and C is the
charge conjugation operator. The colour tensors T are defined as

SSS
T{ij}{kl}{mn} = EikmEjin + Ejkm€iln + €ilmEjkn + EjlmEikn ,

(8.3)
T@ﬁzfz]{mn} = €ijm€kin T Eijn€kim »
where [ | denotes index antisymmetrisation and { } symmetrisation. Each operator in

Eq. (8.2) leads to eight operators when the different chirality combinations are considered,
yielding 24 operators in total. However, using the antisymmetrisation relations

O)lflLR = O)l(lRL ’ O%’I:z)(g = 012{,:2)(3 4 (8'4)
along with the identity
2 1 _ams
Over = O = 305y # (8.5)

where x, X’ € [L, R], leads to only 14 operators remaining. To match with the most recent
lattice-QCD calculations, it is convenient to express these operators in a basis that preserves
the chiral symmetry SU(2); x SU(2)r [584]. A Lagrangian describing n-7i oscillation may
then be expressed as

H= Y G0+ 0Of ()] +he., (8.6)
i=1,2,3,5

where C; are the Wilson coefficients corresponding to operators O;, and a superscript P
denotes parity conjugation. In terms of the basis from Eq. (8.2), the operators in Eq. (8.6) can
be expressed as [574]

O1 = —40%xr = (PCPRiT*P) (PCPRiT*P) (PCPriT>TTh) TAAS,
Oy = —403x = (WCPLIT*Y) (PCPRiT>Y) (YCPriT* T ) TA4S,
O3 = —403, ¢ = (YCPLiT*Y) (YCPLiT*W) (YCPriT>T ) TA4S,
16
5
- I:(IJJCPRiTZTSI,U)(¢CPRiT2T3IIJ) — ;(IIJCPRiTZTaIP)(IJJCPRiTZTa¢)] (yCPriT>T ) T5%,
Os = Ok;; = (WCPRIT?>T~ ) (YCPLiT>T ) (pCPLiT>T ) TS,
O¢ = —40%,, = (YCPRIT*T>Y) (YCPLIT*T>P) (WCPLiT> T ) TS5®,

4
Oy = —gozleRR - O%{RR

4 8
07 = _goiLR - gO%LR

1
= {(¢CPL1'T2T31,D)(¢CPLiT2T3¢) — 3(QDCPLZ'TZTLII,D)(I,UCPLZ'TZTal[J)} (pCPriT>T ) TS5®,
(8.7)
where ¢ = (u,d)7 is an isospin doublet and 7 are the Pauli matrices, with 7+ = 1(t! £it?).
Note that we have here suppressed colour indices for brevity. Together with their respective
parity transformations, the seven operators in Eq. (8.7) lead to the total 14 operators that
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remain after imposing the relations in Egs. (8.4) and (8.5). In addition to the operators in
Eq. (8.7), some NP models also generate the operators [584]

O1 = —4/3(O%gr — Okgr) = (WCPRIT*T") (YCPRIT>T*P) (YCPrIT>T h) TS,

05 = ~4/3(O% 5 — Olyy) = (PP T P)(YCRT ) (yCPiTTr TS OO

These operators are not independent from the basis in Eq. (8.7). In fact, in D = 4 spacetime
dimensions O; and O3 are equal to O; and O3, respectively. However, for arbitrary D, the
operators in Eq. (8.8) could be needed for a full description of the n-71 oscillation process.

In case isospin symmetry is imposed, the operators in Eq. (8.7) form an overcomplete basis,
and the number of operators can be further reduced. The matrix element corresponding to
Oy vanishes completely,

(1|O4ln) =0, (8.9)

while those of Os, Og, and O are related via
3
(1|Os[n) = (| O¢|n) = —5 (7| O7n) . (8.10)

The n-71 oscillation time T,,.; can be described by

T = (AL ) = | ‘_1;:35((31'(#)/\41‘(#) +C (WM (1))

) (8.11)

where M;(u) = (71|O;|n) is the n — 7 transition matrix element corresponding to O;, and
u is the scale at which the matrix elements are defined. We take the matrix elements of
operators O; and O3 to be equal to those of O and O3, respectively.

8.1.2. RG running effects

Numerical values corresponding to the matrix elements M; () from Eq. (8.11) are available
in the MS scheme at 4 = 2 GeV from lattice-QCD calculations [574]. We are interested in
scales much higher than 2 GeV, and therefore it is appropriate to consider running effects. An
operator defined at y = o can run up to a higher scale unp via the relation [584]

Ny=6 Ny=5 Ny=4
Oi(pnp) = U (unp, o) Oi(po) = Uy T (g, me)U; ' (my, my) U (my, o) Oi(po)
(8.12)
where we have assumed the inequalities m. < g < m;, and pnp > m; to hold. Up to O(a2),

the running factors UiNf (41, 92) are given by

0
U™ (g1, 40) = <“s(LI2)>7" oo [1 _s o oas(p) (51%'(0)4” B ’Yi(l)> as(q2) — as(q1)
! ’ 0(5((]1) (A 47 25% 2[30 1672
(8.13)
where g1 and g, are two energy scales obeying g1 > g2, and Ny is the number of quark

generations with masses greater than g,. The one- and two-loop MS anomalous dimensions
1)

i

’yl-(o) and v,"’, as well as the one-loop Landau gauge Regularisation-Independent-Momentum
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o0 |4 7 r©) M(2 GeV) [GeVe]
Op| 4 | 335/3—34N;/9 | 101/3048/15In2 | —46(13)(2) x 10>
Oy | —4 | 91/3-26N;/9 | —31/6+88/15In2 95(15)(7) x 107>
05| 0 64 — 10Ns/3 —9/10+16/5In2 | —50(10)(6) x 1073
Os | 24 238 — 14Ny 49/10 —24/5In2 | —1.06(45)(15) x 1075
O;| 4 |797/3—118Ns/9 | —=109/30 +8/151n2 -

03| 0 218 —38Nf/3 | —79/10+16/5In2 -

(1)

i

)
1
as the one-loop matching factor r
and O; for i € {1,3} [574,584].

for one- and two-loop diagrams, respectively, as well

(0)

i

Table 8.1.: Running factors ;" and

, corresponding to operators O; fori € {1,2,3,5}

matching factor rl.(o), are all given in Table 8.1. At four-loop order, the scale-dependent strong

coupling constant ag(q) is given by [585]

as(q) = 1 Lﬁl InL+ —— {’B%(lnzL —InL—-1)+ ’32}
1 [A ( 3, , 9.2 1) B1B2 B3 } '
+——|=(-IN"L+=-In"L+2InL — = 3—="SInL — =1,
BoL* [/33 2 2 B3 2Bo
where
qul/(,BU"‘S(%))
L=In T , (8.15)

and where g, corresponds to a scale at which the value of ag is known. The B-functions in
Tab. 8.1 and Eq. (8.14) are given by

332Ny
IBO - 1271_ 7
153 — 19N
131 - W;
77139 — 15099Ny + 325N} (8.16)
P2 = 3456703 ’
29243 — 6946.3Ny + 405.089N7 + 1.49931N}
pa = 2567 '

In Fig. 8.1 the running of the matrix elements relevant for n-7 oscillation is shown between the
low O(1 GeV) and high O(10'° GeV) scales. The n-i oscillation time can now be expressed
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Figure 8.1.: Running of n-in matrix elements with regards to the scale unp. Filled areas
represent the errors, c.f. Tab. 8.1, and the dashed lines show the central values.

as
‘ ‘ P
ol o= 1m0 |y Ml < CI(P‘ZS) (et x 107 s7! (8.17)
i=1235 (GeV)” | \(TeV) (TeV) _
o H=NP
= 152x10"® Ul (u 2GeV)Mi(2 Gev) ( Cip) > ECIORS 1077571
i=1zs5 Gev)*  [\(TeV)™/ \(@V)°/]| _

where the matrix elements at 2 GeV are given in Tab. 8.1. The Wilson coefficients can be
computed at the high scale by integrating out the relevant heavy degrees of freedom. As a
demonstrative example, we now consider O; to generate n-71 oscillations, and for simplicity
write the Wilson coefficient as Ci(y = A1) = A] 5 where A; is the scale of NP. Using the
most stringent limits from the Super-Kamiokande experiment 735 > 4.7 x 108 s leads to a
limit on the scale of NP given by A; > 7.04 x 10° GeV [2].

8.2. Model-independent n-i1 oscillation and the baryon asymmetry

In this section we study the effects of a potential n-7 oscillation signal on baryogenesis. First
we develop a model-independent washout description based on the EFT formalism from
Sec. 8.1, after which, in the following section, a thorough analysis of one class of simplified
models is made.

A Boltzmann equation describing the time evolution of the number density of a particle X
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has the generic form (see e.g. Refs. [224,586,587] as well as Ch. 3 and Appendix E)

dﬂx . ..
ZHME =— a;ﬂ[Xa —ij-], (8.18)

where z is a time-variable that is related to the temperature T and X-mass mx viaz = mx/T.
The square brackets denote a function of number densities and scattering rates given by

DRI 7’1‘1’1""
[Xa---<—>ij---]:%’yeq(}(w--%ij---)—ﬁfyeq(ij---—>Xa---), (8.19)
Ny'Mg - RO

where 71 is the equilibrium scattering rate density and n,Efq) is the (equilibrium) number

density of particle a. In the LHS of Eq. (8.18), the Hubble rate H is given by

166,/

T?, 8.20
— (8.20)

H(T)
with g, ~ 107 being the effective number of degrees of freedom in the SM and myp, the Planck
mass. The photon density is given by

nol = 257(3_)#, (8.21)

where ((3) ~ 1.20. To describe the evolution of baryon number density over time we can
make the replacement X — AB, where the baryon number density 753 is given by [2]

1
ap = Y 3l000 = 1) + (e, = 14,) + (ne = 1) + (e = 1a¢)] (8.22)
u,d
Here the sum u,d goes over the quarks that are in thermal equilibrium, and the fields u;, dr,
u¢, and d° are the SM quarks as defined in Sec. 2.1. For quarks in thermal equilibrium, the
number densities of particles and antiparticles are related via

_ 8attqT?

o (8.23)

Mg — g
where g, = 3 is the number of degrees of freedom and y, is the chemical potential of quark
g. If the sphaleron and SM Yukawa interactions are in chemical equilibrium, the chemical
potentials of the Higgs doublet and SM fermions can be related to that of uy via [588] (c.f.
Appendix D),

4 12 5 5 19 19
HH = oqh = =i, Wi = gl = —ghu , Pi =~ g h= (8.24)

where yp =3, ; pe, . Assuming these equilibrium relations to hold, we then rewrite Eq. (8.22)
as
T ?

—y 8 C ) = P
Nap = MX; P+ e ) = F (8.25)
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Choosing O; from Eq. (8.7) as an example, we now study the washout effects coming from
a n-fi oscillation operator. The Boltzmann equation for #ap can be obtained by taking the
derivative of Eq. (8.22), such that

digap _ 1 d (1 —1a) 40 =) A Op =10) 401 = 1a,)
Tdz 3 dz dz dz dz
Given the presence of O, the baryon-number-violating interactions of quarks leads to

expressions describing the time evolution of the different quark number densities. Taking e.g.
d® we have [2]

zHn zHn, . (8.26)

sz% = — [ucd°d® <> u‘d°d‘] + (other possible permutations)

_n2 2
nucnd—c nucndc eq (7 - -
= — — ucdede — udd®) + - - -
(ne_q(nz_?)z neq(n2§)2> 7 )

uc uc

= _7667VT”L e (uedede — ucd°de) 4 - - -

- _66751(23 )WAmeq(chCd'C —udd)+---, (8.27)

where we assume three fermion generations. The dots in Eq. (8.27) denote other possible
3 <+ 3 and 2 <+ 4 processes that can be formed by permutations of the initial and final states,
all of which are still generated by O;.

Similar equations as Eq. (8.27) can be written down for d°, u¢, and @¢. For the left handed
quarks however, the time evolution of the difference between particle and antiparticle may be
assumed to be negligible, since O; only interacts directly with the right-handed fields. We
then write d%(’?uL —1g,) ~ 0 and d%(;ydL —14,) = 0, such that the total time evolution of 7755
can be written as

dﬂAB__é cAcAc [olps (o [
zHn, == = 3[udd < udd’] +

88C(3 .
== 7?'5(2 )qABWEq(quCdC —udd) 4. (8.28)
Following Refs. [394,476], we describe the washout of baryon asymmetry coming from the
operator O; by the relation
dnap 522007 (3) T Y
zHny dz 3 7galipl0 1aB = TCegTaB, (8.29)
where we have neglected 2 <> 4 scatterings due to severe phase space suppression. From
Eq. (8.29) we can infer the reaction rate

c T14

o _ €
Tw = 1, A0’

(8.30)

such that the interaction can be regarded as being in equilibrium if the condition

Ty ™ L Ap (T’
w_ ¢ - __ 00 <> > 1 (8.31)
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Figure 8.2.: Left: Ratio between the interaction width I'y corresponding to operator O; and
the Hubble rate H with respect to temperature T. Shaded areas indicate where this
interaction is strong due to the ratio being greater than one. Right: Temperature
as a function of the EFT scale A, where the purple line shows the temperature at
which the ratio Ty / H falls below one, and the green line shows the temperature T
from Eq. (8.33). Blue and orange shaded areas correspond to the regions excluded
by the LHC and different n-7 experiments, respectively. This figure is taken from
Ref. [2].

is satisfied, where ¢’ = 7%/ ({(3) 3.3,/x) =~ 0.3 c. The temperature T that solves Eq. (8.31),

T=A (1A> " (8.32)

can be thought of as the limit where the washout stops. However, we find a more accurate
expression for this temperature T — T via the relation [2,394]

T~ [9T91n (dric> + 07
ng "

where diec =~ 1/27 is a dilution factor that accounts for the difference in entropy density
between the temperature during which all SM fields were relativistic and the temperature
of recombination T = Ty. The baryon number densities at these temperatures are related
via 1ag(To) = gs(To)/gs(Tx) nap(Ts) =~ 1/27yap(Ts), where g; is the number of degrees of
freedom, which is related to the entropy density s via s = (2712 /45)g,T°.

In Fig. 8.2 (left) we see the washout parameter I'yy/H as a function of the temperature
T for different values of A. The point at which the lines cross I'y/H = 1 is where the
washout effectively stops, such that the shaded areas to the right in the figure correspond to
temperatures where no baryon asymmetry can survive, provided that the EFT prescription is
accurate. In Fig. 8.2 (right) we see the temperature T as a function of the EFT scale A, where
the purple and green lines denote the temperatures at which washout stops, according to the
approximation methods in Eq. (8.32) and (8.33), respectively. The grey line shows T = A. The

9

) (8.33)
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T X9 T3 T3 X T2 Ty

Topology — I Topology — 11

Figure 8.3.: The two possible tree-level n-7i oscillation topologies, which we denote Topology I
and Topology II in the text. This figure is taken from Ref. [2].

EFT breaks down above this line due to the momentum scales involved in the washout process
(related to T) being greater than the integrated-out heavy mass scale (related to A). Washout is
therefore effective between the grey and green lines. Furthermore, the orange shaded regions
correspond to exclusion limits coming from n-i oscillation experiments [575,577,578], and the
blue shaded region shows the approximate reach of the LHC for discovering heavy particles
via resonant production with couplings of order unity. If n-71 oscillations are discovered at the
next-generation experiments (dotted orange line), and if the baryon asymmetry is generated
at a high scale, we should expect colliders to see some NP between the blue line and the point
at which the green line and dotted orange line overlap. This would motivate the search for NP
at the scale ~ 100 TeV, precisely the centre-of-mass energy at the proposed FCC collider [589].

In this section we have described the washout effects of a n-71 oscillation operator, and
discussed connections to the scale of baryogenesis. Using an EFT prescription we have been
agnostic about the details of what NP generates the operator, and for this reason we have
been limited to studying washouts, rather than baryon-asymmetry generation. In the next
section, we study an example of a UV-completion of the n-7i oscillation operator, and show
how it can lead to baryogenesis.

8.3. A UV-complete baryogenesis model with n-7 oscillation

In the previous section we connected n- oscillation to baryogenesis via effective operators.
Advantages of this method include its simplicity and applicability to other phenomena [590-
592]. Drawbacks include missing the effects of e.g. 1) CP-violation (in the formalism we
used here) and 2) a hierarchy in the internal degrees of freedom. The first point leads to
the impossibility of describing baryon-asymmetry generation, since CP-violation is one of
the three Sakharov conditions (c.f. Sec. 3.2). The second point limits the parameter space in
which the description is valid. As we see towards the end of this chapter, covering the whole
parameter space is crucial in order to find testable baryogenesis scenarios.

There are two possible topologies that generate the n-i oscillation operators at tree-level,
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Figure 8.4.: Diagram corresponding to n-7i oscillation using the model described by the La-

grangian in Eq. (8.34). This figure is taken from Ref. [2].

