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Abstract

We study the effective B — L violating couplings for scalar and vector leptoquarks which can naturally
induce dimension seven B — L violating operators leading to very interesting nucleon decay modes such
asn—e w1 ,e KT, u"nt, u" KT and p — vz . This opens a new window to probe the nature and
couplings of the scalar and vector leptoquarks in an ultraviolet model independent way which can provide
an orthogonal probe for scalar and vector leptoquark solutions to the recent anomalous B-decay data. Fur-
thermore, we also discuss how these B — L violating interactions can also pave a new way to understand
the origin of matter-antimatter asymmetry of the Universe.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The renormalisable Standard Model (SM) Lagrangian interactions cannot violate baryon
number, and consequently, baryon number violation can only arise through effective higher di-
mensional operators with dimension six or higher [1-3], making baryon number violation a very
sensitive probe of new physics beyond the SM. The leading dimension six operators can natu-
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rally be generated in many grand unified theory (GUT) embedding of the SM and they conserve
baryon number minus lepton number (B — L) symmetry leading to proton decay modes such as
p—etn® p— utx®and p — VKT, which have been the primary focus of the recent experi-
mental searches. On the other hand, d = 7 operators obeying the selection rule A(B — L) = -2
[4,5] leading to interesting decay modes such as n — e nt,e " KT, u"nt, u K+ and p —
v T have received considerably less attention. These B — L violating decay modes have been
discussed in the context of Gpagi-salam, and SO (10) GUT theories in Ref. [6] and in the context
of SO(10) GUT theories in Refs. [7,8]." In these studies, driven by the GUT theory motivations,
the mass scales of the mediating particles have been taken to be very heavy ~ 10! — 10!3 GeV.
In this work we point out that these B — L violating nucleon decay modes provide a novel way
to probe the nature and couplings of the scalar and vector leptoquarks in a model independent
way.” This not only makes these B — L violating nucleon decay modes extremely interesting
for current and future experimental searches, but also gives way to a new type of mechanism to
understand matter-antimatter asymmetry of the Universe where simultaneous baryon and lepton
number violation gives rise to a B — L violating asymmetry, which unlike B — L conserving
asymmetry, does not get washed out by B + L violating sphaleron interactions near the elec-
troweak scale [13]. Furthermore, this also motivates the experimental search for B — L violating
nucleon decay modes as an orthogonal probe for TeV scale scalar and vector leptoquark solu-
tions to the B-decay anomalies, which are persistent with new data from the B-factories [14-26],
and are currently one of the strongest hints of new physics beyond the standard model. To this
end, the recent measurements of the ratio of branching fractions of B — K (K™*)¢¢ decays into
di-muons over di-electron modes R ) and the ratio of branching fractions of B — D® ¢~ de-
cays into tau over other lepton modes R are of particular interest because in these ratios the
hadronic uncertainties cancel and consequently, these observables are sensitive to lepton flavour
universality (LFU) violating new physics.

The latest measurement of Rg for the dilepton invariant mass squared bin [1.1, 6] GeV?2 [22]
shows a 2.5 ¢ deviation falling short of the SM prediction [27,28]. Similarly, the measurement
of Rg+ [23] display 2.3 0 and 2.6 deviations, below the SM predictions for the dilepton in-
variant mass squared bins [0.045, 1.1] GeV? and [1.1,6] GeV?, respectively [27,28]. Further,
neutral current anomalies have also emerged in the observable ® = dBR(B; — ¢up)/ dmi o 10
a similar kinematic regime (mi u € [1,6] GeVz) [25,29,30], amounting to a deviation of about
3 0. Deviations from the SM expectations have also been reported in the angular observable P5/
for the B —> K*¢+¢~ decay. On the other hand, the current measured values of Rp [21,31] and
Rp+ [19-21,31] exceed the expected SM values by about 1.4¢ and 2.5 ¢ respectively [32,33],
and when combined they lead to a deviation of 3.1 o from the SM prediction [31,34,35].

These anomalies have resulted in a plethora of very interesting studies, among which two very
popular scenarios which can address the above anomalies are the extensions of the SM with scalar
leptoquarks and vector leptoquarks [36-97]. Vector leptoquark couplings have the potential to si-
multaneously explain both Rg ) and Rpw [84], however a minimal Gpati-salam GUT embedding
of such vector leptoquark is inconsistent with very strong bounds from various flavour violating
processes. Consequently, non-minimal extensions of such embedding is required to avoid such

1 Interestingly, these nucleon decay modes (which we refer to as B — L violating throughout this work) conserve B + L
and in the literature also often have been referred to as B 4 L conserving nucleon decay modes, e.g., [9]. For some recent
works where such operators have been discussed in the context of some minimal SM extensions see for example [10,11].

