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Dark sector particles at the GeV scale carrying baryon number provide an attractive framework for
understanding the origin of dark matter and the matter-antimatter asymmetry of the universe. We
demonstrate that dark decays of hadronic states containing strange quarks—hyperons—offer excellent
prospects for discovering such dark baryons. Building up on novel calculations of the matrix elements
relevant for hyperon dark decays, and in view of various collider, flavor, and astrophysical constraints, we
determine the expected rates at hyperon factories like BESIII and LHCb. We also highlight the interesting
theoretical connections of hyperon dark decays to the neutron lifetime anomaly and mesogenesis.
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I. INTRODUCTION

The standard model of inflationary cosmology predicts a
Universe born with equal amounts of matter and anti-
matter, see, e.g., [1]. In order to explain the existence of the
complex structures encountered today, it is necessary to
introduce a dynamical mechanism that can generate the
primordial asymmetry between matter and antimatter. To
add to this conundrum, a plethora of observations [2] show
that the visible baryonic matter only makes up about 15%
of the matter in the Universe. The remaining 85% must
therefore consist of some unknown constituent dubbed
dark matter. While there is plenty of evidence supporting
the existence of dark matter through its gravitational
interaction, to date experiments have failed to detect it
in the laboratory (see, e.g., [3]).

Questions about the nature of dark matter and the origin
of the baryon asymmetry of the universe are among the
most relevant outstanding open problems in fundamental
physics. Although many scenarios have been developed to
tackle these problems, most of them can only solve a single
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one of them. On the one hand, popular mechanisms explain-
ing the observed matter-antimatter asymmetry of the
Universe include leptogenesis [4,5], GUT baryogenesis
[6,7], electroweak baryogenesis [8,9], and Affleck-Dine
baryogenesis [10,11]. On the other, some of the many well-
motivated dark matter candidates proposed are axions
[12,13], WIMPs [14,15], sterile neutrinos [16,17], and
primordial black holes [18,19]. These scenarios predict
dark matter and baryon abundances which are, in principle,
not linked to each other. However, observations show that
the baryon and dark matter energy densities are fairly
similar, Qpy/Q;, ~ 5.36 £ 0.06 [20], leading to a coinci-
dence problem that in most cases has to be addressed ad hoc.

Dark sector baryons The similar magnitudes of the
baryon and dark matter abundances suggest that there
might exist a connection between the dark sector
and baryogenesis. Indeed, theories of asymmetric
dark matter have been proposed to explain this connection
[21-24]. These scenarios predict similar particle/
antiparticle asymmetries in the visible and dark sectors,
n, — ny ~ ngy — "pm> Which explains Qpy ~ €, pro-
vided that the dark matter particle mass is at the GeV
scale. Importantly, in these scenarios the dark sector
typically contains several particles and at least some of
these states interact with the visible sector.

The simplest effective interactions connecting the dark
and baryonic sectors arise from dimension six operators
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Oabc = uadbdc)(7 (1)

where, schematically, u (d) is an up- (down-)type quark of
flavor labeled by the subindex, and y is a fermionic dark
sector state (but not necessarily the dark matter particle
itself). The existence of such operators implies that the
dark sector particle y interacts with hadrons, which can give
rise to several interesting effects beyond the Standard
Model (SM).

Neutron lifetime anomaly and mesogenesis. In recent
years, several proposals have triggered interest in dark
baryonic sectors interacting with the SM via operators in
Eq. (1). First, it has been pointed out that a dark decay of
the neutron can resolve the long-standing neutron lifetime
anomaly [25] (see also [26] for related works). Second, a
new set of low-scale baryogenesis models has been recently
put forward [27-34], in which a crucial ingredient are
decays of hadrons into dark sector baryons triggered by
operators in Eq. (1). These low-scale baryogenesis scenar-
ios are collectively referred to as mesogenesis. One may
argue that, given that the dark decay of the neutron requires
one specific variation of the operators in Eq. (1) involving
only first-generation quarks, while mesogenesis models
need different ones involving heavy flavors, both para-
digms are in principle unconnected. However, in the
absence of any concrete symmetry argument, all flavor
combinations of the operators in Eq. (1) are expected to be
present simultaneously. This leads to interesting connec-
tions between the aforementioned scenarios and phenom-
enological predictions regarding apparent baryon number
violating signatures in hadron decays [35-38].

Contrary to other dark matter candidates, GeV-scale
dark baryons remain largely unconstrained. For example,
studies of the neutron lifetime anomaly have broadly
showcased that the neutron may have a branching ratio to
dark sector states as large as 1% [25], whereas studies
of the B-mesogenesis paradigm [32] highlighted that B
mesons can have a branching ratio as large as 0.5% to
GeV-scale dark sector baryons (in stark contrast to other
modes, such as B, — u"u~, see, e.g., [39], for which
sensitivities at the level 10~ have been reached). These
theoretical developments have triggered dedicated
searches for new neutron decay channels such as n —
xy [40], n > yeTe™ [41] and nuclear dark decays [42,43],
as well as searches for the decays of nonstandard b-
flavored hadrons at experiments like BABAR, Belle and
Belle-II [44], and LHCb [45,46].