Field | SU(3), | SU2). | U(1)y | Q=Ts.+Y | B
Xgg | 6o0r3 1 +2 +2 2
X 6or3 1 -4 —4 -2
Xud 6or3 1 _% _% _%

Table 8.2.: Representations of the diquark fields from the Lagrangian in Eq. (8.34).

which we denote® Topology I and II, as shown in Fig. 8.3. In Topology I (Fig. 8.3 left) there are
two heavy scalar/vector fields and one Majorana fermion mediator. This topology has been
studied extensively in the context of specific models [500,593-610] as well as baryogenesis
from a more model-independent point of view in Ref. [611]. For Topology II (Fig. 8.3 right)
there are three new heavy scalar/vector bosons, with a dimensionful trilinear coupling
between them [612]. For this topology there is also an extensive list of specific models [356,
357,573,613-619], as well as possible scenarios leading to baryogenesis [2,616,617,619].

In the rest of this chapter we consider in detail one specific scenario, in which provide a
full baryogenesis description of a simplified model corresponding to Topology II, including
detailed washout processes as well as different experimental constraints. This model serves as
an example of how AB = 2 processes at low scales can be related to baryogenesis mechanisms.

8.3.1. Diquark model
We consider the Lagrangian [2]
Lxud( f

V2
FACX1a Xua Xya + A Xy XqaXaa + hc.,

L = fi Xaadsds + fii* Xt +

(8.34)

3Not to be confused with neutrino mass Topologies I and II from Sec. 5.3.2.
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where X5, X44, and X, scalar diquark fields, with the charges under the SM gauge group
shown in Tab. 8.2. Furthermore, ¢ is a complex scalar field whose real part acquires a vev
upon B — L-symmetry breaking such that we can replace it according to § — v' + % (S+ix),
with v’ > v. Here ) is a Goldstone boson that we assume is eaten by a gauge field similar to
the weak gauge bosons of the SM during EWSB. After B — L-symmetry breaking, the trilinear
terms in the second row of Eq. (8.34) no longer conserve baryon number B. In fact, these
terms now violate baryon number by two units, AB = 0, as required by n- oscillation. A
diagram depicting n-i oscillation via X;; and X,,; is shown in Fig. 8.4.

Some details are now worth mentioning. First, we note that the flavour structure of the
couplings f;; between diquarks and quarks is dependent on whether the diquarks are colour
sextets or triplets. For sextets, the coupling matrices must be symmetric in flavour space,
while for triplets they must be antisymmetric. Furthermore, in Eq. (8.34) the diquarks only
couple to singlet quarks, while they could in principle also couple to the SU(2); doublets Q.
However, the presence of both left- and right-handed quark couplings for X,; can lead to
flavour-changing neutral current (FCNC) operators that induce large rates of meson oscillation
and flavour-changing quark decays (e.g b — s7), processes which are stringently excluded
by experiments. Therefore, as an example, we only consider the diquarks to have tree-level
couplings to the quark singlets. Lastly, the diquarks in Tab. 8.2 can also have leptoquark
couplings in case they are colour triplets. Without any symmetry forbidding such couplings,
there would be no motivation to omit them, and their presence could lead to very rapid proton
decay [620-622]. For the rest of this chapter, our main focus is on colour sextet diquarks.

Focusing on the diquarks X,; and X, and assuming a mass hierarchy mx,, > mx ,, we
can write an effective Lagrangian as
dd A0 fpgd
eff _ 71 * Yk Jc o Yy e ¢ e
L5 = m%(dd Xuquddi d] + \ﬁxud( i%j + j i) . (835)

Further integrating-out also the heavy field X;;, we obtain a Lagrangian that can be expressed
in terms of the AB = 2 operator 0%, from Eq. (8.2). Using different relations from Sec. 8.1.1
we then obtain [2]

2 2

. ( ud) fdd)w’ ) ( ud) fdd)w’ 3
Enffn — 11 11 ORRR — 11 11 04 + 701
‘ m§<dd §(ud 4m§<dd m§(ud 5

3 (Fudy? pdd ) or
%@1. (8.36)
20my, m5

dd ud

In comparing Eq. (8.36) with the formalism in Sec. 8.1.1 we have a relation between the
simplified-model parameters (e.g. the masses and couplings of the diquarks) and Wilson
coefficient describing the rate of n-7 oscillation. In the next section, we derive a complete
set of Boltzmann equations based on the interactions of X,; and X;;, in order to eventually
see how the model parameters affect both n-7i oscillation and the generation of a baryon
asymmetry.
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e dc e
* - * dd -
Xgg-—---- < Xia— - - =<

~ dC ~
Xud Xud

Figure 8.5.: Diagrams corresponding to tree- and loop-level decays of X;;. This figure is taken
from Ref. [2].

Figure 8.6.: [llustration comparing the branching ratios of the different X;; decay modes. This
figure is taken from Ref. [2].

8.3.2. Boltzmann equations in the diquark model

Assuming that the mass constraint my, > 2my , holds, we consider the scenario where X,
decays out-of-equilibrium into a pair of X,; or a pair of quarks, where the decay violates
conservation* of CP. Similar to type-i seesaw leptogenesis (c.f. Sec. 3.5.1), CP-violation can be
realised in Xj; decays via the interference between tree- and loop-level decay diagrams, as
seen in Fig. 8.5, where the loop involves a second copy of X;; which we denote X/, that has
interactions with the quarks and other diquarks according to the Lagrangian

Ly, = fl.’]fidXZided_]C.+N§X;ququd+h.c.. (8.37)

The CP-violation parameter € is given by [617]
I'(Xgg — X3, X5 0) — DX, — XuaXua)

‘= I'ot(Xgq) 838
L [T O 0] (e Y, (%39
o A |? 1—x) "

“Note that the simplified model described by the Lagrangian in Eq. (8.34) can also lead to another mechanism
for baryogenesis, namely the post-sphaleron decay of the real scalar S into six quarks S — u¢dcucdedede as
well as six antiquarks S — u°d“u‘dd°d® [356,357,615].
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0 0
& d° d_c S—s uc
de ______ w

de Xaa Xud

0 0

Sia St
. Xug Xiammmmm « u

Yd° \ P

Xgg=-=-=---~- > d Xgg-------- > de

Figure 8.7.: Decay- and scattering diagrams involving the diquarks X,; and X;; where baryon
number is conserved. Here the naming convention follows that of the Boltzmann
equation formalism in the text.

where x is defined as x = m%(dd/ mg%, and where r = I'(Xy; — X, X3 ,)/T"(X4q) is the
branching ratio of Xj; into diquarks. Since the total width of X;; must be equal to that of
its antiparticle X, in order for the decay to not violate CPT, CP-violating decays imply a
difference between X;; and X3, in the two branching ratios, such that one field decays into
quarks more often than the other. This effect is illustrated in Fig. 8.6.

Apart from the CP-violating decay of X;;, the simplified model we consider also leads to a
number of washout processes via scattering, as well as baryon-number conserving processes
that modify the number density of X;;. In Figs. 8.7 and 8.8 we collect all relevant diagrams
for a full Boltzmann equation-based description of baryogenesis, and we denote

IAB| =0 : DY = [Xg ¢ dd"]
SY = [Xyad® % Xyati®] S} = [Xgqu* % d°Xua]  Sh, = [Xaa Xy <d—t> du]
IAB| =2 : Dy = [Xa ¢ X1 X0
Xo = [X3Xgq €4 dd) X = [Xjd 2% X,d]
Sy = [XgaXua X% Fic] S, = [Xaqu X@f XE ] S, = [Xad® Xt X it
(8.39)

where the bracket-parentheses are defined in Eq. (8.19). The corresponding matrix elements
are given by

(Mg = 4f7 (m,, — (ma, +mq))?) (8.40)
|Mp,|* = A%, (8.41)

201



8. Beyond LNV the case of AB = 2
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Figure 8.8.: Decay- and scattering diagrams involving the diquarks X, ; and X;; where baryon
number is violated. Here the naming convention follows that of the Boltzmann
equation formalism in the text. This figure is taken from Ref. [2].

M, |* =

3 2
2(A0 Z[]d)z <s — (mu,. + md/.) >

2
—m2 2 2
(s mez> +FXude

7

ud

3 2
2(A0 Z[]d)z <t — (mu,. + md]) )

Ms,|* = §

M

My, |* =

2
2
(t - mXud)

y 2
2(A0'f)? <s — (md,, + md]) )
2

Xs‘ — s

2
o2 2 2
(S ded) + erdedd

.. 2
2(A0'f)? <t — (mdl. +md],) >
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o B [ o (o
|M59| - ﬁ MY 4a (mXud o m”f'(m“j + mdk) - S) +
(s . mdk>

2 2
mdi (m“j (muf + mdk) B mxud) +

2 2
mgmg, (—mxud + my, + ZmMjmdk + s) +

s (—mg(ud + My + s+ t) }, (8.46)

’m ’2_(;llt<iu]d)2 2( ( _ )+2)+
s = (t 5 \2 Xy \Ma;\May — Mg, ) + My,
—m
)

t (mfii — myg, (Mg, +my;) + mf,j - s) +

My, |:mdk (m%(l,d — mg,(mg, + mllj)) +
my, (mg, — mx,,)(mg, +mx,,) + Zmdimﬁk] } . (8.47)

Here m,,; and m,, are the up- and down-type quark masses of the ith generation, corresponding
to the quark that appears in a given diagram, and s and t are the Mandelstam variables.
Since the diquarks are coloured particles, they also interact with gluons. This means that we
could have production of X;; via gluon fusion channels gg¢ — X;; X}, in the early Universe.
As shown in Ref. [619] this production channel mainly dominates in early times, while around
the time at which Xj;; decays out-of-equilibrium it is highly suppressed. Therefore, the
interactions between gluons and diquarks does not play a major role for baryogenesis®, and

we neglect them in the Boltzmann equations.

Using the interactions in Eq. (8.39), we can write the Boltzmann equation for Xéz) =

%(de -+ X:ikd) as

2zH(z)n,(z)—% = —-D§—D§—Dy—Dg—S°—S0—S;—5,—8 -85, -5,
(8.48)

where the factor two comes from the definition of X(*). Using Eq. (8.19) to rewrite Eq. (8.48)
in terms of reaction rates we have

dn  (+) (%) (%)

X X X

zH(z)n,(z) dzdd - _ e(;d -1 <r)/Ddd Trs0 s, trsp + s, + sy + 'ystb> .
Xi

(8.49)

5Note that interactions between heavy scalars and gauge bosons can be important in some baryogenesis models,
e.g. in type-ii seesaw leptogenesis where W*W® — AA* plays a crucial role [370].
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T ~ U/ T ~ ded T ~ mXud
| | |
> Time
X X:;d
XagalXudl v | d© dd << X, Xud | uc d° u’ de

Xud <: Zc

* * =
de Xud uc

Xaa < (Cilc

Figure 8.9.: Timeline illustrating the baryogenesis process described in the text. First X;; falls
out of equilibrium around T ~ my,, and a baryon asymmetry is generated via
its decays to X,,; and d°. Later, this asymmetry is completely transferred to the
quark sector due to X,,; falling out of equilibrium and decaying to quark pairs.
This figure is taken from Ref. [2].

If we assume that the number densities of X;; and X}, are initially identical®, such that
NXg = x5, = Ny, @ difference between the number densities of X;; and X3, can arise
dd

through interactions of Xéz) with e.g. X,; and X7, provided that there is an asymmetry

between these latter fields. However, such a back-reaction is proportional to 77ap, which is
small compared to the number density of X;; during the time of baryogenesis. We therefore
neglect effects coming from the difference in number density between X;; and X,
To obtain an equation describing the evolution of the baryon asymmetry, we first seek
a consistent definition of the baryon-number number density in our framework. To this
end, we first note that there are no couplings between diquarks and left-handed quarks
in the simplified model we consider, and we therefore neglect any baryon number coming
from the left-handed quarks in the generation of the baryon asymmetry’ such that we have
Ly, —11a,) = 0and L (174, — 14,) = 0. Next, we also note that any asymmetry generated in
X,q¢ and X7 ; will be translated into an asymmetry in the quark sector once this diquark finally
decays. These decays conserve baryon number, meaning that we may consider the asymmetry
shared between the diquark- and quark sectors to be equal to the baryon asymmetry at late
times. The timeline of this baryogenesis mechanism is illustrated in Fig. 8.9.
With all the considerations above, we define the baryon number density as
N1
UNES Zd) 31 = 1ue) + (g = 17ac) + 201, = 1x,0)]5 (8.50)
u,

where N is the number of fermion generations®. Differentiating Eq. (8.50) with respect to z

®Note that this is a valid assumption since the previously mentioned gg — X 44X, interactions quickly bring
the diquarks into equilibrium before the onset of baryogenesis.

"Note however that the presence of left-handed quarks are accounted for in the chemical potential relations (c.f.
Appendix D), as their presence does change the total baryon number.

8In the full SM we have N = 3. Note that we keep N as a free parameter due to the different times at which
the different Yukawa interactions of the SM come into equilibrium [47,623,624]. This effectively reduces the
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Process

Branching ratio

Xgg — X;dX;d
Xig — ded°
X;d — XudXud
X5, — dode

r+5
1-(r+5%)
€

=3
1-(r—%)

Table 8.3.: List of X (+) decay modes as well as their corresponding branching ratios.
dd y P g g

and multiplying by zHn, we subsequently obtain

an,YdﬂAB = 1an7 Nd(ﬂd_c —77dc)

- — c d . —
— _ + Nd (;/hl T]U ) + 2 (ﬂij ;/]Xud>
dz 3

dz dz dz (8.51)

We now relate each term on the RHS of Eq. (8.51) to different interactions that the respective
fields participate in,

2H(z)n,(2) d’zl;f::d = Dy~ Xs—Xi— S+ +50+50 — 50, (8.52)
zH(z)ny(z)mZ;;“d = Dy—Xs+ X —Ss+5+80+8) -7, (8.53)
zH(z)na,(z)dng = DY+ X, —Xi+S+S, — Sy, — S0+ S, (8.54)
zH(z)nv(z)dgsC = DY+ X;+ X+ Ss+Sp, — Sy, — S0+ 8P, (8.55)
zH(z)nv(z)de = Ss—Si, + S, +5S)— ST)H + S?b , (8.56)
zH(z)nW(z)dg;C = S;— S, +S;, +50— Sy +5T)b, (8.57)

where we have defined S? = S?u + S?b and S; = S;, + S;,. With the relations above we can
rewrite Eq. (8.51) as
dnaB

3zHny— 2 = 2(Dyg — Dg) + N(DY — DY) — (N +2) [(Xs — X5) + 2X;]

+2(N +1) [(Ss = 5) + (81 = 5)] =2 [ (82— 53) + (87— 57)| . 858)

Taking the CP-violating parameter € into account, we can parametrise the branching ratios
of the different X, (Xj,;) decay modes as shown in Tab. 8.3, where again r is defined as
r=T(Xy — X5,X:,)/T(X44), which leads to the following expressions for the decay

number of generations that take part in certain interactions for some periods in the Universes history. To
account for such effects we must be able to choose different values for N.
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parameters:
X | e> nx e) nx:,”
D, = ,)/dd <+* eéid_<_* ud2 ,
L 2 TXia 2 ﬂg{jd
[ 2
o i (1)t -9
L X UPs
2
™ X3 € ’7X € ;/IXM
Di = |(r=5) e~ (rrg) tats |
L Ude 17Xud
— ) 2
DU = o (1 oy g) P _ (1 e %) ’73;2 . (8.59)
L X 4a N
Now defining a total decay rate 7y}t = 27%"”’ = 2'%2‘1 we can re-parametrise the relations in
Eq. (8.59) as
_ , )
Dy - b x T 1X,
(Dd — Dd) = 7 €+e€ ec‘lid — eqdz _ eqdz ,
L 17de 7/]Xud ﬂXud
_ ,Ytot X _C2 ch
(D§-DY) = TD —€—€-gq —(1—=7) quz - Ueqz ) (8.60)
i "X UFe N

Next we note that the s-channel scattering with a X;; (X};) mediator must be on-shell-
subtracted to avoid double-counting of the tree-level (inverse) X;; decay. We therefore
have

2
Nx*
_ d . __ ~on-shell _ | Mac . __ ~on-shell
Xs = (U;q:d) |:’)’X;dxzd%d6dc r)/XZdde%dcdf} (U;?) |:ryd0df—>X”dX:;d ’)’dcdcﬁxzdxzd} ’
2 2
v [ X _ _ __ on-shell | Nie o __ ~on-shell
Xs - (”?&d > |:,)/Xuqud—>dCdC ,)/Xuqudﬁd_cd_C} (7];? ’)’dcdc_>Xuqud /)/d_cd_cﬁxudxud (861)
with
tot
on-shell _ BR(X N dcdc) ~ 2 €\ Tp
Tx: X5 sdede T VXX = Xaa dd =\r=r=3) 5
tot
on-shell _ BR(X N X*. X* ) ~ _ 42 + €\ 7D
'YddeaX;‘dX;d - ’)/dcdc*)de dd ud“ud) — ¥ r E T s
tot
,Yon-shell en = . BR(X* N d_cd_c) ~ (r—r24+ €\ T
Xya Xyg—dede XuaXua— X3, dd - 2 2
tot
on-shell _ o BR(X* XX ) -~ 2 €\ Yp 8.62
Vide XXy — Vdd—X, dd udXud) =\ —=1"=3) ==, (8.62)
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where we have neglect terms of O(e?). Using Eq. (8.62) we can take the difference between
the two relations in Eq. (8.61) to obtain

o tot nx: 2 X, 2 -2 .2
X~ K= e+ (1 - -8 ) {( el R =ik | RS
n

UXud }7Xud dc 17{15

Similarly, for the t-channel mediated process we have

Tl u ¢ Xu ¢
Xp = TXe ( eqd ﬂgq Ueqd ﬂgq> . (8.64)
de ;7dc ;7Xud Ud_c

The diquark-mediated processes with external th;) field(s) lead to
r8 X4 NX, c Yy nx WX; dc Hyc
(SS - SS) = s, [( ec‘i’d eqd ngq Weq) - < ec‘;d eqd ﬂeq ﬂeq)] ’ (8-65)
17de ;/]Xud Wdc nuf T]de 17Xud ﬂdC Tluc
77de 77u” ’7Xud 7]01” ]
77de ﬂuc nxud ndc