2 For discussion of A(B) = 2 transitions involving trilinear di-quark interactions (forbidding leptoquark-like cou-
plings) that can be probed in neutron-antineutron transitions and di-nucleon decays see Ref. [12].
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Table 1
Transformation properties of scalar leptoquarks under the SM gauge group Ggym = SU (3)¢ %
SU@2), x U(1)y and the relevant SU (5), Gpati-Salam = SU )1, X SU2)g x SU @), SO(10)

representations.

LQ Gsm SU(5) GPati-Salam $0O(10)

S (3,1,1/3) 5,45, 50 1,1,6), (1,3,10) 10, 120, 126
S (3,1,-2/3) 10 1,3,6) 120126

51 (3,1,4/3) 45 1,3,6) 120126

Ry (3,2,1/6) 10, 15 2,2,15) 120, 126

Ry (3,2,7/6) 45,50 2,2,15) 120, 126

S3 (3.3,1/3) 45 3,1,6) 120, 126

bounds [83-97]. On the other hand, single scalar leptoquark cannot simultaneously address R g
and R« data without violating constraints from various flavour violating processes and conse-
quently attempts have been made to use more than one leptoquark and to embed them in minimal
GUT frameworks to such end [66,98]. In this work we will primarily focus on the scalar lepto-
quark states tabulated in Table 1 and the vector leptoquarks U; : (3,1,2/3) and \72 13,2, -1 /6).

The plan for rest of this paper is as follows. In section 2, we discuss the effective lepto-
quark couplings and B — L violating operators with d = 7 and provide the relevant diagrams
and estimation for the lifetime for nucleon decay modes. In section 3, we discuss possible UV
completions for these interactions and the possible origins of the B — L violating couplings in
the context of these UV completions. In section 4, we discuss the possible connection between
the B-decay anomalies and the B — L violating nucleon decay rates. In section 5, we explore the
implications of these B — L violating interactions for baryogenesis and the possible correlation
between the final baryon asymmetry and the nucleon decay lifetime. Finally, in section 5 we
summarise and make our concluding remarks.

2. Effective leptoquark couplings and B — L violating operators with d =7
The dimension seven B-violating effective operators invariant under the SM gauge group

which follow the selection rule A(B — L) = 42 and mediate (B — L) violating nucleon decays
are given by [4,5]

O1=(Qi Q) L)*H €ijeu, 02 =(Qi0Q/)d°L;)"H},

O3 = (d°d°)* (Qie“) HY, O4 = (d°d°)* (uL)* Heij

Os = (du)*(d“Li)"H} «ij, Os = (d“d“)*(d“Li)" H;,
O7=(d°Dud)*(Liy* Q)), Og = (d“Dy Li)*(dy" Q)),

Og = (d°Dyd®)*(dy*ef) (1

where i, j, k,l are SU(2), indices, and all the fermion fields are written in terms of left handed
spinors. We will first show that some of these operators can arise naturally in the presence of
effective trilinear couplings involving two scalar (vector) leptoquarks and the SM Higgs doublet.
Interestingly, at the effective level the coupling coefficient of these trilinear interactions have
mass dimension unity and is proportional to the B — L breaking scale, which can in principle be
decoupled from the gauge coupling unification scale in a given UV complete model. We will first
treat the problem at an effective level where we will only fix the effective mass scales correspond-
ing to the coupling coefficient of this trilinear interactions and the mass scales of the leptoquark



4 C. Hati, U. Sarkar / Nuclear Physics B 954 (2020) 114985

states to show that these operators can give rise to nucleon decay rates which can be probed at the
current and future experimental nucleon decay search facilities. The relevant effective trilinear
scalar interactions invariant under the SM gauge group Gsm = SU(3), x SU(2)r x U(1)y are
given by

Locatr D —MRIHS] — MRV HTST —3,RIHS', — MR (2.83) TV HY +hee. )

where i, j, k are SU(2);, indices. For a relevant discussion of some similar relevant interactions
in the context of R— parity violating supersymmetric interactions see Ref. [9] and in the context
of some minimal SM extensions see Refs. [10,11]. To see the B — L assignments of the scalar
leptoquark states and the above couplings let us write down the Yukawa interactions for the
relevant scalar leptoquarks at an effective level—

EYSI D) _(Y§1 QiLLJLEij + yélecu‘idz)& - (yglech Qieij + y;”ﬁi + ySl LVL)ST

(3)