Strangeness and dark baryon sectors. The discussion
above highlights the incipient developments in the study of
baryonic dark sectors interacting with first (¢, d) and third
(b) generation quarks. Couplings to the second generation
have received much less attention [36—38], in part due to
the lack of direct phenomenological applications. However,
from a theoretical perspective one would expect that
baryonic dark sectors interact with all SM quark flavors.

[Dark Decays of Hadrons ]

Neutron decay anomaly O=uddy mpsSm,
Hyperon dark decays (thiswork) @ = udsy MpsSmy

B-Mesogenesis O=udby mpgSmg

FIG. 1. Phenomenology of various flavor variations of the dark
baryon y—SM interactions. Couplings to first generation quarks
lead to a dark decay solution to the neutron lifetime anomaly,
while interactions with third generation quarks enable B-meso-
genesis. Interactions with second generation quarks lead to the
apparent baryon-number-violating signatures in hyperon decays
studied in this work. The maximum mass allowed for dark sector
particles (mpg) produced in the respective hadron decay is also
indicated.

As illustrated in Fig. 1, in this work we attempt to fill this
gap by considering the possible presence of GeV-scale
dark baryons in hyperon decays. This is a very timely
endeavour, since a large number of hyperons is currently
being produced and analyzed at BESIII [47,48], in eTe™
collisions with energy at the invariant mass of the J/y
resonance, and at LHCD [49]. In fact, the BESIII collabo-
ration has very recently reported a search for totally invisible
decays of A hyperons yielding BR(A — invisible) < 7.4 x
1073 at 90% [50]. Moreover, there are plans to build a Super
Charm-Tau Factory which would considerably increase the
hyperon data sets with richer physical information provided
by polarized ete™ beams [51,52].

In this paper, we investigate all relevant aspects of
hyperon decays into GeV-scale dark sector particles. In
particular, we:

(i) Characterize all experimentally relevant decay
modes using the framework of chiral effective field
theory to reliably predict the relevant hadronic form
factors.

(ii) Derive astrophysical bounds on these new decay
channels from the duration of the neutrino signal
from supernova SN 1987A.

(iii) Obtain indirect bounds from LHC searches and
neutral meson oscillations on the colored bosons
needed to mediate the exotic hyperon decays.

In light of the combined bounds from the LHC and SN
1987A, we discuss the required sensitivities that the
searches at BES III and LHCb need to achieve in order
to test uncharted regions of parameter space. In addition,
we discuss the relevance of our results for mesogenesis and
the neutron lifetime anomaly.

Structure of this paper. Our work and results are divided
into the following sections:

Section I1: Models and Effective Operators. We start by
compiling an exhaustive list of operators that can trigger the
decay of SM hadrons into dark sector baryons and their
possible UV completions.

115005-2



STRANGE PHYSICS OF DARK BARYONS

PHYS. REV. D 105, 115005 (2022)

Section IlI: Hyperon Dark Decays. In this section, we
develop the chiral perturbation theory framework needed to
calculate the rates of hyperon decays into dark sector
baryons (Sec. III A). We consider invisible decays in
Sec. III B, pionic decays in Sec. III C, and radiative decays
in Sec. III D. Although Sec. III contains the foundational
elements of our present work, a reader interested primarily
in phenomenology may wish to skip the technical details
and go directly to the summary provided in Sec. VIA,
including the list of the most promising channels in
Table IX.

Section IV: Supernova Constraints. Here we derive an
upper limit on the dark hyperon decay rates using a stellar
cooling argument based on the observed duration of the
neutrino pulse from SN 1987A. We present detailed
calculations of the luminosity in form of dark-sector
particles and explain the specific numerical implementation
using  state-of-the-art simulations of core-collapse
supernovae.

Section V: Phenomenology. This section is devoted to
exploring the relevant phenomenology associated with dark
hyperon decays. In particular, we determine the LHC
constraints (Sec. VA) and meson mixing bounds
(Sec. V C) on the mediators needed to generate the effective
operators under consideration.

Section VI: Results and Implications. We present
and discuss our results in Sec. VI A. This section contains
a summary of our findings (see Table IX), including a
list of strange hadron dark decay channels offering
the most promising discovery prospects in upcoming
hyperon facilities. Armed with the machinery of
Sec. III and the phenomenological analysis of Sec. V, in
this section we examine the extent to which the upcoming
searches at hyperon factories can test the regions of
parameter space relevant for the neutron decay anomaly
and B-mesogenesis.