(St =St) = (S, —St,) + (S, — Sy)
e, [(Zggd nae 1%, w) (ﬂxdd g T T )] (5.66)

Xad ;/IMC ]7Xud ﬂdc

uc 17Xu c
= s, [(772(&1‘1 Ui d 77d
Xad ﬂd” nxud nuc ;7de Wdf 77Xud 77u‘

and the quark-mediated scatterings to

77de 77dc WXZd 77145
7/de ndc rlXud rluf

—=0 c c
(Sg N Ss) = s [(Ui&{id UL 77Xud 77u
Mx. ’7dc UXud ’7uc

0

(S?_gt) = (50 S) (5 Sth

_ MXaa [ Mue Mo + X Nie Xy Nae
- ’)’S?ﬂ eq eq eq eq _eq eq _eq
;7de 7]1,[_5 17u_f TlXud Tld_c‘ 17Xud 17d_c

75 [”Xf’f’ ("i? - ”ii;d) + (”z; L — 2 ’72‘21)] . (8.68)
’7de M MXu Nge Mae MNge Mie

In order to derive a Boltzmann equation for 7755, we need to relate the different number

densities appearing in its definition to each other such that we can eliminate them in favour of

only a single number density. Our strategy is based on the approximation 1, /1,1 ~ et/T

1+ k¢ where 4 is a particle species with chemical potential i,. This approximation is valid

when the chemical potential is small with respect to the temperature T. For any particle a we
can relate it to the number density of X , via

] (8.67)

+

Ha = Xaplx:,, (8.69)

where x, can be found by relating different chemical potentials to each other, using the
fact that some interactions are in chemical equilibrium (see also Appendix D). In order to
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obtain a simple form of the Boltzmann equation describing the evolution of 7755, we make the
assumption that the reaction X*, <+ u¢ + d is in equilibrium, leading to the relation

Hxr, = He + Ui - (8.70)

This assumption is well motivated in the scenario where X, ; is light compared to X;; such
that myx,, > myx ,, assuming the different couplings of the two diquarks are of similar strength.
The total charge Q of the Universe can then be expressed as (c.f. Appendix D)

Cx-
Sud “l/lx:;d ’ (8.71)

Q =2N (pg + pie) = N (pg + pge) — N (pr + pge) + 2up + 2

where Cx-_is the colour-multiplicity of X} ;, such that Cx: = 3 for colour triplets and Cx: =6

for sextets. Using Eq. (8.71) as well as the weak gauge- and N-generation Yukawa interactions
from Appendix D we obtain the following relations for the chemical potentials of the quarks
singlets:

3—6N —2Cx:, 3+ 18N +2Cx-.
xu—c = u , xd—C = u (8.72)
12N + 6 12N + 6
This leads to the total baryon charge B being given by
_ T2 4 T3 6N + 4CX; px:
B =mny—np = 3 <NP‘JC+N.”LZC+2N]AQ+3cxud*yxzd> iy 3 . Td . (8.73)
Furthermore, we can write the equilibrium number density corresponding to n, as
2 7(3)T38Cx:, + 36N
my' = 3Cx;, M, + Nl + Nl + Ny + Nl = =3 Ep R (8.74)
where we have used the relations [2,47,53]
eq  &iT° C(3)+%Z(2) +...  (bosons) 875
np~ = 7 X 3 7(2) . (8.75)
T 20(3) + %52 +... (fermions),

where ((s) denotes the Riemann zeta function. The fraction between the number density of
baryons and their equilibrium density, being what appears in the Boltzmann equation for
1aB, is then given by

np —Mp _ Mo —1p —C Py

— = , 8.76
e 7 BT (8.76)
where the constant Cp is defined as
2 6N +4Cx-
Cp= L Xt (8.77)
37(3) 18N + 4Cx:
Now taking colour sextet diquarks, we focus on the two scenarios N =1 and N = 3,
2 5 _
= T )7 (N=1) (8.78)
32(3) Z (N=3).
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The combination of decay terms that appear in the Boltzmann equation can then be expressed
as

tot

D
2

2(Dy — Dy) + N(DY — DY) = (N +2)e (”de + 1) - {N(l — )Xz +2r} 77 ](8 79)

X4 B

Similarly, the different combination of scattering terms lead to

— tot
Xs— X5 = eySt+ —(1 + x4) ['yxs —(r—r ) } ’7%5 ,  (8.80)

Cs 2 |y
2
Xe = (1+xg)rx B2, (8.81)
Cs "B
= =\ 77AB - X4
(SS - SS) + (St - St) - C IYSB + ,)/SX eq ’ (882)
B 1g
Xaa
2
(80 —8) 4+ (P -3y = 77AB sy + sy 1% ] , (8.83)
Cp ’7 ’7de
where we have defined the reduced scattering rates
Voo = (%@ +xp)ys, + (g +1)7s, + (e +1)7s, (8.84)
Ysx = s+ XieYs, +XEYs,, . (8.85)
’75% = (—xu_c + 1)’)’59 + (xd_c + 1)7521 + (-Xd_c - xu_c)f)’sg)b , (8.86)
")75[))( = xd'c')/sg - x,/[c’)/s?ﬂ + ’)’Sg)b . (8.87)

Plugging the above results into Eq. (8.58) we obtain the final form

dng 'Yg)t NXaa 4 1AB 4 TIAB
H 2 -1 - = 1-—- e+ 2
3zH(z)n(z)—— 7 > (N+2)e ;q s {N(Q1 —r)xz +2r} = G B
dd
,Ysub
<N x0T {4 D7+ g |+ T { OV DT+ 7
X,
“ (8.88)
where
TP = 29x, +27x, — (r — 1) ¥S". (8.89)

Egs. (8.49) and (8.88) now constitute a set of coupled Boltzmann equations that describe
the time-evolution of baryon asymmetry in our simplified model. In a complete treatment,
additional effects coming from the varying onset of different SM Yukawa interactions should
be taken into account [86, 625, 626]. However, the impact on the final baryon asymmetry
coming from these effects should be small, and we therefore neglect them.

Before we evaluate Egs. (8.49) and (8.88) in Sec. 8.6 we complete our analysis of the
simplified model described by Eq. (8.34) by considering its connection to grand unification in
Sec. 8.4 and phenomenological constraints in Sec. 8.5.
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Grs GLRr Gsm
(2,1,4)  (3,2113) (3,2,1)
(1,2,1,-1) (1,2,-1)
213 (G12-1) (L) e(E1-3)
(1,1,2,1)  (1,1,1) & (1,1,0)

Table 8.4.: Decomposition of the SO(10) representation 16 under Gps = SU(2)1, x SU(2)g %
SU(4)C, GLR = SU(3)C X SU(Z)L X SU(Z)R X U(l)B,L and GSM = SU(?})C X
SU(2)L x U(1)y.

8.4. Grand unification

In this section we connect the diquark-model to grand unification in order to connect it
to a broader perspective. Diquarks naturally appear in many GUT gauge groups, e.g. in
the Pati-Salam [148] group Gps = SU(2)r x SU(2)r x SU(4)., E¢ [154], or SO(10) [153]. In
this section we mainly focus on SO(10), which may break to the SM gauge group Gsv =
SU(3), x SU(2), x U(1)y in a number of ways. Below we consider scenarios in which
the breaking SO(10) — Ggym goes via Gps or the left-right symmetric gauge group Gir =
SU(3)C X SU(Z)L X SU(Z)R X U(1>B,L.

Gps Grr Gsm

(1,3,1) (1,1,3,0)0  (1,1,+1)® (1,1,0) & (1,1,-1)

3,1,1)  (1,3,1,0) (1,3,0)

226 (22-)  (2+)e(62-)
(32,2,+3) (32,+8) © (32 —5)

(1,1,15)  (1,1,1,0) (1,1,0)
(3,1,1,+3) (31,+3)
(31,1,-3) (31,-3)
(8,1,1,0) (8,1,0)

Table 8.5.: Decomposition of the SO(10) representation 45 under Gps = SU(2)1, x SU(2)g x
SU(4)e, Gir = SU(3)e x SU(2) x SU(2)g x U(1)p_; and Gem = SU(3)e x
SU(Z)L X U(l)y
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Gps GLr Gsm

(1,1,1)  (1,1,1,0) (1,1,0)

(3,3,1) (1,3,3,0) (1,3,—1) @ (1,3,0) @ (1,3,+1)

(2,2,6) (3,2,2,-2) (3,2,+%) @ (3,2,-2)
(3,2,2,+2) (3,2,+2) @ (3,2,-%)

(1,1,20) (6,1,1,+%) (6,1,+2)
(6,1,1,-3) (6,1,-3)
(8,1,1,0) (8,1,0)

Table 8.6.: Decomposition of the SO(10) representation 54 under Gps = SU(2)1, x SU(2)g x
SU(4)C, GLR = SU(3)C X SU(Z)L X SU(Z)R X U(l)B,L and GSM = SU(3)C X
SU(Z)L X U(l)y

We now consider a limited set of SO(10) multiplets, focusing on the ones that are relevant
for this section. Their decomposition under Gps is given by

10 = (2,2,1)+(1,1,6)
16 = (2,1,4)+(1,2,4)
45 = (3,1,1)+(1,3,1) + (1,1,15) + (2,2,6)
54 = (1,1,1) +(3,3,1) + (1,1,20) + (2,2,6)
120 = (2,2,1)+(1,1,10) + (1,1,10) + (3,1,6) + (1,3,6) + (2,2,15)
126 = (1,1,6) +(3,1,10) +(1,3,10) + (2,2,15)
210 = (1,1,1)+(1,1,15) 4+ (3,1,15) + (1,3,15) + (2,2,6) + (2,2,10) + (2,2,10)(8.90)

The subsequent decomposition of the 10, 45, 54, and 126 of SO(10) under Grr and Ggy are
shown in Tabs. 8.4, 8.6, 8.7, and 8.5, respectively. We see in Tab. 8.4 that all SM fermions can
be accommodated in the 16 of SO(10), where an additional neutral singlet appears that can
be identified as a right-handed neutrino. Furthermore, the Higgs fields of the SM could come
from e.g. a complex 126 of SO(10) that couples to 16;16;, where the coupling is symmetric in
flavour indices’ i and j.

The breaking route from SO(10) to Ggy is dictated by which SO(10) multiplet breaks the
symmetry. Using a real 210 or 54 along with the complex 126 that we identified with the SM
Higgs leads to the intermediate symmetry!? Gps.

9The SM Higgs field could also come from the 10 or 120 of SO(10). In the former case the flavour couplings
would again be symmetric, while in the latter they would be antisymmetric.

107f we use a real 54, the gauge couplings of the partial symmetries SU(2); and SU(2)g in Gps are identical,
gL = gr [627], while if we use a 210 they are unequal, g1 # gr.
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Gps GLr Gsm

(1L1,6)  (31,1,+3) (31,+3)
(3.1,1,-3) (3.1,-3)

(3,1,10) (1,3,1,-2) (1,3, 1)
(331,-3) (33,-3)
(6,3,1,+2) (6,3,+3)

(1,3,10) (1,1,3,+2) (1,1,0) @ (1,1,+1) & (1,1, +2)
(3,1,3+%) (3L-%)a 31+ & (31,+3)
(6,1,3,-3) (61,-3) @ (61,-3) @ (61,+3)

(2,2,15)  (1,2,2,0) (1,2,-1) & (1,2,+3)
(322,-3) (32-5) ® (32 -3)
(3,2,2,+%) (3,2,+%) @ (3,2,+%)

(8,2,2,0) (8,2,—3) @ (8,2,+3)

Table 8.7.: Decomposition of the SO(10) representation 126 under Gps = SU(2); x SU(2)g x
SU(4)C, GLR = SLI(B)C X SU(2)L X SU(Z)R X U(l)B,L and GSM = SU(3)C X
SU(Z)L X U(l)y

The symmetry groups SO(10), Gps, and Ggy all explicitly conserve B — L, but Ggy does
not. However, the field content of the SM does not lead to any B — L-breaking interactions,
such that this charge is accidentally conserved by the lack of any B — L-violating terms in the
SM Lagrangian. In the presence of new fields, such as the scalar diquarks X, € (5, 1, —%),
X4 € (6,1,—1) and X4y € (6,1,+%) from Sec. 8.3, B — L can be broken explicitly at low
scales. These diquarks do appear in the 126 of'! SO(10), as can be seen in the entry in
Tab. 8.7 that corresponds to the (1,3, ﬁ)-representation of Gps. In this entry there is also a
complete SM singlet scalar field with the representation (1,1,0), which we can identify as the
B — L-breaking scalar ¢ from the simplified-model Lagrangian in Eq. (8.34).

In the running of gauge couplings we assume that any intermediate symmetries between
SO(10) and Gsy; are all broken around the GUT scale 15010y We therefore attempt unification
of the three SM gauge couplings at this scale by including additional fields coming from the

HNote that the field Xad € (6, 1, —|—%> also appears in the 54 of SO(10). This second copy of a (6, 1, —0—%)—ﬁeld

can mix with the one from the 126 to form the two states X;; and X/, needed for CP-violating decays as
described in Sec. 8.3.2.

212



8. Beyond LNV the case of AB = 2

60
50
40
B 30
20

10
0 E H=mpQ~ 10TeV H=Ms0(10) E i 0 iﬂ:mx\ld 3}121’”): imSO“())_
2 4 6 8 10 12 14 16 5 10 15
Log;o[u/GeV] Log,ol#/GeV]

Figure 8.10.: Left: Running of SM gauge couplings a1, a2 and a3 in the presence of a TeV-scale
diquark X,,; and two copies of A € (1,3,0), also at the TeV scale. Right: Running
of SM gauge couplings a1, a; and a3 in the presence of a TeV-scale diquark X,
and a SU(2)-triplet fermion X € (6, 3, %), at an intermediate scale of 10* TeV.
This figure is taken from Ref. [2].

SO(10)-multiplets in the one-loop renormalisation group equations (RGEs) given by

9i _ _bi 3
or, equivalently,
1 1 b; m)
e ln ’ 8.92
ai(p2) — wi(p1) 2w (Vl (8.52)

for pup > uq, where «; is given by a; = g?/ 47, and where i denotes the SM gauge subgroups
SU(3)., SU(2)r, and U(1)y. The coefficients b; are given at one—loop by [628]

blz——Cz ZT Re) [ [di(Ry) + 5 ZT Rs) [ [di(Rs), (8.93)
J# Rs J#
where C;(G) is the quadratic Casimir operator in the adjoint representation, given by
N if SU(N),
C2(G) = if SU(N) (8.94)
0 if U(1).

Furthermore, d(Ry) is the dimension of the representation R, and T(Ry) (T(Rs)) is the
Dynkin index of a fermion (scalar'?) field, which is given by

% if Ry s is fundamental,
T(Rfs) = {N if Ry is adjoint, (8.95)
0 if Ry is singlet.

12Note that an additional factor % should be included for T(Rs) in case s is a real scalar field.
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We now consider the special case!®> where X,,; is found at low scales while X,;, and X, lie
at the GUT scale, such that mx,, ~ O(TeV) and myx,,, mx,, ~ Mmgso(10)- The presence of X,
modifies the running of gauge couplings according to Eq. (8.93). However, no unification is
found with X,,; alone. Instead, additional fields must be added in order for the three gauge
couplings to unify at mgp(19), as can be seen in the two examples below.

In the first example, we add two copies of the scalar field A € (1,3,0) around the same scale
as X4, where A may come from the 45 or 54 of SO(10) [617]. The running of gauge couplings
for this scenario can be seen in Fig. 8.10 (left), where mx , = mp = 3 TeV is used. Here we
see that unification is achieved around mgp () = 10'° GeV. As a second example, we keep
myx,, = 3 TeV and add a fermion field X € (6, 3, %) at an intermediate scale my = 10* TeV,
leading to unification at mgo(19) ~ 10'° GeV as can be seen in Fig. 8.10 (right).

8.5. Phenomenological constraints

Scalar diquarks are subject to a wide range of different phenomenological constraints,
especially for masses below or around O(TeV). In this section, we cover the most relevant
ones'4, to finally compare the different limits with n-7i oscillation searches and baryogenesis
in Sec. 8.6.

8.5.1. LHC

Scalar diquarks can lead to distinct signals at collider experiments such as the LHC [616,
630-644]. They may be e.g. singly produced in resonant s-channel quark-quark collisions,
or pair-produced in gluon-gluon fusion. For couplings greater than O(0.1) the former
mode dominates, while the latter dominates for smaller couplings [629,638]. Experimental
results are only available up to masses of O(1 TeV) in gluon fusion [645], while for resonant
production the limits go up to O(10 TeV) [646]. For these reasons, we choose to focus on
resonant production here.