Ly % 2 —y;/u‘L'sz’I - yg/echdZS/ yS dses S y € uLuLST 4)
EYRZ Ry = yR dLLl RJ g —yR VLQLR;jél/ _szuLLl RJ g —szeLQL R}/l

(5)

Lys, D —y§ Q) Lk (2 83)% + y3 €€ 0} 0} € (7.85)T /¥ (6)

where €¢ corresponds to the SU (3)¢ tensor; i, j, k are SU(2), indices. From Egs. (3), (4), (5)
and (6) it follows that B and L can not uniquely be defined for S, Si R 5'1 and S3 in the presence
of all allowed interactions; however, the quantum number B — L can be uniquely defined for all
the leptoquarks and (B — L)Sl,Si,Sa +2/3, (B — L)s —2/3, (B — L)R R = = +4/3. From
a symmetry point of view, in the presence of these scalar leptoquarks as new physics beyond
the SM this simple observation hints towards B — L as a fundamental local or global symmetry,
and naturally motivates UV embedding of scalar leptoquarks in frameworks like SO(10) or
Gpati-Salam, Which can manifest B — L as a local symmetry at a high scale. Using the B — L
assignments for the leptoquark states it can be readily verified from Eq. (2) that each of the
terms carry a B — L charge —2 and consequently together with the Yukawa interaction given in
Egs. (3), (4), (5) and (6) they can give rise to B — L violating proton decay operators given in
Eq. (1) with A(B — L) = 4+2.° The vector leptoquarks V5 : (3,2, —1/6) and U; : (3, 1, 2/3) can
also induce the d = 7 operators of Eq. (1) through the effective coupling

Lyector D —x1V2U H +hee. (7)
where the vector leptoquarks couple to the SM fields through the interactions

Ly, 5, D +xi Qry"Uy L + xchzy“UlT’Mei +x3ﬁ2y“U1ﬁuvz + +i1ﬁiiy“‘72];uei-/LiL

+22 0 e Vy Tvg + S3di v Vy 01 +he. 8)

The couplings in Eq. (8) leads to the B — L assignments (B — L) = (4/3,2/3) for (Uj, ‘72).

Consequently, Eq. (7) together with the Yukawa interaction given in Eq. (8)) lead to A(B — L) =
2 nucleon decay. In Fig. 1 we show some representative diagrams inducing d =7 B — L violating

3 Note that one can also have d = 12 nucleon decays in the presence of trilinear couplings involving three scalar
leptoquarks [99] and trilinear couplings involving a triplet Higgs scalar, a singlet and a triplet leptoquark [100].
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Fig. 1. Some representative diagrams realising the effective B — L violating d = 7 operators induced by the trilinear
leptoquark couplings.

nucleon decay operators in the presence of the scalar and vector leptoquark couplings discussed
above. For illustration purposes we will consider the simple case of partial lifetime for the decay
mode n — e~ m . The lifetime for this decay mode induced by the trilinear coupling involving
scalar leptoquarks P; » and H, can be estimated by [101]

2
a Y5 Yp,| G2 Brm, A*? ©
64 f7‘% szl’] M;lgz s

(n—>e m

where A correspond to the dimension-ful B — L violating trilinear coupling of P; > and H; Yp,
and Yp, are the Yukawa couplings for the scalar leptoquarks P; and P,. v = (H 0y =174 GeV,
Br ~0.012 GeV? is the nucleon decay matrix element and G = (1 + D + F) =~ 1.3 where the
D and F correspond to contributions from chiral Lagrangian factors. The decay rate induced by
the effective coupling involving vector leptoquarks U1, V and H given in Eq. (10) is given by

2 - 2 2.2
G2A|OlH| mp X{v

* ~
)~ |xU1xV2|

ryin—en

(10)

Here xy, and Xy, are the couplings of U; and ‘72 with SM fields, A = |Ap, |2R with R =[(Asgr +

Asp)(1+|Vuq|»?] for SO(10) where A; ~1.25and A As; = A Asg ~3.2[102,103]. ayg =
apG~0.012GeV3.

3. UV completion and origin of B — L violating couplings

At an effective level the computation of the decay rates given in Egs. (9) and (10) depends on
the effective mass scales corresponding to the coupling coefficient of the B — L violating effective
interaction involving two leptoquarks and H, and the leptoquark mass scales. In this section we
will show that one can have observable B — L violating nucleon decay rates for some of the
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leptoquarks with mass as low as TeV scale, which is very interesting because the explanation the
B-decay anomalies with scalar (vector) leptoquarks require the masses of such leptoquarks to be
at around the TeV scale, and such mass scales of the leptoquarks will be probed by the direct
searches at the LHC in the near future. Moreover, if the collider searches find leptoquark new
physics at around TeV scale then the search for B — L violating nucleon decays also provides an
unique opportunity to indirectly probe B — L breaking scale far beyond the reach of the current
collider searches.

To discuss the realisations of the effective leptoquark couplings in the UV completion
SO(10), Gpati-salam = SU ), x SUQ)r x SU4). and SU(5), it is convenient to write down
the decompositions of SO (10) multiplets under the smaller subgroup representations. Under
G2,2,4)=SUR2)L x SUR)r x SU#4)c the SO(10) multiplets decompose as

10=(2,2,1)+(,1,6)

16=2,1,4)+(1,2,4)

120= (2,2, ) + (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, D+ (1, 1,15 + (3, 1,15) + (1,3, 15) + (2,2,6) + (2,2, 10) + (2,2, 10) .
(11)

Under the G(5, 1) = SU (5) x U (1) subgroup various multiplets decompose as follows:

10=5(Q2) +5(=2)

16 =1(=5)+5@3) + 10(—1)
120 = 5(2) 4+ 5(=2) + 10(—6) + 10(6) + 45(2) + 45(=2)
126 = 1(—10) 4 5(=2) 4+ 10(—=6) + 15(6) + 45(2) + 50(—2)

210=(1, 1, 1) + (1, 1, 15) + (3, 1,15) + (1,3, 15) + (2,2, 6) + (2,2, 10) + (2,2, 10) .
(12)

The effective B — L violating couplings can naturally arise in GUT theories like SO (10) and
Gpai-Salam = SU(2), x SU2)g x SU (4). where B — L is a part of the local gauge symmetry.
In such theories the effective B — L violating couplings given in Egs. (2) and (7) can arise when
the local B — L symmetry is broken by giving a vacuum expectation value to the SM singlet field
A€ carrying B — L = —2. A€ is present in the 1265 multiplet of SO(10) and corresponds to
(1, 3,10) under Gpagi-saiam [7,8]. Note that in SO(10) GUT A€ can also generate large Majorana
masses for the right handed neutrinos through the couplings of the form vv°A°€.

In Table 2 we summarise the possible realisations of the relevant effective trilinear cou-
plings given in Eq. (2) in the context of SO(10), Gpati-Salam, and SU (5) UV completion. The
effective trilinear coupling Ié; H Sf can arise from the quartic coupling (2,2, 15) - (2,2, 15) -
(1,1,6) - (1,3, 10) under Gpyi-salam Where R} C (2,2,15), S| C (1,1,6), H C (2,2,15) and
A° C (1,3,10). In SO(10) such quartic coupling can be realised as (126)*, (126)%(126)>
and (126)%(12610). The effective trilinear couplings Ié;H TS { and R;H A\ { can arise from
the Gpai-salam quartic term (2,2, 15) - (2,2,15) - (1,3,6) - (1,3, 10), where S’;r C (1,3,6)
and Ry C (2,2,15). In SO(10) such quartic coupling can be realised by (126)%(120)2 and
(126126)(120)2. The quartic term (126)%(120)2 also contains the piece (2,2, 15) - (2,2,15) -
(3,1,6)- (1, 3, 10) under Gpyti-salam Which can give the effective trilinear coupling §253 HT with
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Table 2
Transformation properties of scalar leptoquarks under the SM gauge group Ggy = SU(3)¢e x SU(2)p x U(1)y and the
relevant SU(5), Gpag-Salam = SU ), x SUQR)r x SU(4)¢, SO (10) representations.

Ggwm effective coupling SO(10) GPati-Salam SU(5)
RiHS] (126)*; (126)*(126)%; (2.2,15)-(2,2,15) - 154545(24); 51045(24):
(126)2(126 10) (1,1,6) - (1,3,10) 5515(24); 551024; 5154524
RiHtST RIHS (126)2(120)2; (2,2,15)- (2,2, 15) - 51010(24); 5101524;
(126126)(120)% (1,3,6)- (1,3, 10) 51045(24); 5105024
RyS3HT (126)2(120)2 (2,2,15)-(2,2,15) - 154545(24); 51045(24);
(3,1,6)-(1,3,10) 5154524