The different benchmark scenarios we consider in Sec. 8.6 all include X, masses at
very high scales, while X,; and X;; may be at low scales. We therefore consider the LHC
phenomenology of the latter two particles only.

For X,4, the differential resonant production cross section with a top-quark in the final
state is given by [2]

do(uid; — Xyg — tdy) \ﬁ?d\z\fgkd ? (8 —m})? (8.96)
d cos 6* B 8ms (8- m%(ud)z + mg(udr%(ud ’ .

where all quarks except the top are considered to be massless, 0 is the scattering angle, I'x ,
is the total decay width of X4, and § = x;xs is the squared centre-of-mass energy in the

13This scenario is of interest for the evaluation of the baryon asymmetry, which is discussed in Sec. 8.6.

14Apart from the constraints that are covered in this section, we also note that additional constraints on the
diquark couplings can come from the neutron electric dipole moment [629]. However, for the scenario we
consider in Sec. 8.3.1, these constraints are not very stringent due to the absence of simultaneous left- and
right-handed couplings as well as the presence of flavour-diagonal couplings [2].
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8. Beyond LNV the case of AB = 2

parton system, for a proton-proton centre-of-mass energy /s and momentum fractions x;
and xp. Changing t — u, c with dy € {d, s} in Eq. (8.96) leads to a dijet final state. Note that
in Eq. (8.96) we also need to take spin- and colour multiplicities for the initial and final states
into account.

The different partial decay widths are given by

F<Xud — uidj)‘ui#f = ud’2 ud 7
2
CXud ud |2 m%
F<Xud - td]) = 87T |f3] ’ mXud 1 - m2 4 (8.97)
Xud

where I'x,, = T'(X,g — ;)| +T(Xyg — td;), and where Cx,, is the colour multiplicity.
We can similarly express the differential cross section for resonant production of X, as [2]

4o (did; — Xaa — dydy) _ PR §
d cos 6% 167t 8 2 )2 2127 (8.98)
(S o ded) + MY ga™ Xaa
where the width is given by
CX
erd = F(de — dld]) = ud ’ff]ldyz . (899)

The parton-level differential cross sections in Eqs. (8.96) and (8.98) can be related to the
measured hadronic cross section via
o= L [ g ) o i)ty (w00,

¢ Qz) ) (8.100)

VF P‘R

where jir is the factorisation scale and Q is the characteristic energy scale of the interaction.
We can write Eq. (8.100) in a more convenient form by introducing the parton luminosity

factor [647] . .
d’l:] = /0 /0 dxldxzfi(xl)f]-(xz)é(xle — ’L'), (8101)

where

CI)\U))

T = X1Xp = (8102)

Next, we note that the rapidity 7 = 1/21In(x1/x>) is a better integration variable than x; and
x, for our purposes, since it allows us to take kinematic cuts into account. We therefore use

I(rg)

_axx

dLij(yrzi;/ymax) :/ymx (fey)f](fe ) (8.103)

the identity dxqdx;

Y dtdy = dtdy to re-express Eq. (8.101) as

min

leading to the total hadronic cross section

Thad = Z/ [ ] 80y - (8.104)
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For efficient evaluation of the partonic cross section & we use the Breit-Wigner form

(a4+b—X)xT(X —c+4d)

. , (8.105)
(m? —m%)" +miT%

&(m)(cH—b—>X—>c+d):167r></\f><r

where X is the resonance, m ~ \/§ = \/Ts is the energy in the interaction, and N accounts
for the different multiplicities such that

_ Nsy Cx
~ Ng,Ng, C.Cp”

(8.106)

where Ns, (Ns,,) and Cx (C,;) is the spin and colour multiplicity of the resonance (initial
partons a and n), respectively. Note however that in Eq. (8.105) we have implicitly integrated
over the whole range of the scattering angle 0*. In practice, only certain values of 6* are
allowed due to kinematic cuts, and to take this into account we can further re-express
Eq. (8.105) as

_167r></\/><A><BRpar><1“§(

(m2 — m)* + 1%

o(m) (8.107)
where BRy, is the branching ratio of X with respect to the partonic subprocess, and A is the
experimental acceptance factor taking the limited range of 6* into account. Lastly, applying
also the NWA .

s

(m2 )" 4 miT% T

S(m* —m%), (8.108)

we arrive at the final hadronic cross section

o (mx) = 167 x N x A x Y_(1+ 6,5)BR(X — ab) dL”b(yfz‘;sP'ymax) 2
ab §:mX
x Y BR(X — cd) x ;ETX (8.109)
X

cd

where (a,b) and (c,d) denotes the different possible initial- and final state partons, respec-
tively.

To numerically evaluate the cross section we use the acceptance factor A = Ay A, following
Ref. [646], where Ay = 0.57 and A; ~ 1 account for the rapidity cuts |Ay| < 1.3 and |77| < 2.5,
respectively. In Ref. [2], the hadronic cross sections were then calculated using the MANEPARSE
package [648] with the PDF set CTEQ6L1 [649].

In Fig. 8.11 we show different exclusion limits on the X,; (left column) and Xj; (right
column) resonant production cross sections as a function of the diquark mass for the LHC
(top and bottom rows) HE-LHC [589], and FCC-hh [651] (bottom row). Short dashed lines
in Fig. 8.11 correspond to dijet final states, while long-dashed lines correspond to third
generation quarks using top- and bottom tagging efficiencies ~ 0.3 and ~ 0.8, respectively,
following Ref. [650].

For the LHC-specific cross sections, three different coupling constants f =1, 0.1, 0.01 are
used. Comparing with the CMS data shown in black, we see that X,; diquarks are excluded
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Cross section for the diquark mediated s-channel scattering u +d — X, —
dijet (t +jet) (left column) and d +d — Xy — dijet (b + b) (right column) as a
function of the diquark mass, where experimental acceptance is accounted for
by the factor A. In the top row, the cross sections corresponding to searches
at the LHC are shown for three different diquark couplings f = 1.0, 0.1, and
0.01, corresponding to purple, blue, and pink lines, respectively. Short-dashed
lines correspond to dijet final states, while long-dashed lines correspond to third
generation fermion final states. Black and green lines show CMS data for an
integrated luminosity of 36 fb~! [650] and the corresponding SM prediction for
dijet searches, respectively. Projected cross sections for f = 1 at LHC, HE-LHC
and FCC-hh are shown in the bottom row. This figure is taken from Ref. [2].

for f,4 = 0.1 up to mx,, ~ O(5 TeV), while X, is excluded for fz; = 0.1 up to O(3 TeV). For
couplings of order unity, f = 1, both diquarks are excluded up to m ~ O(8 TeV). Comparing
with the plots in the bottom row, where all cross sections are shown for f = 1, we see that
future exclusions could in principle reach a lot higher in the diquark mass.

8.5.2. Meson oscillation

Neutral meson oscillations can severely constrain the masses and couplings of scalar di-
quarks [629]. Assuming X, to be very heavy15, we here focus on meson oscillations induced
by the diquarks X, ; and X ;.

15Note however that if X, is light it can lead to DY — ﬁ) oscillation [652].
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Figure 8.12.: Meson oscillation diagrams mediated by X, at tree-level (left) and X,,; at loop-
level (right). This figure is taken from Ref. [2].

Mixing between the neutral mesons M and M can be described by the matrix element

My = (M[Hegt|M) = ) (CM + C7) (M| O;| M), (8.110)

]

where Oj are four-quark operators with associated SM and NP Wilson coefficients C].SM and
NP .

C i respectively. -
For B-meson oscillation B; — B, the SM contribution comes from the operator

Ov, = (FvuPLb) (7" PLb), (8.111)

where the Wilson coefficient is given by [653]

G2 . .
Ch' = g mwsSo(x0) (Vi Vi) (8112)
Here 75 = 0.8393 comes from QCD-corrections, and Sy(x¢) = 2.35 with x; = m%/ m%,v is the
Inami-Lim function corresponding to the SM top-quark box diagram. For kaon oscillations
K — K, the SM operator and Wilson coefficients are given by [653]

Ov, = (dvPs)(dy"Prs), (8.113)

and

2
ot = f;m%\, (mtSo(xt)(WsW;)z + 77eeS0(x6) (Vs V)2 + 2076S0/(xe, x4) Vis Vi Vies C;) , (8.114)
respectively, where 7y = 0.5765, 7. = 1.39 (1.29 GeV /7 )!!, and 5, = 0.47 come from
QCD-corrections, and So(x.) ~ x., So(x¢, xt) = —xclog(x.) + 0.56x. with x. = >/ m%v is the
Inami-Lim function including the charm-quark box diagram.
The NP contribution to neutral meson oscillation coming from the diquarks X,,; or X;; can
be described by the operator [357]

Ovy = (djvuPrd;) (djy" Prd;), (8.115)
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Observable | Diagram Constraint

A, tree-level | |f5(f5)*| < 3.1 x 10 (my,, /TeV)? [656]
one-loop ‘Zk fiud (fiud > (mx,,/TeV) [656]

Ag, tree-level | | (f5)*| < 1.5 x 1075 (my,, /TeV)? [656]
one-loop Yi f”d( fudys| < 0.08 (mx,,/TeV) [656]

Amig tree-level | | (fo)*| < 2.2 x 1076 (my,, /TeV)? [657]

one-loop Yi f”d( ”d) <$0.03 (myx,,/TeV) [657]

Table 8.8.: Constraints at 95% CL on the mass and coupling of diquarks X,; and X;; coming
from BY — BY, B — B0 and K° — KO,

where the quarks d; and d; should be taken as (d;,d;) = (s,b), (d,b), (d,s) for Bs, By, and K
oscillation, respectively. Diagrams corresponding to these oscillations are shown in Fig. 8.12,
where X;;; only gives rise to tree-level diagrams for flavour-diagonal couplings f;;, while
X4 only leads to loop-level diagrams due to its coupling to both up- and down-type quarks
rather than two quarks of the same type [654,655]. For X, this tree-level exchange leads to
the Wilson coefficient

o LA

Vk — 2 mg(dd ’

(8.116)

while the box-diagram involving X,; exchange, assuming a flavour-symmetric coupling
matrix f,4, leads to [357]

3 1 1~y ~ 2
NP _ Y | Fud/rudy*
CVR - 25671’2 m%{ } |: ki (fk] ) ] s (8'117)
where f! ] = (VR)if, ‘;d, with Vi being the matrix that diagonalises the right-handed quark

charged current.
Following Refs. [653,656—658] we now consider the ratio between the total and SM-mediated
meson oscillation contributions,

(M[HeM) _ | OV

=14 =,
(M| HZ'|M) CsM

Ay = (8.118)

where the complex parameter Ay is experimentally constrained at 95% CL to A, , = 1. 1105
(1.05%52,) for B-mesons and Re(Ag) = 0.931]13, Im(Ax) = 0.92753 for kaons [656, 657].
These constraints can be translated into limits on the masses and couplings of the diquarks,
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Figure 8.13.: A diagram showing the dinucleon decay nn — 797" at two-loop level with

third-generation diquark couplings. This figure is taken from Ref. [2].

as shown in Tab. 8.8. Here we see that kaon oscillations provide the most stringent limits,
especially on the mass and coupling of X ;.

Apart from meson oscillations, diquarks can lead to other flavour-changing neutral cur-
rent (FCNC) processes such as non-leptonic rare meson decays [357,629]. However, such
constraints are generally weaker than those coming from meson oscillations.

8.5.3. Dinucleon decay

A AB = 2 process that can be induced by scalar diquarks, apart from n-71 oscillations, is
dinucleon decay, e.g. nn — 7°7°. This decay mode involves couplings between diquarks and
first-generation quarks, effectively constraining the same parameters as n-f oscillation. Due
to large uncertainties in the dinucleon decay matrix elements, n-i oscillation leads to more
reliable constraints for these parameters. However, dinucleon decay could still be a leading
probe of AB = 2 interactions in the special case where the diquarks most dominantly couple
to third generation quarks. In such a scenario, the leading contribution to n-7 oscillation
would be found at 3-loop order, while two loops are sufficient to mediate nn — 7°7° decays,
as illustrated in'® Fig. 8.13. This reduced number of loops could potentially lead to stronger
limits coming from dinucleon decay than n-7i oscillation.

16Note that the mass insertions in Fig. 8.13 are needed in order to flip the helicities of the quarks, since W-bosons
only interact with left-handed quarks while for the model we considered in Sec. 8.3.1 the diquarks only
interact with right-handed quarks. We ignore these mass insertions for the subsequent analysis of this section
in the interest of simplification. The resulting uncertainty in the final result coming from this simplification is
overshadowed by the uncertainty in the nuclear matrix elements corresponding to dinucleon decay.

220



8. Beyond LNV the case of AB = 2

1.0f;

0.8f

0.61
Ele Frejus: f"‘/ _ fud
Ry 33 = J33
0.4} Super-K: _)‘;{{’ = _)‘5”3‘[
Hyper-K: _f}f{{’ = _f;’;’
Frejus: f}{{’ = f}f{'/lO
0.2y dd _ puc
Super-K: £ = fud/10
Hyper-K: £ = fi4/10
0.0

1000 2000 3000 4000 5000
my,, = my,, /3 [GeV]

Figure 8.14.: Exclusion limits in the coupling-mass plane from different dinucleon decay
experiments, assuming the two-loop diquark-mediated dinucleon decay mode to
be the most dominant. Red lines correspond to equal couplings f% = f*?, and
blue lines to a coupling hierarchy f*¢ = 10f%. This figure is taken from Ref. [2].

The two-loop dinucleon decay rate is given by [596]

2
T~ 9 [Con|

N <n0710\011)?\1]nn>\2pn, (8.119)
n

where m, is the mass of the neutron, and p, ~ 0.25 fm 2 is the nuclear density. The
nuclear matrix element |(71971%| O |nn)| corresponding to a 15-dimensional operator has
mass dimension eleven, such that |(7°7°|OL |nn)| ~ All. In the absence of accurate nuclear
matrix element calculations, we assume that A lies somewhere between Agcp and m,, and in
the interest of deriving conservative limits we chose A = m,, in the subsequent analysis. Here
we omit some steps in the calculation of the dinucleon decay rate. The interested reader is
referred to Ref. [2].

The most stringent experimental limit on the nn — 797" decay mode of T > 4.04 x
10%? years comes from the Super-Kamiokande experiment [659], where T is the partial
lifetime. This limit can be compared with an earlier limit T > 3.4 x 10% years from the
Frejus experiment [660]. In the future, the Hyper-Kamiokande experiment is expected to set
constraints that improve over existing bounds by an order of magnitude [661].

In Fig. 8.14 we show the past, current, and future experimental limits in the diquark
mass-coupling plane, where the masses are related via my,, = 3my, ,, and the couplings are
related via f,; = f,4 (red lines) and f,; = 10f,; (blue lines).

ud’
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Figure 8.15.: Diagrams involving only the trilinear coupling uX;;X, X, that give rise to
effective quartic interaction terms. This figure is taken from Ref. [2].

8.5.4. Colour-preserving vacuum

The trilinear diquark coupling £ D uX;;X,1X,4, where the dimensionful coupling y = Av/
arises from the vev v’ of ¢ (c.f. Sec. 8.3.1), can be constrained by the requirement that the
vacuum should preserve colour charge. As illustrated in Fig. 8.15, combining multiple
instances of this term can lead to effective quartic interactions according to the Lagrangian

—Lett = et (Xua)*(XF0)* + Mgp(Xaa)*(XJ0)?* + Mie(XuaXhg) (XaaXJa) (8.120)

where the effective coupling constants are given by [662]

1 ! my,, Mk my
Nett ~ — )2[ X~ Juilog | it ) 2l (8.121)

Y (m

Xad - mXud ded - mXud Xud
1 ;44

/
ff © Ty 6mt ' (8.122)

Xud

4.2 2 2 2

1 ~ _i I/l ded ded _ mxud _ 210 ded (8 123)
off 72 2(me —m2 )3 | m? 2 &\ 2 . :

X Xud Xud Xaa Xud

For the case where the two masses are of the same scale, my , ~ mx,,, we have the relation [2]

1 ;44
;) 4
T 6mxud

20eft R Agg = 4y = (8.124)
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The fact that the couplings in Eq. (8.124) are negative leads to a colour non-preserving vacuum,
which is inconsistent with the SM. To account for this discrepancy, either additional positive
quartic couplings or new colour-charged scalar fields must be added to the model.

In order for the effective quartic couplings to lead to a perturbative theory, we have the
requirement A, AL, ALy < 471, which leads to constraints on the dimensionful coupling u
given by

my , x (243)V4 for my,, ~ myx

ud

u < wd ! (8.125)

myx,, x (9673)/4 for my,, > myx

ud ud *

For the numerical study in Sec. 8.6, we choose u = Av' ~ my,, for the scenarios where there
is a small mass hierarchy between X,; and X;;, in order to preserve perturbativity. For large
hierarchies, e.g. when my,, is of O(mgur) while X,,4 is of O(1 TeV), we can integrate out X,
from the effective quartic interactions to find the perturbativity constraint A¢g < 477 satisfied
by the condition

u~0(my,) for mx,>T>mx,. (8.126)

Additionally considering the effects coming from X, with mx,, ~ O(mgyr) can lead to AL
and A’ not exceeding the values of the corresponding tree-level terms [617].