S3 D (3, 1, 6). The effective Yukawa couplings given in Egs. (3), (4), (5) and (6) can arise from
the Yukawa couplings [104,105] 16;16;104, 161-16ij and 16;16;120y in SO(10) GUT
theory. Note that, the Higgs multiplets which can couple to the fermion bi-linears of interest
16;16; are 10y, 1265 and 120y, with the couplings of the 105 and 1264 being symmetric in
flavour indices (i, j) and those of the 120y being antisymmetric. In particular, the SM Higgs
doublet (1,2, 1/2) is assumed to be a linear combination of 4: (1,2, 1/2) and mt (1,2, —1/2)
which belongs to 10y and 126y multiplets of SO(10). The 16 multiplets are not associated
with scalars which will lead to an incorrect B — L assignment for the SM Higgs doublet. The
terms relevant to the generation of the d = 7 operators can be obtained decomposing the relevant
SO (10) invariants

L(16;16;105) = hlf}‘”[(ufgj FVEL )R — (dEQj 4 efL) AT

€ . .
+(50i0; +uges —drve) ]+ (eutds + 0iL;) 1], (13)
£(16116;1204) 3 8> (@ 07 + € L) h = WE @y + Vi L) h = V20 8)
i
V3
i " ;
+FWi0; - 30EL;)h® —2e£Q; Ry +206Q; RY — 245 L; Ry

7

+2uSLj Ry —ied{dS Sy +2iufvs S| +v2iedus s\

—V2(ufes —dfvS) ST — —=(df Q; —3ef L) hT

€
+ V20 (dvS = efuS) ST - il 0,81 —v20,L;8;

—2idfe§§f+ieufu§§1], (14)
£(16116,126,1) > £ [ @ Q) = 3L ) h = (@S 0 = 3eS L) A

43 GQ,.Q]. — e+ ufd;) S} +3i(QiL; — eudS) Sy

+ V6V +ubeS) ST +2/3idf L Ry — 24/3i vf Q) R

+233uS 05 S — 230 U L Ry +2v/3i ¢ Q) R}

—2V3df e 8]+ V61 i L 53] (15)
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where parenthesised superscripts have been used to distinguish more than one fields with the
same quantum numbers appearing in some decompositions. In principle, after the GUT sym-
metry breaking various such subfields with the same SM quantum number would mix among
themselves. The h(1,2,1/2) and hT(l, 2, —1/2) fields from 10z and 126y as well as any other
Higgs multiplet with the same quantum number would mix to give a SM Higgs doublet which
is a linear combination of all such fields. In SU(5) GUT theory, the effective trilinear B — L
violating coupling e.g. Ié;H SlT can correspond to a number of possibilities as shown in Ta-
ble 2. Considering one example of such possibility 154545 where RZ{ c15, S 1' C 45, H C 45;
one can embed such coupling as a quartic coupling (126)* in SO(10), which corresponds to
15(6) - 45(2) - 45(2) - 1(—10) under the intermediate symmetry subgroup SU(5) x U(1). The
vector leptoquarks V, and U can also be embedded in § O(10) framework and the covariant
derivative of the 126 multiplet would contain the quartic term V2 U, H' A€ which leads to the
effective term in Eq. (7). It is important to note that the relevant vector leptoquarks should be
contained in the fundamental representation 45 of SO (10) in order to be the fundamental gauge
bosons associated with the SO (10) symmetry breaking.

4. Connection to B-decay anomalies and observable B — L violating nucleon decay rates

A particularly interesting solution to both Ry and Rpw anomalies is to have Ry and S3
leptoquarks at around TeV scale. The relevant effective Lagrangian for the charged current
anomalies R is given by

d—ulv 4GF - 5 ou _ -
Lo " = _fvud[(l +gv ) uryudr)Ury*ve) + gs, () (urdp)(€rvr) 16)
+ g7 (1) (iERouydL) (Ero ™ v)] .

Interestingly, the relevant effective Wilson coefficients can get significant contributions from R»
to resolve Ry anomalies for mg, ~ 1 TeV after taking into account the constraints from the
measurements of R“(*) = B(B - D®uv)/B(B — D™Web), B(B — tv) and the kaon LFU
ratio ReK/u =I'(K~ — e v)/T (K~ — u ). On the other hand, S3 can contribute to b — s
(semi-)leptonic transition to explain the anomalous data, but can give a negligibly small con-
tribution to R once the constraints from various favour violating processes are taken into
account. The standard left-handed effective Hamiltonian for the b — s (semi-)leptonic transition
is given by
4GF)\,[