8.6. Probing baryogenesis with neutron-antineutron oscillation

It this section, we wish to explore the parameter space of the model described in Sec. 8.3.1
including n-71 oscillation constraints, as well as the other probes described in Sec. 8.5. We are
particularly interested in the final baryon asymmetry generated via the mechanism described
in Sec. 8.3.2. Our central question is: can successful baryogenesis be achieved in the diquark
model using parameters that are not excluded, but that could potentially be probed in
upcoming experiments, in particular by next-generation n-7i oscillation searches?

Based on the different considerations outlined in Sec. 8.5, we identify two benchmark
scenarios that are of special interest, which we denote as the high- and low-scale scenarios:

High-scale scenario: In the high-scale scenario, we set the mass of X;;, as well as the
trilinear coupling constant Av’, close to the GUT scale, while keeping X, ; within experimental
reach of collider experiments. We then have myx,, ~ Av' ~ O(10'% - 10 GeV) and mx,, ~
O(10° - 10* GeV), for couplings f,q4, faa ~ 1073 - 1.

Low-scale scenario: In the low-scale scenario, we keep a tight hierarchy between X;; and
X4, such that their masses are approximately the same while still satisfying the condition
myx,, > 2myx, needed for baryogenesis. Specifically we choose myx, = 3my, , and for
the trilinear coupling we further choose Av' = 1.2my,,. As in the high-scale scenario, the
quark-diquark couplings are kept in the range f,.4, faq ~ 1073 - 1.
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T(GeV) | Process High-scale | Low-scale
> 10'% | Gauge interactions + ¢ Yukawa 4 v/
> 102 | QCD sphaleron v v
~ 1013 | EW sphaleron + b Yukawa v v
~ 102 | T Yukawa v 4
~ 102 | ¢ Yukawa X v
~ 101 | u, s Yukawa X v
<108 | u,d, e Yukawa X v

Table 8.9.: Temperatures at which various SM processes are expected to come into equilib-
rium [86]. Ticks indicate that the processes is assumed to be in equilibrium in the
corresponding benchmark scenario shown in the top row, and crosses indicate that
this assumption is not made.

Assuming that baryogenesis occurs via out-of-equilibrium decay of Xj; in the model
described in Sec. 8.3.2, we evaluate the Boltzmann equations from Sec. 8.3.2 to find the value
of the final baryon asymmetry. For both benchmark scenarios we define the CP-violation
parameter € under the simplifying assumption that the couplings of X;; and X, are related
via f}, = ifsg and A’ = A, where f; € R, such that

¢ = %Tr [(fdd)*fdd] <1fx> r (8.127)

Here we have further defined x = (mx,, /mY )* and use r = BR (X4 — X}, X;;). The
maximum value of € is emax = 2r, which can be compared to the value obtained from
Eq. (8.127) in different benchmark scenarios. Below we denote these values for € as the
maximum and loop-induced values, respectively. Unless otherwise stated, we use x = 0.2 as an
example case for the loop-induced e.

For both the high- and low-scale scenarios we assume flavour-universal and flavour-
diagonal couplings, such that f;;, f,s < 1. However, in the high-scale scenario we only
consider the couplings to third generation quarks to affect the baryogenesis mechanism, due
to the late onset of the other Yukawa couplings with respect to the scale of X;;.

In the early Universe, different SM process come into equilibrium at different times, as
discussed in Sec. 2.2.2. In Tab. 8.9, we show the approximate temperatures at which the gauge-
and Yukawa interactions, as well as the two sphaleron processes, reach chemical equilibrium.
In the last and second-to-last columns we denote which interactions are assumed to be in
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8. Beyond LNV the case of AB = 2

equilibrium for the two benchmark scenarios, respectively.

In the next two sections, we show the results in the high- and low-scale scenarios respec-
tively, by comparing the parameter space leading to successful baryogenesis with the regions
excluded by different experimental searches.

8.6.1. High-scale scenario

Apart from n-7i oscillation and baryogenesis, the high-scale scenario offers a connection to
both grand unification and collider searches. In Sec. 8.4 we saw that a O(1 TeV) scale X4
can lead to gauge coupling unification at myx,, ~ mgyr in the presence of minor additional
adjustments to the model. Furthermore, being at such low scales, the diquark X,; can
potentially be found in future collider searches at the LHC, HE-LHC, or FCC-hh, as was
discussed in Sec. 8.5.1.

In Fig. 8.16, we show the evolution of 7x,, and nap with respect to the time-variable
z = my,, /T, as evaluated using Eqs. (8.49) and (8.49) from Sec. 8.3.2 in the high-scale scenario
with my,, = 10™ GeV (left column) and my = 101 GeV (right column), where the rest of
the parameters are chosen as f,; = fs; = 0.05, Av' = 1.5my,,, and mx,, = 5 TeV. Here the
blue line shows the number density of X;;, and the dashed green line is its equilibrium value.
The orange line corresponds to the baryon asymmetry 7,p for the maximum value of the
CP-violating parameter € = epax = 2r, while the red line shows #p for the loop-induced
€ ~ 4 x 107* as evaluated using Eq. (8.127) for x = 0.2.

In the top row of Fig. 8.16, the evaluation is performed assuming that X;; is initially
in equilibrium, while for the bottom row the condition 77x,,(z — 0) = 0 is used!’. The
fact that identical final asymmetries are found using both initial conditions motivates the
simplification of neglecting ¢¢ — X, X7, interactions in the derivation of Eq. (8.49). Such
production processes would rapidly bring X,; into equilibrium at low z, however we see in
Fig. 8.16 that this has no effect on the final baryon asymmetry.

For the parameters used in Fig. 8.16, we see that the baryon asymmetry is about two orders
of magnitude too large as compared to the observed value for the loop-induced ¢, and six
orders of magnitude too large for the maximum e. Fig. 8.16 highlights the fact that large
asymmetries can be generated in the high-scale scenario, a lower final baryon asymmetry can
easily be accommodated using smaller couplings or a greater X/,,-mass.

In Fig. 8.17 we show the final baryon asymmetry in the mx -f,s-plane for f,; = fu
and Av" = 1.5my,,. The top row is evaluated for loop-induced €, and in the bottom row
the maximum value is taken. For the left column we use my, = 10!* GeV and the right
my, = 10'® GeV. The yellower a region, the greater the final baryon asymmetry, with the
observed value 73*® = 6.2 x 10717 being represented by a red line. Stars show the benchmark
scenarios used in Fig. 8.16, and the black and (solid, dashed) blue lines show exclusion limits
from LHC- and (current, future) n-71 oscillation searches, respectively.

There is no dependence on the mass of X,; for the final baryon asymmetry, as can be

7Note that the dip in 74p around z = 0.1 - 1 in Fig. 8.16 comes from the fact that 77, flips sign as X;; goes from
being under- to overabundant (i.e. when 7,/ nfgd becomes greater than one).
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Figure 8.16.: Evolution of the baryon asymmetry 755 and X;; number density #x,, with respect
to z = mx,, /T in the high-scale scenario, with my,,

= 10' GeV (left column)
and my, = 10" GeV (right column). Here the different parameters are given

by fus = faa = 0.05, Av' = 1.5my,,, and mx,, = 5 TeV. The baryon asymmetry
is evaluated for both maximum CP-violation (orange lines) and loop-induced
CP-violation (red lines), for X;; being initially in equilibrium (top row) or having
a vanishing initial abundance (bottom row). This figure is taken from Ref. [2].
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Figure 8.17.:

Final baryon asymmetry in the mx ,-f,s-plane for the high-scale scenario, with
myx,, = 10* GeV (left column) and myx, = 103 GeV (right column), for both
loop-induced (top row) and maximum (bottom row) CP-violation, using the
couplings Av' = 1.5mx,, and f45 = fu4. Here the black and blue (solid, dashed)
lines correspond to exclusion limits from the LHC and (current, future) n-ii
oscillation searches. This figure is taken from Ref. [2].
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Figure 8.18.: Evolution of the baryon asymmetry n,p and X;; number density 77x,, with
respect to z = myx,, /T in the low-scale scenario, with f,; = f;; = 0.05 (left)
and f,4-10f;; = 0.05 (right). Here the different parameters are given by mx,, =
3 x 108 GeV, mx, = 108 GeV, and v/ = 1.2mx,,. The baryon asymmetry is
evaluated for both maximum CP-violation (orange lines) and loop-induced CP-

violation (red lines). This figure is taken from Ref. [2].

expected from the fact that baryogenesis occurs at very high scales T ~ my,, > my ,, where
X4 is effectively massless. For large couplings f,; the final asymmetry is smaller, due to
increased washout from X;-mediated scattering processes. For the loop-induced €, a smaller
asymmetry is also found for lower values of f,;, due to reduced CP-violation (c.f. Eq. (8.127)
keeping in mind that we here use f,; = fi).

We see in Fig. 8.17 that LHC constraints are competitive with n-7i oscillation searches for
large parts of the parameter space in the high-scale scenario. Interestingly, these regions are
also compatible with a large baryon asymmetry. We then conclude that the baryogenesis
mechanism described in Sec. 8.3.2 can lead to the observed baryon asymmetry for parameters
that could lead to signals in future n-7 oscillation experiments as well as collider searches.

8.6.2. Low-scale scenario

The low-scale scenario offers a good comparison of the diquark model with the EFT-
description of n-71 oscillation and baryogenesis described in Secs. 8.1 and 8.2. Due to a
small hierarchy in the internal degrees of freedom, many processes in the low-scale scenario
are well described by only a single heavy scale A ~ myx,, ~ mx .

In Fig. 8.18 we show the evolution of the baryon asymmetry and X;; number density
in the low-scale scenario, for both maximum (orange lines) and loop-induced (red lines)
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Figure 8.19.: Final baryon asymmetry in the mx, ,-f,s-plane for the low-scale scenario, with
fui = faa = 0.05 (top) and f,; = 10fs; = 0.05 (bottom), for maximum CP-
violation only, using the trilinear coupling Av" = 1.2myx,, and mass hierarchy
myx,, = 3myx, . Here the orange (solid, dashed), green, black, and blue (solid,
dashed) lines correspond to exclusion limits from (current, future) dinucleon
decay searches, meson oscillations, the LHC, and (current, future) n-i oscillation
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€. We here use the parameters my, , = %mx = 10% GeV, AV = 1.2mx .«» and the couplings
fud = faa = 0.05 (Fig. 8.18 left) and f,; = 10f43 = 0.05 (right).

The final baryon asymmetry for these parameters is significantly lower than our example
in the high-scale scenario (c.f. Fig. 8.16), due mainly to the difference in scale at which
baryogenesis occurs!®. In Fig. 8.18 (left) there is a sudden drop in 775p (red line) around
z ~ 20 followed by a freeze-out around z ~ 30. The drop comes from X;;-mediated washout
starting to dominate due to the reduction in X;; decay-rates, which reduces the asymmetry.
However, due to the small hierarchy between X;; and X, 4, the washout is only effective for
a short period of time until the temperature drops too low to generate an on-shell pair of
X4, and the 75p therefore freezes out. For a large coupling hierarchy f,; = 10f;; (Fig. 8.18
right) the final asymmetry generated using the maximum value of € (orange line) is greater
than the corresponding value for a vanishing hierarchy f,; = f4; (c.f. orange line in Fig. 8.18
left), due to reduced washout. However, for the loop-induced € (red lines in Fig 8.18 left and
right), the final baryon asymmetry is smaller for f,; = 10f;; than for f,; = f44. The reason
for this is that a hierarchy f,; = 10f,4 implies a smaller CP-violation parameter € ~ 4 x 107°
as compared to € ~ 4 x 1073 for f,4 = fis, leading to a smaller asymmetry even though the
washout is reduced.

In Fig. 8.19 we see the final baryon asymmetry for the low-scale scenario in the myx -
fui-plane, evaluated using the formalism in Sec. 8.3.2. Yellow shades indicate the value of
1ap, where the red line shows the observed value 75?* = 6.2 x 1071? and the stars indicate
the benchmark scenarios in Fig. 8.18. Orange, green, black, and blue lines correspond to
experimental constraints coming from dinucleon decay, meson oscillation, LHC, and n-
oscillation, respectively. For dinucleon decay and n- oscillation, solid lines correspond to
current constraints while dashed lines show future projections. We see that the regions of
parameter space that lead to successful baryogenesis lies far outside the reach of any current
or near-future experimental reach. This result mimics the EFT-based-baryogenesis analysis in
Sec. 8.2, where washout was found to be strong down to relatively low scales, leading to a
vanishing baryon asymmetry. Therefore, the low-scale scenario is of small phenomenological
impact as a mechanism for baryon-asymmetry generation, but still interesting with respect
to excluding various high-scale baryogenesis mechanisms in case of a n-7 signal in future
experiments [2].

In Fig. 8.20 we show how the different reaction rates compare in the high- and low-scale
scenarios for the two benchmarks shown in Figs. 8.16 (left column) and 8.18 (left), respectively.
In both cases, the most dominant washout comes from X;;-mediated scatterings, shown in
green as the sum of ’ygg and 'ygg (c.f. Sec. 8.3.2).

In the high-scale scenario, the washout processes start to dominate over the decay rate v,
around the same time as #5p freezes out, leading to a very small washout. For higher values
of the coupling f,s = f44, the washout starts slightly earlier, which can effectively remove the
entire asymmetry (c.f. the top regions of each plot in Fig. 8.17).

18Higher baryogenesis scales generally lead to greater asymmetries since the Hubble rate H o T2 is smaller at
higher temperatures, leading to smaller reaction rates I being needed to satisfy the condition I'/ H > 1, which
in turn determines whether I' has an effect on the baryon asymmetry.
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Figure 8.20.: Equilibrium decay and scattering rates in the high- (left) and low- (right) scale
scenarios, with respect to z = my,, /T, using the parameters described in the
figure texts in Figs. 8.16 and 8.18 for the high- and low-scale scenarios, respectively.
This figure is taken from Ref. [2].

In the low-scale scenario, a similar overlap of washout dominance and 7,5 freeze out can
be seen. Similar to the high-scale scenario, larger couplings f,; = f4s would lead to a greater
washout, as can be seen from the reduced asymmetry in the high-f,; regions in Fig. 8.19.
The non-trivial mx  -scaling in Fig. 8.19 when compared to Fig. 8.17 comes mainly from the
my, ,~dependence of mx,, in the low-scale scenario, where a change in my , therefore also
changes the scale of baryogenesis, unlike in the high-scale scenario where myx, is independent

of myx,,.

Conclusion to Chapter 8

In this chapter we have seen how AB = 2 interactions that lead to n-71 oscillation can explain
the origin of the baryon asymmetry of the Universe. As an example scenario, we discussed
a UV-completion of the n-i oscillation operator featuring scalar diquarks, and showed how
successful baryogenesis can be achieved in two benchmark scenarios. These results were
published in Ref. [2].

If a n-71 oscillation signal is seen in the next-generation experiments, the underlying
mechanism could be related to either the generation of a baryon asymmetry or its washout.
Since a non-zero baryon asymmetry is observed, the latter must mean that there is some other
NP at relatively low scales that would lead to baryogenesis. If the former is true, collider
searches can be used to distinguish between different scenarios, an example of which being
the diquark model discussed in this section.
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This chapter concludes the main body of the thesis. In Ch. 9 we summarise Chs. 2 to 8, and
discuss further directions into which the results presented here could lead.
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The origin of the baryon asymmetry is one of the big open questions in particle physics. It
holds one of the keys to discovering what lies beyond our current framework of understanding,
and it is intricately connected to various other open questions, such as the unification of
forces, the nature of dark matter, and the origin of neutrino masses. The different extensions
that can accommodate such an asymmetry share a few common features, such as the violation
of B — L. Another open question is the nature of neutrinos. If they are Majorana fermions,
neutrinos and antineutrinos constitute the same field, meaning that lepton number is violated
by two units, AL = 2. Whatever mechanism generates the neutrino mass could then be active
in the early Universe, possibly leading to baryogenesis. Constraining various models that
lead to B — L-violation is crucial for our understanding of what could lie beyond the SM.

In this thesis we have shown how probes of LNV and BNV can lead to constraints on both
neutrino masses and baryogenesis models. Using the full set of dimension-7 AL = 2 SMEFT
operators we have derived constraints on the scale of LNV using a wide range of different
observables. In a collider-based analysis we presented new limits on the muon-component
of many of the LNV Wilson coefficients, which represent the currently most stringent limits
for this flavour. The results show how collider searches can be used to constrain LNV
operators, and lays a foundation for future work regarding LNV at high-scale observables. By
systematically studying tree-level UV-completions of AL = 2 operators, we present a full list
of simplified models leading to dimension-7 LNV. These results are useful for model-building
purposes, as the possible Majorana neutrino mass topologies are shown explicitly for a wide
range of BSM fields. They are also useful as a tool for discriminating between different models
in case of a signal at collider experiments or in any of the LNV observables. Furthermore,
we show how the extensively used EFT-estimate of the neutrino mass contribution coming
from different LNV operators completely misses the effect of a hierarchy in the internal
degrees of freedom. This result leads to wide ranges of parameter space that was previously
considered excluded being opened up. We show how the internal hierarchy can be studied
model-independently, and demonstrate how simplified models can capture the effect of its
variation. This work lays a foundation for future studies of LNV and Majorana neutrino
masses in simplified models and EFT. We also present a novel search strategy for constraining
LNV interactions in neutrino-based observables. Rather than observing leptons directly, as is
the conventional method, we show how LNV can be indirectly inferred using the kinematics
of the other particles involved in the process. The results show that LNV may be differentiated
from LNC in rare kaon decays as well as radiative CEvNS based on the energy spectrum
of the final state particles. Finally, by deriving a new set of Boltzmann equations, we show
how successful baryogenesis can be achieved in a model leading to neutron-antineutron
oscillation. This work can be used to derive Boltzmann equations in other models, and
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the results demonstrate how LHC searches may complement low-scale observables such as
neutron-antineutron oscillation to possibly discover the mechanism behind baryogenesis.

In Chs. 4 and 5 we presented work that is subject for future publication in Ref. [4], in
which AL = 2 interactions were studied both at the effective level and in an exhaustive list
of simplified models. We compared a wide range of LNV observables, including new limits
derived from LHC searches. The results show that there are many different models leading
to AL = 2 interactions that could explain the origin of neutrino masses while also being
detectable in various experiments. In Chs. 6 and 7, we showed how kinematic distributions
in interactions that involve neutrinos could potentially reveal their Dirac/Majorana nature.
These chapters were based on work that led to the publications in Refs. [1] and [3], respectively.
In the former chapter, it was shown how the pion distribution in K — 7vv decays can be used
to differentiate between a neutrino pair (vv) and a neutrino-antineutrino pair (v7) in the final
state, leading to a probe of B — L-violation. In the latter we presented a novel search mode in
which photons are searched for in CEVNS interactions, where the photon distribution again
leads to a differentiation between B — L-conserving and -violating processes. In Ch. 8 we
presented work that led to the publication in Ref. [2], in which baryogenesis was studied in the
context of AB = 2 interactions. New equations were derived that describe the time-evolution
of a baryon asymmetry within the framework of a UV-complete model. The results show
that successful baryogenesis can be achieved for model parameters that also lead to possible
signals in neutron-antineutron oscillation experiments as well as collider searches.

The work presented above has led to new conclusions being drawn with respect to B — L-
violation, neutrino masses, and baryogenesis, but also to new questions. With regards to the
AL = 2 operators in Chs. 4 and 5, it would be interesting to see how the story changes if
another effective-field-theory framework is used, e.g. one containing light sterile neutrinos.
One might also ask how the collider limits on the scale of LNV changes for different mass
hierarchies in a simplified model, and whether this would have any consequence for neutrino
masses. Chs. 6 and 7 may lead to the question of whether there are other processes in which
particle distributions could be connected to B — L-violation. The analysis regarding K — rvv
decays could be extended to tensor currents, and the new CEvNS mode could be applied to
other experiments than the one presented here. For Ch. 8 other models could be studied in a
similar framework as the one derived, and it would be interesting to see whether there are
possible connections to proton decay.

Discovering the mechanism behind baryogenesis is an immense task. In this thesis we have
presented some new directions of investigation, but there could potentially be a long road
ahead before we know the answer to what the origin of matter in our Universe is. Until then,
all we can do is wait for signals indicative of a baryogenesis mechanism, and hope that they
come before long.
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A. Notation and Numerical values

Here we summarise the conventions used in this thesis, and explicitly give the numerical
values for tabulated constants and quantities that are used in the calculations.
Unless otherwise stated, we work in units where

h=c=kg=1. (A1)

Here 71 is the reduced Planck constant, c is the speed of light, and kp is the Boltzmann constant.
In these units, length and time have the dimensions of inverse energy, and energy in turn
has the same dimension as mass. Therefore, we often refer simply to the mass dimension of
an object. Furthermore, the relationship between the Planck mass mp; and the gravitational
constant G is given by mp; = G~1/2. We use the Mostly minus/West coast convention for the
metric:

10 0 O
0 -1 0 O

" = = : (A2)
0 0 -1 0

An arrow indicates a 3-vector,
Fa = (ph P2 1) (A3)

where pi, here is the momentum of particle a in the direction i of a Cartesian coordinate
system, and the absence of an arrow will, if the object in question is understood to be a vector,
generally denote a four-vector

pa = (P phs P2 12) = (Ear ), (A4)
where p0 = E, = \/m2 + |, |? is the energy of particle a, with m, being its mass. Indices of

three-vectors are denoted by Roman letters, and that of four-vectors by Greek letters. We use
Einstein summation convention such that

Pa* Pb = PaPou = PaPyliw = PaPh — Pa Po = Papp - Zpum (A5)
Unless otherwise stated, multiple repeated indices are also always summed, such that e.g.

1 1
_leu‘uvwfv = _1 Zzzwavauyv (A6)
v
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A. Notation and Numerical values

and

~yiiQidjp = — ZZ]/ijQidj(P- (A7)
i

For spacetime derivatives, we use the short-hand notation

d 9 -
O =5 = (at' v) : (A.8)

Here we have used the spacetime four-vector
xt = (t,X), (A9)

where t is time and ¥ denote space in Cartesian coordinates. A Lagrangian L is the difference
between kinetic and potential energy, and the Lagrangian density £, related to the Lagrangian
via

L— / BxL, (A.10)

is often referred to simply as the Lagrangian. A similar relation holds the Hermitian H (which
is the sum of kinetic and potential energy) and the Hermitian density H. In field theory, one
purpose of the Lagrangian is to describe the action S[¢] of a field ¢ via'

Slg] = / L][g, ",...]d%%, (A11)

where the dots represent derivatives of ¢ with respect to x*. Equations of motion can be
derived from the action via %EP(M’ where ¢ is a small variation. A slashed object denotes

contraction with the gamma matrices such that
g = yuat. (A.12)
A quantum field ¢ is said to belong to a certain representation of a symmetry group
Giot =G1 X Gy X -+ X GyN (A.13)
by writing
¢ € (R, Ry, ..., RN), (A.14)

where R; is the representation of G; in which ¥ resides, etc. If no symmetry group is given,
and a field is written as belonging to a representation of a product of three groups, such that
N = 3in Eq. (A.13), it is meant that the symmetry group in question is the Standard model
group?

Gsm = SU(3) x SU(2)r x U(1)y . (A.15)

INote that the integral in Eq. (A.11) is the origin of the phrase integrate out in the EFT literature. If a field is
sufficiently heavy we can neglect its dependence on the integrand d*x, and move it to the left of the integral
sign.

2See Sec. 2.1.
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A. Notation and Numerical values

Scalar fields written with a tilde denote complex conjugation and contraction with a Levi-

Civita symbol, such that
7" = ean™ (A.16)

Field strengths written with a tilde denote multiplication by 1 and contraction with a Levi-
Civita symbol with four indices,

1
B = el Ey (A.17)

An O written in calligraphy, O, is used to both denote an order of magnitude and an operator.
Which of the two uses is meant will be clear from the context in which the O is used. Unless
otherwise stated, a dot X(t) represents a derivative with respect to time ¢, and a prime x'(t)
represents a derivative with respect to whatever quantity x is said to be a function of, such
that x'(t) = dx/dt = %(t), and x'(¢) = dx/9d¢p # %(¢). We often mix between denoting
couplings as matrices and scalar numbers, such that even if e.g. the coupling f,; is a matrix
in flavour space, we write relations such as f,; = 0.3 and so on. What is meant then is that
the relevant entries in f,; have the value 0.3.

In Tab. A.1 we tabulate the numerical values for constants and measured observables
taken from the Particle Data Group (PDG) booklet [14] that are used in the calculations in
subsequent chapters.
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A. Notation and Numerical values

Quantity Symbol Value

Higgs vacuum expectation value v 174 GeV
Fermi constant Gr 1.66 x 107° GeV 2
Bohr magneton UB 0.296 MeV !
Elementary charge e 0.303
Gravitational constant G 6.71 x 1073 GeV 2
Strong coupling constant as(mz) 0.118
Electroweak coupling constant « 1/137
Weinberg angle sin® Oy (mz) 0.231

Higgs boson mass my, 125 GeV

W= boson mass mw 80.4 GeV

Z boson mass My 91.2 GeV
Electron mass M, 0.511 MeV
Muon mass my, 106 MeV

T mass me 1.78 GeV
u-quark mass my 2.2 MeV
d-quark mass mg 4.7 MeV
s-quark mass M 95 MeV
c-quark mass me 1.28 GeV
b-quark mass my 4.18 GeV
t-quark mass m; 173 GeV

Table A.1.: The values of constants and measured quantities taken from Ref. [14] that are used
in this thesis. All coupling constants are given at the mass of the Z boson.
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B. Particle algebra

Here we give a few useful identities relating to two-component spinor manipulation, for more
information see Ref. [402].
Spinors ¢ transform under hermitian conjugation according to

pr= ()", 9t = (M), (B.1)

where « is a spinor index and & is an antispinor index. These indices are lowered and raised
according to

pu=eagt, 9t =Py, pl=eyp't, =yl (B.2)

for spinors, and )
AV = 1€ Aup, Ays = €ya€spA"P (B.3)

for objects with two spinor indices. They also obey the Shouten identities
€xBEqs T €ay€sp T+ Ens€py = 0, €3p€45 + €ai€sp + €16€py = 0. (B.4)

Objects with a Lorentz index can be written with one spinor- and one antispinor index
such that

VE = g, Vs = V'05, (B.5)

N —

where ¢ = (1, ¢!, 02, 0%) and 7" = (1, —c!, —0?, —03) are four-vectors containing the

Pauli matrices. These two vectors are related via
ol = eaﬁew(rﬂﬁﬁ , g — e“ﬁe“BUgﬁ-. (B.6)

Spinor indices are often dropped for brevity in this thesis, in which case the following
definitions are used for spinors ¢ and #:

&1 =M (B.7)

¢yt =cin™, (B.8)
gtoty = gio" P, (B.9)
cotyt = gv‘ajjﬁ.;fﬁ (B.10)
gty = g (a™)oPrg, (B.11)
oyt = gu(@) ', (B.12)
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B. Particle algebra

where we have used the tensors

(e™)aP

CO

i

The Hermitian conjugation relations are given by

(en)t =y'et,
(&otn")t = not'et,

and for spinors z; the commutation relations are given by

where we have

A
2221,

2120 = —(—1)
21z = —(=1)"z3z],
zi0Mzh = (=1)4z 5tz ,
(— 1)Azza’“’zl ,
= (-

1Az,

z10Mzy =

vt
zighz}

—1, commuting spinors,

+1, anticommuting spinors.

The Shouten identity in Eq. (B.4) leads to

(z122)(2324) = —(2123) (2422) — (z124) (2223) ,
(z123) (232)) = —(212}) (z123) — (2{z}

Using the relations above we have the Fierz identities

(z10723) (2300z4) = —2(z124) (2320),

(230"22) (z300z4) = —2(zi2}) (z422),

(z10"23) (z3002}) = —2(z125) (z323)
(210" 22) (2307024) = —2(2124)(2223)

tasnv 5.2t = —2(zT2t) (2t —
(210M23) (2300v24) = —2(2124) (2323)
(z10"'25)(z 5’;41,21) =0.

i . i
" (ﬁﬂy(—fwﬁ _ Ugwmﬁ) )

Z(aHrgV, — gVar gt
4<(7 Oyp =0 UW}>.

(B.13)

(B.14)

(B.15)
(B.16)
(B.17)

(B.18)
(B.19)
(B.20)
(B.21)
(B.22)

(B.23)

(B.24)
(B.25)

(B.26)
(B.27)
(B.28)
(B.29)
(B.30)
(B.31)

For four-component spinors, the Fierz relations are given by Tab. B.1, where S, V, T, A,
and P denote scalar-, vector-, tensor-, axial vector-, and pseudoscalar currents, respectively.
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B. Particle algebra

S v T A P
SxS | 1/4|1/4 |-1/4|-1/4| 1/4
VxV 1 -1/2 0 |[-1/2] -1
TxT |-3/2 0 -1/20 0 -3/2
AxA| -1 |-1/2 0 -1/2 1
PxP | 1/4 |-1/4|-1/4| 1/4 | 1/4

Table B.1.: Fierz transformations for four-component spinors.

The current structure in the leftmost column leads to a sum of currents given by the entries
in the table after swapping the second and fourth components in a bilinear, such that e.g.

(Pripn) (9s) = § (1) (9592) + 1 (Prvas) (957792)
1

1 (Y100 4) (P30 a) + }1 (V1757utps) (37577 12) (B.32)

1
+t2 (P17594) (Y375¢2) ,

as can be seen from the row containing S x S in Tab. B.1.
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C. Particle kinematics

Here we give some general relations that are useful when calculating particle scattering- and
decay rates.

C.1. Formulae

In the scattering of two particles into any number of particles, A+ B — ---, a measure of
the strength of the interaction is given by the cross section ¢ (a +b — - - - ), which has the
dimension of mass squared, and is obtained by the formula [21]

1 m d3 ﬁf

(C.1)
X [M(a +b— ) [2(2m)*s® (m + pp — ZPf) :
7

Here v, is the velocity of particle a, and | M |? is the squared matrix element, which is obtained
from the scattering via drawing the diagram and using the appropriate Feynman rules, and
then summing or averaging over all relevant quantum numbers. For a decay a — - - -, the
decay width I' (A — - - -) is obtained from the formula [21]

1 m d3—*
Al (a =) = 5 1;[ ZEf(Z;)s (M(a =) P2m)te® (pA - }f:pf> (C2)

Often, the four-momenta that are involved in particle interactions are parametrised in terms
of the Lorentz invariant Mandelstam variables s, t, and u, which in a scatteringa +b — i+
are given by

s=(pat+po)* = (pi+pj)

t=(pa—pi)* = (pj— )% (C3)

u=(pa—pj)> = (pi — p)*-
From the relativistic expression of the energy

Eg = iy + |ful? (C4)

and from conservation of four-momentum

Pa+po = pi+pj, (C5)
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C. Particle kinematics

we then have
s+t+u:m§+m§+m%+m]2. (C.6)

Often the above relation is used to eliminate the u variable in a two-to-two scattering. In the
center-of-mass (CMS) frame, where p;, = —p; and p; = —pj, the variable s can be expressed
in terms of only energies,

s=(Ea+Ep)* = (Ei + Ej)*. (C.7)

We can then find expressions for all energies and momenta in the CMS frame using only s
and the different masses,

_ s4m2—m} _ s4mp—m? AY2(s, m2, m?)

E_il E_il P = A =

NG |Pb| = |Pal (C.8)

where
AMa,b,c) = a? + b* + ¢ — 2ab — 2ac — 2be (C.9)

is the Kéllén function, and where the final state energies and momenta can be obtained by
exchanging a <+ i and b < j in Eq. (C.8). For a decay a — i + j in the CMS frame, we have
|Pal = 0 and /s = m,. The formulae for the final state energies and momenta can then be
obtained by performing this substitution in Eq. (C.8) after exchanging the particles as in the
two-to-two scattering case.

The phase space element for m particles in the final state is given by

_ [T dBﬁf 45(4) &
Rm:/I;IW(Zn)(S P—;pf . (C.10)

Here P = Y p; is the sum of the four-momenta of all n initial particles. Our goal in this
section and the following is to turn this expression into something connected to observable
variables, such as angles and energies, or Lorentz invariant variables, such as the Mandelstam
variables.

C.2. Two-body phase space
For two particles in the final state, the phase space element is explicitly given by

Ry = 4°pi d3ﬁj

- 2Ei(27r)32Ej(27T)3(2n)45 WP —pi—p). (C.11)

The integrand of the particle j can be expressed in terms of its four-momentum,

d3ﬁ]- B d4p]- ) 5
2E;(27t)3 / (271)35(’71 — m;)O(E)) (C.12)
where we have used 5 |
X — X0
0 = e (x| C.13
(8(x)) 17 (o)] (C13)
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C. Particle kinematics

such that .

5(p i~ Ej )
2E;

and where the Heaviside function ® ensures that the energy is positive. Substituting Eq. (C.12)

in Eq. (C.11) and performing the d*p; integral, we have

P55,
W(ZNW((P —pi)?—m). (C.15)

5(p; —m?) = (C.14)

]

Ry =

Changing to spherical coordinates, such that d>p; = |p;|*d|p;|d cos 0d¢, and further changing
variables from momentum to energy via |p;|d|p;| = E;dE;, we have

Ry = / 3 (‘Zf’i)zdad cos 0dpds((P — p;)* — mf) . (C.16)

Finally, in the CMS frame we can express P = /s, such that the delta function in Eq. (C.16)
becomes

S((P — pi)? —m?) = 6(s — 2/sE; +mi —m?). (C.17)

Using d(ax) = 6(x)/|a| for a a constant and performing the dE; integral, the two-body phase
space element is finally obtained as
1 AY2(s, mzz, m
1672
For a two-body decay a — i + j, this result leads to the simplified formula
1 AY2(m2,m?, m2)
167 m2

For a scattering cross section, the matrix element may depend non-trivially on the angles
f and ¢. However, assuming that the matrix element does not depend on the angle ¢, we
may express the phase space element of a two-to-two scattering a + b — i 4 j in terms of the
Mandelstam variable t via

(5 +mg —mp)(s+mF—m?)  AV2(s,mZ,mp)AY2 (s, m?, m?)