Mo ! = — Y. GwOiw, (17)
V2 i=7,9,10
where A; = V;;, V5. The most relevant operators are
o2
Oy(10) = @ (SLyubL) Iy (). (18)
S3 can contribute at the tree-level inducing §C§™ = —8C " [66]. For a TeV scale S3 one can ad-

dress the Rg ) anomalies while being consistent with various flavour violating constraints such
as B(By — uu), B — K™®vv, By — B; mixing amplitude etc. Using various available experi-
mental measurements of Ry in different high and low g2 bins and the available experimental
measurements on the angular observables for b — suu and b — see, and the latest average for
BR(B; — ) one finds the global fit ranges [97]
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~0.50(~0.58) > C4¥, = —Cl" | > (~0.83) —0.91,
0.00 (—0.12) > C§¢, = —C% , > (—0.45) —0.55, (19)

at the 20 (10) level.*

The possibility of accommodating such a scenario for S3 leptoquark in the context of SU (5)
GUT completion has been discussed in Ref. [106,107] and it has been explicitly pointed out
that the term 10; 10; 45y gives rise to the di-quark coupling for S3 and consequently, such a
coupling must be absent to avoid constraints from d = 6 proton decay if S3 leptoquark mass
is around TeV scale. Here we will be interested in the SO (10) breaking to the SM gauge group
through the intermediate subgroup Gpagi-Salam = SU (2)1 X SU(2)gr x SU (4).. From the SO(10)
GUT completion perspective, from Eq. (14) we note that the coupling 16,16;120y5 would lead
to d = 6 rapid proton decay due to the presence of both di-quark and leptoquark couplings of S3
leptoquark and therefore is inconsistent with a TeV scale S3 explaining Ry anomalies. More
interestingly, we note that in the coupling 16;16 jm,{ the possibility of such a rapid proton
decay due to d = 6 operator induced by S3 is absent and furthermore, we also notice that R,
(which can possibly explain resolve R anomalies for mg, ~ 1 TeV) can be embedded in such
a coupling without inducing any rapid nucleon decay modes. Therefore, we will focus on this
scenario where the pair 3 — R» belongs to the 126 multiplet and have masses at around TeV
scale not inducing both d = 6 and d = 7 nucleon decays in the absence of the di-quark coupling
of S3. However, from Eq. (15) it follows that the coupling 16; 16]-%11 induce S| mediated d =6
nucleon decay and consequently the experimental searches for d = 6 nucleon decay constrain
their mass scales to be relatively large Mg, > 10'! GeV for a benchmark Yukawa coupling ¥ ~
1073, On the other hand, another submultiplet of 1264, Ez is not subject to such constrains and
can have TeV scale mass. Therefore, if the interactions of the pair 3 — R resolving Rg and
R p» anomalies simultaneously, are traced back to the SO (10) invariant coupling 16;16 ij,
then one can have observable B — L violating d = 7 nucleon decays due to the 126 submultiplet
pair §1 — ]52.

It is important to stress that S3 and R, don’t appear together in the relevant interactions in
Eq. (2) and it is necessary to have the pairings S3 — R, and S| — Ry instead, to have the rele-
vant nucleon decay modes. Both of these relevant pairings however, originate from the SO (10)
interaction (126)%(120)? as noted in Table 2, with one of the 126 corresponding to A€ carrying
B — L = —2. Therefore, the crucial point to note here is that we need both 1265 and 120y scalar
multiplets to be present in a SO (10) embedding of S5 (essential for explaining Rg) data) and
R (essential for explaining Rg) data) to facilitate the relevant pairings. For example, assuming
that S3 or Ry corresponds to 126 : the multiplet 1205 must contain 152 and Si to realise the
interactions in Eq. (2).

As a benchmark point taking Mléz ~1TeV, Mg, ~ 106 GeV, Vs i ™ 1073 we find from
Eq. (9) that the lifetime T &2 3 x 1033 yrs for A, = 10!! GeV, which is in the observable range of
current and future experiments. Such a choice for the mass spectrum can be motivated by an in-
termediate symmetry Gpygi-Salam = SU (2)1 X SU(2)r x SU (4)., which fixes the scale of B — L
symmetry breaking and consequently fixes the scale of A,. Interestingly, when the intermediate
symmetry iS Gpag-Salam = SU(2)p X SU(2)g x SU(4). in the SO (10) embedding of the scalar

4 Note that due to RG-running a large leptoquark coupling to third generation lepton can potentially induce a non-
negligible lepton-universal contribution to b — s£¢ transitions via a log-enhanced anapole photon penguin contribution,
as noted in Ref. [108].
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Fig. 2. One loop corrections responsible for generating (B — L) asymmetry in S1 3 and V5 decays.

leptoquarks, one obtains gauge coupling unification at around 10'® GeV for the intermediate
symmetry scale M; = MGy, suan =~ 1011 GeV [109-116].