Ry — / d cos 0dep. (C.18)

Fa—i+j) =

IM(a—i+7). (C.19)

— 2 2 j
t = my + m; 75 + s cosf, (C.20)
such that we can perform the change of variables
dcosf = 28 dt. (C.21)

AV2(s,m2, m2)AV2(s, m?, mjz)

Rewriting the relative velocity

EqEplva — vp| = |Eppa — Eapy| = \/ (Pa - po)? — mZm? = JAY (s, mz, my), (C.22)
we obtain the two-to-two scattering cross section
1 .
cla+b—i+j) = 167AL/2(5, ni2, i)/dt|/\/l(a+b—>z+])|. (C.23)

The integration limits of ¢ can be obtained by putting cos = £1 in Eq. (C.20).
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i

Figure C.1.: Coordinate system used for the evaluation of the three-body phase space element
for a scattering a + b — i +j + k. Note that p; and p; have components that point
in or out of the page, such that the angle ¢ does not necessarily lie in the same
plane as the angle 6.

C.3. Three-body phase space

For three particles in the final state, the phase space element is
&Cp PP P

Rsy =
3 2E;(271)3 2E;(27)3 2E; (270)3

2m)* W (P —pi —p; — pr)- (C.24)

Often the coordinate system of a scattering is fixed by the initial particles!, and we are not
free to define a new coordinate system for the final state particles, such as fixing one of them
to go along a specific axis, without also relating it to the initial coordinate system. We define
the z-axis of our coordinate system2 to be the direction of momentum of the particle a, and
define the angle between p; and py as ¢, as well as between p and the z-axis as 6, as can be
seen in Fig. C.1. The x-axis is defined such that pi lies in the x-z-plane, while a third angle ¢
rotates the final state momenta around the z-axis. A fourth angle is then needed to completely
describe the geometry of the final state, and we use the angle i between the x-y-plane and
the plane spanned by p; and p;, such that

(Pa Xﬁpk)_)' (lzk - Pi) (C25)
| Pal | Pil | Pl

Our first step is to re-write the integrands in Eq. (C.24) in terms of the four-momenta, such

that

1
Rs = / Wd“md‘*md”‘pké(p? —m3)8(p? —m2)5(p} — m)SD (P —p; —pj—pr).  (C26)

cosyP =

n scattering experiments the direction of incoming particles is often known, and defines a coordinate system to
which the final state phase space must be related.

2Note that this coordinate system can also be used for a three-body decay, and that our treatment of R3 is
completely general with respect to the initial state of the problem.

246



C. Particle kinematics

We can subsequently get rid of the delta function 6*) (P — p; — p;j — px) by integrating over
d4p]-, such that

L oa 4 a 2 2\ 502 2 2 2
R3 = / (2n)5d pid”pid”ped(pi — m;)o(py — mi)d ((P —Pi—PK)” — mj) : (C.27)

Next, we convert the integrand d*p; into an integrand over energy and angle,
[ dtvetp—md) = [ |pPdlpIAEAQS (B — | — m?) = 3|7l [dEd0y,  (C28)

where (); denotes the angle of p;, and similarly for d4pk, such that

_ 1
T4

(i’zilf)’;‘ / AEAQAEAOS (P = pi — pi)® = m?) . (C29)

We can now identify dQ); = d cos {dyp and dQ), = d cos 0d¢.

C.4. Boosts

A boost in particle physics represents a change of reference frame from an initial frame F to a
final frame F’ with a non-zero velocity relative to F. We now assume that F’ is moving in the
z-direction relative to F with a velocity B given by

= Pal (C.30)
E,
where p, and E, is the momentum and energy of 4, respectively. The transformation relation
between the energy and momentum of a particle a in the two frames is then given by

E, Y=Y E IR

ol = P “1, g’ =pr (C.31)
Pt -7 ) \p
where p? is the z-component of the momentum, and pr is the transverse component. Here

the Lorentz factor 7y is given by

=t (C.32)

V1-pr
Applying Eq. (C.31) we can then shift between any frames F and F’. This shift is often used
in order to e.g. change between rest- and lab frames in the analysis of a particle experiment.
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D. Chemical potentials

Here we will go through some of the details relating to chemical potentials in the early
Universe. When a particle a is thermal equilibrium but not chemical equilibrium, its chemical
potential y, vanishes. The number density of 2 in and out of chemical equilibrium are
therefore given by the expressions

® dp Sa ® dp S
eq _ a o 11
/ eEu/T:i:ll / Ea Vﬂ)/T:i:]_ (D'l)

respectively, where a superscript eq denotes equilibrium. Here n;? is the (equilibrium) number
density, p, the momentum, g, the degrees of freedom, and E; the energy. Neglecting angular
dependencies we write the number density 1, in Eq. (D.1) as

_ o 8a
Ny = ﬁ/o dEaEmme(Ea_W)/T:tl ’ (DZ)

which leads to [588]

Bosons: n, — i1, = g; yu Fermions: n, — i, = g;ya (D.3)
Ignoring relativistic effects and assuming a small chemical potential compared to the temper-
ature, we treat fermions and bosons the same, and write the fraction of number density to
equilibrium number density as

Ng 1o/ T Ha

—g =¢e" =1 D4
where the only difference between the number density 7, of particle a and the number density
fi, of its antiparticle a is a sign flip of the chemical potential, according to the relation

Ha = —Ha- (D.5)
If e.g. a reaction a + b <+ ¢ 4 d is in chemical equilibrium it leads to the relation u, + p, =
YPe + Ug-

Eq. (D.4) turns out to be very useful when evaluating Boltzmann equations. To see this
we first note that a number of reactions in the SM are in chemical equilibrium during the
early Universe. First we note that the interactions involving W*-bosons are all be chemical
equilibrium, leading to the relations

Hw- — Hp- — Hgo =0, (D.6)
Ha, — Hup — Pw- = 0, (D.7)
Hey — Moy — Hw- =10, (D.8)
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D. Chemical potentials

where we also have uy- = pw+ = 0 since the SU(2) -symmetry is unbroken in the early
Universe. Using the above relations we now define iy, = pu;, = g, e, = oy and pp = pgo.
This subsequently leads to the following relations coming from Yukawa interactions, assuming
that the ith generation Yukawa interactions of the SM are all in full equilibrium,

Mg, — My, + e =0, (D.9)

Mg — Ma, — My =0, (D.10)

Mo, — He; — My = 0. (D.11)
Finally, we also have the EW sphaleron leading to

N

Y (3pq +1s) =0, (D.12)

i

where N is the number of fermion generations!, as well as the QCD sphaleron leading to

N
ZzyQi — My, — Hge, = 0. (D.13)

Interestingly, the same constraint that is given by the QCD sphaleron is also fulfilled by the
Yukawa interactions if all SM quark generations are in equilibrium.

Often it is also assumed that the total hypercharge of the Universe vanishes, in which case
we would obtain the relation

S 2
Z(Vﬁh"”z]"u,_ﬂdl _ﬂfi _V€,+Z\]f,uH> =0. (D14)
i
This relation lets us express the lepton L and baryon B number charges of the Universe
N
B=Y" (2ug + pu, + 1a;) (D.15)
i
N
=Y (2ue, + pe,) (D.16)
i

only in terms of the single chemical potential y1y = YN 1y, such that

B = —éN‘ug,
L 14N? +9N (D-17)
T eNt3 M
Relating B and L to each other we then have
B=c(B-1L), (D.18)
L=(¢c—-1)(B-1L), (D.19)
where ¢, is given by
8N +4
“TBNTB (020

INote that N = 3 in the SM.
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E. Boltzmann Equations

In the early Universe, the abundances of any number of particle species i can be dynamically
described by a set of Boltzmann equations [224]. In this Appendix, which serves as a
complement to Sec. 3.4, we go through some of the detail regarding the Boltzmann equation
formalism.

E.1. The LHS of a general Boltzmann equation

For a general particle X, the Boltzmann equation reads

dTlX ..
— tonxH == Y [Xa- erij]. (E.1)

Here t is time, n, is the number density of particle a, and

adt Cmp (E2)

is the Hubble rate, where T is the temperature, a < 1/T is the scale factor, g. is the number
of degrees of freedom!, and mp; = 1.2 x 10'? GeV is the Planck mass. We can express the
number density as a phase space integral

_ « dpg’c 8u
Ml = /0 (27T)3 e(Ea*Ha)/T +1 4 (E3)

where a + is used for fermions and a — for bosons. Furthermore, p, is the momentum, E,
the energy, g, the number of degrees of freedom, and y, the chemical potential of particle «.
Assuming eE/T > +1, we can rewrite the number density for the case where a is in chemical
equilibrium,

ngl = 2n2/ dpypre B/T = S T3/ dxxv/x2 — z2¢7 %, (E.4)

272 z

where x = E,/T and z = m, /T for a mass m, and temperature T. We can further express
the RHS in terms of modified Bessel functions of the second kind [663]

Ku(z) = ”1 ( >/dxe (2 1)} (E5)

(n—2)!

In the early Universe, the number of degrees of freedom decrease with time as more and more particles become
non-relativistic and go out of equilibrium.
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where, explicitly,

Ky(z) = :5\1&/2 dx(x? — 22)3/2e7% = /Z dxz 2x(x® — 22)V/2e7% (E.6)

Here we used IBP in the last step assuming that the boundary term vanishes. We then arrive
at the following expression for the equilibrium number density of particle «,

m
ned — 2{;‘2 Tm% Ky (T) . (B.7)

For massless bosons such as the photon, the number density is instead evaluated as

& [* » 1 _ & 3/ 1
27‘[2/0 dpypveEw/T—l 27‘C2T dxx *—1 ﬂzg( ) (E8)

where {(3) = 1.202... is the Riemann zeta function {(z) at z = 3. Here we have dropped
the superscript eg since photons are always in chemical equilibrium in the early Universe
due to photon number non-conserving processes such as e~ <+ e~ + <y being in equilibrium.
When evaluating the Boltzmann equation, the number densities of particles will in general
either be treated as variables, or taken to be the equilibrium densities. This is a simplification,
a complete treatment of all particle number densities should include as many coupled
Boltzmann equations as there are particle species involved. However, solving coupled
differential equations over many orders of magnitude can be computationally challenging,
and by reducing the number of particle species being out of equilibrium to only a few, as is
most often done, it is possible to capture the relevant physics without making the problem
essentially unsolvable.

Using the results above, the LHS of Eq. (E.1) can be rewritten by normalising the particle
number density nx to the photon number density? 7.,

nr)/:

d d
W + 3TlXH Moy aﬂx "/WX dt + 31’[71’])(1‘1 (Eg)

where 7, = n,/n,. Assuming that the number of photons per co-moving volume is constant

d(n7R3)/dt =0, where R = Rpa and® Ry = n;l/g’a*l, the second term on the RHS of Eq. (E.9)
can be re-written as

d 1 d R d
X g = "I g =R =3ulyxR°H = 3n,mxH. (E.10)

d
2 3 2 2
nwx—dtl{ —311717XR T

2 Another convention is to normalise the particle number density to the entropy density

2
s(T) = 2{;‘5" T3,

3Here R has the dimension of length, and is constant under the assumption that the number of photons per
co-moving volume does not change. Its product with a corresponds to the length of one side of a cube
containing a single photon.
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E. Boltzmann Equations

We see that the second and third term in the LHS of Eq. (E.9) cancel. The first term in the
LHS of Eq. (E.9) can further be written in terms of z = mx /T o a, where my is the mass of X,

such that i Py ;
z
n’YﬁﬂX = nvEUTZ’?X = ZH”’yEUX (E.11)

The Boltzmann equation can then be re-written as

zHn, =X d”X - 2 . (E.12)

E.2. The RHS of a general Boltzmann equation

The square brackets on the RHS of Eq. (E.12) are given by

. 0 - niffj - - - -
[Xa...<_>1]...]:%Weq(xa..._>1]...)_W7eq(1]..._>Xa...)‘
17X;7a .. 1/]1 ;7] ..

(E.13)
Here the dots - - - denote that any additional number of particles can be included, and the
sum over i,j,... in Eq. (E.12) goes over all* combinations of initial and final particles that
are involved in interactions with X. Furthermore, 77, is the thermal equilibrium number
density of particle «, normalised to the photon number density, and y*4(Xa--- —ij---)is
the equilibrium reaction rate density of the process® Xa - -+ — ij - - -, which is given by

e N & Pz o Ei/T °ps
7 (Xa /HZE HzEf< K
(E.14)

(27r)*5®) (Zpl ;pf) IM(Xa---—ij---).

E.2.1. Reaction rates for two-body decays

For a two-body decay X — ij--- we have [664]

X i) = [t TSPy (3 ) M(x i)
2Ex(27)? A2E; (2 PX T Lt J

C L (N TPt (Y ) MK s )P
2my 0% 2Ef(2m)3 7 f

_n;q<i>r(x—> i).
(E.15)

“The particles a and j do not both necessarily need to be included in Eq. (E.13). The minimum number of
particles in the reaction rate density is three, and the summation in Eq. (E.12) should accordingly include all
such processes as well.

SNote that, if CP-violating effects are absent, the equilibrium reaction rate 7®4(Xa--- —ij---) is identical to
that of the reverse process, y*4(ij--- — Xa---).
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Here we substituted the integration over initial momenta with the equilibrium number
density of X, taking the average energy per degree of freedom to be the equal to the average
special-relativistic mass of X such that

(Ex)/gx = (ymx) = mx(7), (E.16)
where

X (E.17)
1-0% mx

is the Lorentz factor. The ensemble average of the inverse Lorentz factor can be expressed in
terms of integrals over phase space using z = mx/T and x = Ex/T,

o 43 — 00
< 1 > I 2,€X3 Tie Ex/T f dpx p2 mx o~ Ex/T L dxzv/x2 — 72¢~* (E18)
Y I éi;P;e*Ex/T I depXe EX/T [ doxy/x2 — 22e~% '
Using the Bessel function
= / dxz 1 (x? — 22)1/ 27>, (E.19)
z
the reaction rate density is obtained as
e > eq(7 7 % qul( ) >
YUX —ij-) =4 = X)=mn rX—ij---). (E.20)

X ¥a(2)

HereI' (X —ij---) is the width of the decay X — ij- - -. For a two-body decay, the width is
given by
2 2 _ 2

1 mx—my = ny Ca 2
M(X — , E.21

I'(X—ij)=

where J;; is the Kronecker delta, and M (X — ij) is the matrix element of the decay.

E.2.2. Reaction rates for two-to-two scatterings

For a two-to-two scattering Xa — ij, the reaction rate can be obtained, following Ref. [224],
by multiplying Eq. (E.14) with 1 = [ d*Ps* <P -y2, pa> such that we have

2 P
4 Pi__ ,—E/T °ps
7 (Xa =) /dPHZE(zn) HZEfZN)(S ( 2’”1)

2

x (27)*6™) (2;91 pr>|M(Xa—>ij)|2.

f

(E.22)
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Now we can evaluate the integral over the initial state momenta,

/H 4 pl BT (P—ijpi)

_/ dSPX & pa e (EX+EH)/T(5(4)(
2Ex(27)3 (27‘()

P—px—p) (£23)

= 4P 4*pa 0 —(Ex+Eq)/T g4
/ZEX 270 2, (2r)p (Pa — Ea)e 5% (P = px = pa) -

In the last step we rewrote the integrand d°p, — d*p, by inserting an additional Dirac delta
function 6(p? — E;). We can now use the relation

5(p% — E,
S(pz —my) = (p”zEu ) (E.24)

to perform the integral over d*p,, such that
1 PPx 4 50
@np | 2Ex(2mpt POl
_ 1 P px
-~ (2n)3 ] 2Ex(2m)3

m2)e EHEVTSO(P — py — py)
(E.25)

S((P —px)? —m2)e P/T.