For vector leptoquarks we note that a TeV scale U; can address the anomalies in b — s££ and
b — clv data simultaneously. However, the strong bound from charged lepton flavour violating
decay processes can only be satisfied if U; couples to the SM fields through a mixing with vector-
like counterparts of the SM fields and moreover the first generation mixing is further suppressed
to account for the bounds from K; — pe and K — mue data (e.g. by some additional flavour
symmetry) [85-87,97]. To account for such a suppression we parametrise Xy, 9, = Bgu where

B~ 1073, Taking My, ~ 1 TeV and M‘;2 ~ 10'0 GeV (as it can also mediate d = 6 nucleon
decay) we obtain from Eq. (10) the lifetime 7 &~ 1.8 x 103* yrs for the effective B — L violating
scale x; = 10'! GeV, which is again in the observable range of current and future experiments
searching for nucleon decays.

5. Implications for baryogenesis and comments on neutrino masses

The (B — L) violating effective couplings in Eqgs. (2) and (7) open up a new possibility of
realising high scale or resonant baryogenems Some of the decay modes which can give rise to
high scale baryogenesis are S; — R H,S — RTHT S| — RTH with Sy and S| having GUT
scale masses ~ 10! GeV and M .k, ~ TeV. On the other hand, if Mg, > My , with both of
them having masses at around TeV scale then one can have resonant baryogenems through the
decay mode S3 — RZH in the presence of at least two generations of S3 with nearly degenerate
masses. For vector leptoquarks one can have high scale baryogenesis through the decay mode
Vo > U IT H. In Fig. 2 we show the one loop diagrams which can interfere with the tree level
decay modes of S7 3 and Vs to provide the CP violation. The computation of the final asymmetry
is UV model dependent and must also take into account the potential gauge and Yukawa washout
processes [118].

We will consider here the simplest case of the (B — L)-violating decay of the scalar S,
which we shall assume to be very heavy with mass ~ 10'® GeV. In a UV complete theory such
as SO (10) the leptoquark Sj is in general a linear combination of fields from the decomposition

5 A complete list of trilinear couplings which can contribute to baryogenesis can be found for example in Ref. [117].
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of multiplets 10 and 126 and 120 fields. Firstly, we note that the decay §; — Ié; H would violate
(B — L) by 2 units, and because H carries zero (B — L) charge the final state has (B — L) =
—4/3. On the other hand S can also decay via the B — L conserving fermionic modes 1 — ff’
with (B — L) = 2/3 in the final state.®

In the absence of more than one generation of S; only the top two diagrams in Fig. 2 con-
tributes and the contribution coming from these diagrams are proportional to the Majorana
masses for v¢. Assuming the Majorana mass matrix of the v¢ fields to be diagonal and real,
the asymmetry contribution coming from these two diagrams is given by

v 1
€p_p =€p_ T€p_

B 2
1 Tr{yg, )’I;z Mye Fg, e j, YoeLH)} A1
T 2112

- 1
o [ T3 YR eenn My Py e )
m
T A1

(20)

Here we define the Yukawa coupling matrix corresponding to the coupling v¢LH, as yycr g
and M, is the real diagonalised mass matrix of v° fields. f; corresponds to the branching ratio
Br(S?_ — RQHT). The function F; j x = F(M;, M, M) is defined as

M? M} sz.
F(Mi My M =In(1+—5)+e(1-—2)(1-=2%]. 1)
M3 M M

where ® stands for the step function, accounting for additional ways of cutting the diagram for
the case M,c < Mﬁz'

In addition to the above contributions, another additional contribution can arise in any realistic
UV complete model where there are more than one S fields. Denoting the heavier S as Sy’ the
contribution coming from the bottom-left diagram of Fig. 2 is given by’

s

f | OS] 53 G S ) ()
€p_p =—Im

i IA1]?

, (22)

where the loop function G(S1, Sy, v¥) = G(Ms,, Mgl,, v°) is defined as

M? — M} M} M;
GM; My My =(—t—%)o(1-—£)(1--L]. 23)
M; — M; M; M:
For the case where S; and Sy are degenerate in mass, a resonant enhancement is possible. For a
prescription of such a case see for example Ref. [119].