Next we rewrite the Dirac delta function §((P — px)? — m%) in the centre-of-mass frame,

S((P — paX)? —mg) = 6(s — 2/sEx +m% —my), (E.26)

where we have identified s = P2. We can now integrate over Ex by rewriting the integrand
dspx = ‘ﬁx|2d|ﬁx|d0 = |ﬁx|ExdEde, such that

TdEXdﬂé(s — 2\/sEx +m% —m2)e P/T

(E.27)
1 |px| o~ P/T

ICIOREN O

where we have assumed spherical symmetry. Further using /s = Ex + E, along with the
centre-of-mass frame relations

2

s+ m% — m3 2

s+ m3 —m%

Ex = , E;= , E.28
we can rewrite the result in Eq. (E.27) as
(2m)° 24/ (27)> 4s
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E. Boltzmann Equations

where A(a,b,c) = a? + b? + ¢* — 2ab — 2ac — 2bc is the Kéllén function. Inserting our result
back into Eq. (E.22) we have

7 (Xa—ij) = 15

L el pf s ) g
f

) ) (E.30)
x (27)*6™) (Z Z >|M Xa—ij)|?,
1
where we can identify the cross section [21]
c(Xa—ij) =
1 2 isa 2 o (E3D)
2A2(s, m2, m2) /I;I 3(27)°0 (Zl’l ;Pf (M(Xa —ij)",
such that
Y9 (Xa—ij)= L / 4P e P Te(Xa —ij). (E.32)
8w (2m)*
Here we have introduced the reduced cross section
2A 2 2
F(Xa— i) = MM M) sy (E.33)

S

Performing the same manipulation of the final state momenta as with the initial state momenta,
the cross section in Eq. (E.31) can be re-written as

1/2 2
1 )\/(sml,m

167ts A1/2(s, m%, m2)

c(Xa—ij)= /dQ|/\/l Xa—if). (E.34)
The angular integrand d() can, in the centre-of-mass frame, be written in terms of the
Mandelstam variable
1
=(px—pi)* =+ g)\l/z(s, m3, mHAY2(s, m?, m;‘) cos 6 (E.35)

such that
47s

AV2(s, m%, m2)AV/2(s, m?, mjz)

which lets us re-write the reduced cross section from Eq. (E.33) as

dQ) =2mnd cos O = dt, (E.36)

ot
6(Xa— if) = Slm/t Qi M(Xa— i), (E.37)

with the integration limits
(m3, —m2 —m? + m]2)2
4s

2 (E.38)
(s +m3% — m2)? (s + m? — m]2)2
— X —md 4 — T2 .
4s X 4s !
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Lastly, we can further re-write the scattering rate density from Eq. (E.32) in terms of the
modified Bessel function resulting in

19 Xa —ijf) = 64T4/ ds\/s6(Xa — ij)Ky <\f) , (E.39)
where smin = max ((mx + mg)?, (m; +mj)?) .

E.2.3. Reaction rates for EFT operators

For processes with n particles in the initial state and m in the final state, we again insert

n
1= / 44ps® (P -y pi>
i=1
L /o0 @) <
= /dsdPonE P? —s6 pP— Zpi

in Eq. (E.14), where s = P?, to obtain [394]

,)/eCI(Xa..._>i]‘...):1/deQdPOePo/T /PZ_S
s@(p_vy
/HzE 3H215f <P .Zpl) (E.41)
x (27r)*s™ <Zpl pr>\M(Xa---—>ij---)|2.
7

Assuming that the matrix element does not depend on the distribution of initial or final
momenta, we can express the n-body phase space element in the limit VS>> my, my, ..., My
as [665]

(E.40)

1 Snfz
24m)23Tr(n)f(n—1)"

where R, is defined in Appendix C. We now rewrite the Py integral in terms of a Bessel
function,

o0 ) 2
—R/T [p2 _ g — ﬁ D) ( T Pio e P/T _ \/
e == [ (3) (R e =1ven ()
(E.43)
where we have used the lower limit P = /s which corresponds to |P| = 0. Also performing

the dQ) integral assuming no angle-dependence, we arrive at the expression

7eq(Xa---—H'j-"):(471)22:;2111—3/ds\/gKl (f>

Sn+m—4

R, = (E.42)

(E.44)
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We now turn to the integral [663]

/ dxKy (ax) ! = 2# 1 1T <2+V>F<Z>, (E.45)

which is applicable for x — /s in the massless limit that we have already employed, assuming
no dependence on s in the matrix element. We then obtain

1 7224 T(n4m—2)T(n+m—3)

Y (Xa-—ije) =g (27)21+2m=3 T (n)T (n — 1) (m)L (m — 1)

M(Xa-—ij )P

(E.46)
This expression does not contain any integrals, but the s-dependence of the matrix element is
lost. For calculations where this approximation is not valid, Eq. (E.44) should be used instead.
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FE. FeynRules model file

Below we give the code corresponding to a model file that includes all the dimension-7
AL = 2 SMEFT operators used in Sec. 4.4.

(* >k 3k 3k >k >k 3k 5k >k 3k 3k >k >k 5k 5k >k %k 5k %k %k 5k >k %k %k k %k k *)

(* *x*x%xxx Information sokkkk %)
(% skokoskskorokofokokokskskokokokokokokskokokokokokokok %)

M$ModelName = "dimsevenLNV";

M$Information = {

Authors -> {"K. Fridell"},

Institutions -> {"Technical University of Munich"},
Emails -> {"kare.fridell@tum.de"}

};

FeynmanGauge = True;

M$InteractionOrderHierarchy = {

{Qcp, 1},
{QED, 2},
{NP, 2}
};

(% skokoskokskskskokokokskokskokskokokokokskkskkokokok - k)
(* **xx* Change log *okkkk k)
(% skokokokskskskokokokokok kKK Kok ok ok kKR kKK okk K )
(* v1.0: First build *)

(% skokokokokokokokokok ko ko ko kok sk ok skokkok ok ok k)
(k skokskokx Parameters *kokkkk k)
(% skokokokokokkKKKKKKKKKKKKKKKKKKK K )
M$Parameters = {

(x External Parameters x*)
CbLambda ==

ParameterType -> External,
BlockName -> NUPHYSICS,
OrderBlock -> 1,
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F. FeynRules model file

Value -> (1000000~2/1000°3),

InteractionOrder -> {NP,1},

ComplexParameter -> False,

TeX -> C/\[CapitalLambda] "3,

Description -> "EFT cutoff scale [GeV]"

1,

CbLambdaR ==

ParameterType -> External,

BlockName -> NUPHYSICS,

OrderBlock -> 1,

Value -> (1/1000°3),

InteractionOrder -> {NP,1},

ComplexParameter -> False,

TeX -> C/\[Capitallambda] "3,

Description -> "EFT cutoff scale [GeV]"

1,

CbLambdaAS ==

ParameterType -> External,

Indices -> {Index[Generation], Index[Generation]l},
BlockName -> NUPHYSICS,

Value -> {CbLambda[1,1] -> 0.0, CbLambda[1,2] -> (1/1000°3),
CbLambda[1,3] -> (1/1000"3), CbLambda[2,1] -> (-1/1000"3),
CbLambda[2,2] -> 0.0, CbLambda[2,3] -> (1/1000°3),
CbLambda[3,1] -> (-1/1000"3), CbLambdal[3,2] -> (-1/1000"3),
CbLambda[3,3] -> 0.0},

InteractionOrder -> {NP,1},

ComplexParameter -> False,

TeX -> C/\[CapitalLambda] "3,

Description -> "EFT cutoff scale [GeV]"

}

s

(G skokokokokokok ok ok Kok oKk Kok Kok Kok koK kK K )
(* x*xx Particle classes **x* x)
(k skoxskokokok ok ok ook kR Rk Rk KRR KRR kK )
M$ClassesDescription = {

(* Fake scalars *)

S[110] ==
ClassName -> SF1,
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SelfConjugate ->
Mass ->
Width ->
QuantumNumbers -
Indices -

PropagatorLabel ->

ParticleName ->
AntiParticleName
FullName ->
1,

S[111] ==
ClassName ->
SelfConjugate ->
Mass ->
Width ->
QuantumNumbers -
Indices -

PropagatorLabel ->

ParticleName ->
AntiParticleName
FullName ->
1,

S[112] == {
ClassName ->
Unphysical ->
Indices ->
FlavorIndex ->
SelfConjugate ->

QuantumNumbers ->

Definitions ->
1,

SE[110] ==
ClassName ->
SelfConjugate ->
Mass ->
Width ->
QuantumNumbers -
PropagatorLabel ->
ParticleName ->
AntiParticleName
FullName ->
1,

False,
{MSF1,1000000%},
{WSF1,0},
> {Q -> 2/3},
> {Index[Colour]},
"SF1",
"SF1",
-> "SF17",
"Scalar Fake One"

SFO,

False,

{MSF0, 1000000},
{WSF0,0},
> {Q -> -1/3%,
> {Index[Colour]},
"SFO",

"SFO",

-> "SFO™",
"Scalar Fake Zero"

SF,

True,

{Index[SU2D], Index[Colourl},

SU2D,

False,

{Y -> 1/6},

{ SF[1,cc_] -> SFi[cc], SF[2,cc_] -> SFO[cc]

SEF1,
False,
{MSEF1,1000000},
{WSEF1,0},
> {Q -> 1},
"SEF1",
"SEF1",
-> "SEF17",
"Scalar E Fake One"
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SE[111] ==

ClassName -> SEFO,
SelfConjugate -> False,

Mass -> {MSEF0, 1000000},
Width -> {WSEF0,0},
PropagatorLabel -> "SEFO0",
ParticleName -> "SEFO",
AntiParticleName -> "SEFO™",
FullName -> "Scalar E Fake Zero"
1,

SE[112] ==

ClassName -> SEF,

Unphysical -> True,

Indices -> {Index[SU2D]},
FlavorIndex -> SU2D,
SelfConjugate -> False,

QuantumNumbers ->
Definitions ->

},

(* Fake vector *)

{Y -> 1/2}’
{ SEF[1] -> SEF1, SEF[2] -> SEFO

V[110] ==

ClassName -> VF,
SelfConjugate -> False,

Mass -> {MVF1, 1000000},
Width -> {WVF1,0%},
QuantumNumbers -> {Q -> -1},
PropagatorLabel -> "VF",
ParticleName -> "VF",
AntiParticleName -> "VYF™",
FullName -> "Vector Fake"
1}

(k sskskokokskoskokokfokok sk ok ok ok kkokokkk ok %)
(kKR Lagrangian *okkkk k)

(* 3k 3k 5k >k 3k 5k >k 5k 3k 5k %k 5k 5k >k %k 5k >k %k 5k >k %k %k >k *k %k k *)

LALQLH1 :
Block[{spl,sp2,ii,jj,kk,11,ff1,ff2,ff3,ff4,cc,feynmangaugerules},
If [Not [FeynmanGauge], {GO|GP|GPbar ->0}, {}1;

feynmangaugerules
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ExpandIndices[

(CbLambda)~(1/2) * Eps[ii,jj] dRbar[spl,ffl,cc].LL[spl,ii,ff2] SF[jj,cc]
+ (CbLambda)~(1/2) * Epsl[kk,11] SFbarl[jj,ccl
cC[QLbar[sp2,jj,ff3,cc]l].LL[sp2,kk,ff4] Phi[1ll],

FlavorExpand -> SU2D]/.feynmangaugerules

1;

LALQLH2 :=
Block[{spl,sp2,ii,jj,kk,11,ff1,ff2,f£3,ff4,cc,feynmangaugerules},
feynmangaugerules = If[Not[FeynmanGauge]l, {GO|GP|GPbar ->0}, {}];

ExpandIndices[

(CbLambda)~(1/2) * Eps[ii,kk] dRbar[spl,ffl,cc].LL[spl,ii,ff2] SF[kk,cc]
+ (CbLambda)~(1/2) * Eps[jj,11] SFbar[kk,cc]
cC[QLbar[sp2,jj,ff3,cc]l].LL[sp2,kk,ff4] Phi[ll],

FlavorExpand -> SU2D]/.feynmangaugerules

1;

LdLueH :=
Block([{spl,sp2,ii,jj,ff1,ff2,f£3,ff4,cc,feynmangaugerules},
feynmangaugerules = If[Not[FeynmanGaugel, {GO|GP|GPbar ->0}, {}];

ExpandIndices[

(CbLambda) ~(1/2) * Epsl[ii,jj] dRbar[spl,ffl,cc].LL[spl,ii,ff2] SF[jj,ccl]
+ (CbLambda)~(1/2) * SFbar[jj,cc] CC[uRbar[sp2,ff3,ccl].1R[sp2,ff4]
Phi[jjl, FlavorExpand -> SU2D]/.feynmangaugerules

1;

LduLLH :=
Block[{spl,sp2,sp3,ii,jj,ff1,££2,f£3,ff4,cc,mu,lagu,feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}]1;

ExpandIndices[

I * (CbLambda)~(1/2) * dRbar([spl,ffl,cc].Gal[mu,spl,sp2].uR[sp2,ff2,cc]
VF[mu] + I * (CbLambda)~(1/2) * Eps[ii,jj] VFbar [mu]
CC[LLbar[sp3,ii,f£f3]1].DC[LL[sp3,jj,ff4] ,mul,

FlavorExpand -> SU2D]/.feynmangaugerules

1;

LLHB :=

Block([{spl,ii,jj,kk,11,ff1,ff2,mu,nu,feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}];
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ExpandIndices[

I/2 * CbLambdaAS[ff1,ff2] * gl (Gal[mu,spl,sp3] Gal[nu,sp3,sp2] -
Galnu,spl,sp3] Galmu,sp3,sp2] )

Eps[jj,mm] Eps[ii,kk]

CC[LLbar[spl,jj,ff11]1.LL[sp2,ii,ff2]

Phi[mm] Philkk] FS[B,mu,nu],
FlavorExpand->SU2D] /. feynmangaugerules

1;

LelLLH :=
Block[{spl,sp2,ii,jj,kk,11,ff1,££f2,ff3,ff4,feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}];

ExpandIndices[

(CbLambda)~(1/2) * 1Rbar[spl,ff1].LL[spl,ii,ff2] SEFbar[iil
+ (CbLambda)~(1/2) * Eps[ii,jj] Epslkk,11] SEF[ii]
CC[LLbar[sp2,jj,f£3]].LL[sp2,kk,ff4] Phi[ll],

FlavorExpand -> SU2D]/.feynmangaugerules

13

LLeHD :=
Block[{spl,sp2,ii,jj,kk,11,ff1,ff2,mu, feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}];

ExpandIndices[

CbLambdaR * I * Eps[ii,jj] Eps[kk,11]
CC[LLbar[spl,ii,ff1]].Gal[mu,spl,sp2].1R[sp2,ff2]
Phi[jj] Phi[kk] DC[Phil[11],mu],

FlavorExpand -> SU2D]/.feynmangaugerules

1;

LLHD1 :=
Block[{spl,ii,jj,kk,11,ff1,ff2,feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}]1;

ExpandIndices[

CbLambdaR * Eps([ii,jjl Eps[kk,11]
CC[LLbar[sp1,ii,ff1]1]1.DC[LL[spl,jj,f£2] ,mu] Phi [kk]
DC[Phi[11] ,mu], FlavorExpand -> SU2D]/.feynmangaugerules
1;
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LLHD2 :=
Block[{spl,ii,jj,kk,11,mu,ff1,ff2,feynmangaugerules},
feynmangaugerules = If[Not[FeynmanGauge]l, {GO|GP|GPbar ->0}, {}];

ExpandIndices[

CbLambdaR * Eps[ii,jj] Eps[kk,11]
CC[LLbar[spl,ii,f£f1]1]1.DC[LL[spl,jj,f£2] ,mu]
Phi[kk] DC[Phi[11],mu]

+ CbLambda * Eps[ii,11] Eps[jj,kk]
CC[LLbar[spl,ii,f£f1]1]1.DC[LL[sp1l,jj,f£2],mu]
Phi[kk] DC[Phi[11],mu],

FlavorExpand -> SU2D]/.feynmangaugerules

1;

LLHW :=
Block[{spl,sp2,ii,jj,11,mm,nn,kk,A,ff1,ff2,mu,nu, feynmangaugerules},
feynmangaugerules = If [Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}]1;

ExpandIndices[

I/2 * CbLambdaAS[ff1,ff2] * gw * Eps[mm,11] Eps[ii,jj]
2xTa[A,11,nn] FS[Wi,mu,nu,A] (Galmu,spl,sp3] Galnu,sp3,sp2]
- Galnu,spl,sp3] Galmu,sp3,sp2] )
CC[LLbar[spl,ii,ff1]].LL[sp2,mm,ff2] Phi[nn] Phil[jj],
FlavorExpand -> {SU2D,SU2W}]/.feynmangaugerules

1;

LQuLLH :=
Block([{spl,sp2,ii,jj,kk,11,ff1,ff2,ff3,ff4,cc,feynmangaugerules},
feynmangaugerules = If[Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}];

ExpandIndices[

(CbLambda) ~(1/2) * Eps[ii,11] QLbar[spl,ii,ffl,cc].uR[spl,ff2,cc]
SEFbar[11] + (CbLambda)~(1/2) * Eps[ii,11] SEF[11]

Eps[kk, jjl.CC[LLbar[sp2,ii,ff3]1].LL[sp2,kk,ff4] Phil[jjl,
FlavorExpand -> SU2D]/.feynmangaugerules

1;

LLH :=

Block([{spl,ii,jj,kk,11,mm,ff1,ff2,feynmangaugerules},
feynmangaugerules = If[Not[FeynmanGauge], {GO|GP|GPbar ->0}, {}];

ExpandIndices[
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CbLambdaR * Eps[ii,jj] Eps[kk,11]
CC[LLbar[spl,ii,ff1]].LL[spl,kk,ff2]
Phi[jj] Phi[11] Phibar [mm] Phi [mm],
FlavorExpand -> SU2D]/.feynmangaugerules
1;

(* Combine dimension-7 Lagrangian *)

LD7 := LALQLH1 + HC[LALQLH1] + L4LQLH2 + HC[LJLQLH2]
+ LdLueH + HC[LdLueH] + LduLLH + HC[LduLLH]

LeLLLH + HC[LeLLLH] + LLeHD + HC[LLeHD]

LLHB + HC[LLHB] + LLHD1 + HC[LLHD1]

LLHD2 + HC[LLHD2] + LLHW + HC[LLHW]

LQuLLH + HC[LQuLLH] + LLH + HC[LLH];

+ 4+ + +

(* Combine full Lagrangian *)
LFull := LSM + LD7;
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