The branching ratio f, = F(SlT — RQH*)/(F(SI — RyH*) + F(SI — ff)) in the asymme-
try can be estimated using the partial decay widths

6 The interplay between the (B — L)—conserving decays and the (B — L)—preserving decays of leptoquarks are crucial
for inducing generating the asymmetry as first pointed out in Refs. [7,8].
7 We assume Mg, — MSV > I'g,, so that there is no resonant enhancement for the decay.
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2
IS — RH*) = -—21.
8 Ms, MS1
fi,f
Tr(ys, ¥s,)
D(S] = ff) = — 2= Ms,. (24)

The baryon asymmetry to entropy ratio Yp is given by

np—ng €p_
Yp = B B _ €B-L

s x
where g, is the total number of relativistic degrees of freedom and d in Eq. (25) is the dilu-
tion factor taking into account the partial wash out processes, which can be obtained exactly by

solving the Boltzmann equation. The dilution factor can be approximately estimated by

d, (25)

4 1 (K <1) 6)
~ 0.3
K(n K)06 (K>1),
where
r'(S] — RyH*
K = M , 27)
2H
T:MS1
with H denoting the Hubble expansion rate given by
T2
H=1.66g."—. (28)
Mp

In Fig. 3, we show the dependence of the final baryon asymmetry on the couplings for yg, ~ y Ry
for different values of M,c and y,cppy, while choosing the benchmark values for rest of the
parameters: My = 1 TeV, Mg, = 10' GeV, A = 10'' GeV and ygl = 1073. A direct corre-
lation between the final baryon asymmetry and the lifetime for nucleon decay mode can also
be obtained under the simplifying assumption that the leptoquark dominantly couples to first
generation SM couplings.®

In Fig. 4, we show the correlation between the final baryon asymmetry and the partial lifetime
for the decay mode n — e~ for different values of M,c and yyer g With the same benchmark
values for the rest of the parameters as in Fig. 3. It is important to note that various partial wash
out processes can occur by means of various (B — L) violating interactions of the right-handed
neutrinos, after the v¢ fields acquire Majorana masses after (B — L) breaking. Depending on the
region of the parameter space, it may be desirable to have partial wash-out. On the other hand,
any wash out effects can be inhibited by decoupling the v° fields at the same temperature as the
Sy field (Mye ~ Mg,).

Furthermore, the generation of baryon asymmetry can also be directly linked to the neutrino
masses in the presence of A¢ which can induce the effective B — L violating couplings of the
leptoquarks and generate large Majorana masses for the right handed neutrinos through a term
VA€, Alternatively, neutrino masses can also be generated through one loop corrections in-
volving the B — L violating vertices and up (down) type quarks in the loop [98]. Thus depending

8 This assumption can always be relaxed to introduce non-trivial couplings of the leptoquark with second and third
generation fermion couplings, therefore introducing a number of new parameters generalising yg, and y % to matrices.
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Fig. 3. The dependence of the final baryon asymmetry on the leptoquark Yukawa couplings yg, ~ y Ry’ for different
values of M,,c and y,cy . The vertical red lines correspond to the current best fit for the baryon asymmetry to entropy

ratio provided by the PLANK collaboration. We have chosen the benchmark values M R = 1 TeV, Mg, = 1016 Gev,
A =101 GeV and ygl = 1073 for this plot. (For interpretation of the colours in the figure(s), the reader is referred to

the web version of this article.)
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2

ygl =10"3.

on the mass scales and UV completed model these two contributions will compete to generate
the correct neutrino masses, nevertheless, both these possibilities have the B — L violating scale
embedded in them which can be probed by the B — L violating nucleon decay modes.

6. Conclusion

In conclusion, we have shown that the effective B — L violating couplings of scalar and vector
leptoquarks can naturally induce dimension seven B — L violating nucleon decay modes. The
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decay lifetime of such B — L violating nucleon decay modes are sensitive to the ratio of effec-
tive coupling proportional to the B — L breaking scale and the mass scales of the leptoquarks.
Consequently, a discovery of ad =7 B — L violating nucleon decay mode will certainly provide
a strong evidence in the favour of leptoquark new physics and complimented by the upcoming
results from the B-factories and the collider searches such observation can potentially probe the
B — L breaking scale as high as 10'! GeV, paving way for a new baryogenesis mechanism and
giving interesting hints towards our understanding of neutrino masses. We have discussed some
examples of possible UV completion for the relevant leptoquark interactions (in the context of
GUT theories such as SU(5), Gpati-salam = SU ). x SUQR)r x SU (4). and SO(10)) and have
explored the possibility of having observable B — L violating nucleon decay rates for some of
the leptoquarks with mass as low as TeV scale. This is particularly very interesting because the
explanation of the B-decay anomalies with scalar (vector) leptoquarks require the masses of such
leptoquarks to be at around the TeV scale. Furthermore, if the upcoming collider searches find
leptoquark new physics at around TeV scale then the search for B — L violating nucleon decays
will provide a unique opportunity to indirectly probe B — L breaking scale far beyond the reach
of the current collider searches and can have further implications for baryogenesis as we have
discussed in the case of the simple example of scalar leptoquarks. We have also explored the
correlation between the final baryon asymmetry and the lifetime for nucleon decay mode to this
end.
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