II. MODELS AND EFFECTIVE OPERATORS

The simplest way to construct UV-complete models
producing the effective operators in Eq. (1) is to introduce
anew heavy colored bosonic field. This field should have a
coupling to two quarks, and a coupling to a quark and the
dark baryon y. There are three possible gauge-invariant
realizations of such a scenario, which correspond to the
following Lagrangians:

LD _ydadbeijklpid{mdﬁb —yWC‘I’;*)(Ru};C +H.c.,

LD~y a, €D sy = Va Pl rdip,
—Y0,0,€ijk€as® 01 0 +Hoc.,

£33 _yQ"dbeijke"/”XLaQ{p;Uﬂd]i’b — Y40, X" Qo' yr +Hee.,

(2)

where ug, dp and Q; denote the SM quark fields (in the
2-spinor notation of [53]), i, j and k are color indices, a, b
and ¢ are generation indices and « and f are SU(2),
indices. The quantum numbers of the new heavy colored
mediator particles in Eq. (2) are ¥ = (3, 1)% and @ =
(3. 1)_y for the color-triplet scalars, and X, = (3, 2)% for the

color-triplet vector. Note that in £; the two dp quarks must
belong to different generations due to the antisymmetry of
the color indices.

The field y is a SM singlet Dirac spinor with baryon
number B, = 1. Note that we impose baryon number
conservation' on the models in Eq. (2). To be consistent
with experiments, such a dark baryon must be heavy
enough to kinematically block the proton and all known
stable nuclei from decaying. This requires [25,42]

m, > 937.993 MeV. (3)

In particular, this bound assures that neutrons inside the *Be
nucleus do not undergo the decay n — yy. This process
would otherwise occur at unacceptable rates even in the
absence of tree-level y—first generation quark couplings
through loop effects. Enforcing Eq. (3) along with
m, < m, =939.565 MeV, nuclei are stable but a free
neutron can undergo dark decays as will be discussed in
Sec. VL. If m, > m,, the neutron remains stable with
respect to dark decays, but heavier baryons and mesons
can still experience exotic disintegration [35,37,38].

As will be shown in Sec. VA, direct searches [54—57] for
new colored states like those in Eq. (2) set an absolute
lower bound on the masses of ¥, ® and X y of

M > 0.52 TeV. (4)

The heavy colored states can therefore be integrated out at
the lower energies relevant for hadron decays. This pro-
cedure leads to the effective Lagrangian

Lett = CapOap.c + Cy O, (5)

ab,c’

with contains the four-fermion operators

Oupe = €ijk(u;2ad5?b)(){1?d§?c)’

— i ip
O;b.c - eijkeaﬂ(QlLolaQib)()(Rd]lcec)' (6)
Here, Ci’;yc ~ y*/M? are the Wilson coefficients and C/,,
is symmetric under the permutation of the flavor indices a
and b. In deriving the effective Lagrangian in Eq. (5) we
have used Fierz relations to express the current-current

'This way the coupling of ® and X y» Which carry quantum
numbers of leptoquarks, to a quark-lepton pair is automatically
forbidden. Such a coupling would generically lead to proton
decay.
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TABLE I. Contributions of the three different models in Eq. (2)
to the Wilson coefficients of the operators OS,)).C. The flavor
indices a and b are understood to be symmetryzed for the Wilson
coefficient C’

ab.c*
Model Mediator M?C,,. M*C,.
1 Y=, 1)§ (Vaya, = Ya.d,)Vpu, 0
o= (3* 1)—% “Vuudy,Yyd, —Y0,0,Yyd,
3 X, =(3.2) 0 2Y0,4,Y20,

operators produced by the exchange of X, (Model 3) in
terms of the scalar operator O;b’c [58]. An additional
operator

,a/b,c = eijk(d;.?adﬁb)wleu;c) (7)

is produced directly by the exchange of ¥ in Model 1; this
can however also be related to the previous ones by means
of the Fierz relation [53]

e = ch,a

ab,c

- Oca,b- (8)

The contributions of the three models in Eq. (2) to each of
the Wilson coefficients in Eq. (5) are shown in Table I. The
operators in L. are the only dimension-six operators
which are SU(2), x U(1) invariant and include SM quark
fields coupled to the singlet field y linearly.

In addition to the effective couplings in Eq. (5), the dark
particle y may have interactions with other dark sector
states” A minimal model for such an interaction is provided
by the Lagrangian term

LD yeyqéh+He., (9)

where £ and y denote four-component Dirac spinors and ¢
is a complex scalar, all of them singlets under the SM gauge
group. Conservation of baryon number implies that
B:+ By = 1. A direct coupling of ¢ and ¢ to quarks
can be excluded by imposing a Z, symmetry under which &
and ¢ are odd and all other particles are even. Such a
discrete symmetry ensures that the lightest among & and ¢
is absolutely stable: this state thus becomes a candidate for
dark matter. Stability of nuclei against decays to & + ¢ is
guaranteed by the requirement m; + m; > 937.993 MeV,
with similar implications to those discussed below Eq. (3).

’In fact, these are essential to allow for a pure dark decay
channel [25] of the neutron, and are also needed in the
B-mesogenesis framework to avoid the washout of the generated
baryon asymmetry [29].

III. HYPERON DARK DECAYS

The effective Lagrangian in Eq. (5) induces interactions
between y and baryons. In particular, if these interactions
involve a strange quark, various new decay channels for
hyperons are enabled. For each one of the initial states
A(uds), X%(uds), Xt (uus), X*(dds), E°(uss) and
E~(dss), in this section we compute the exclusive branch-
ing fractions for the following channels:

(1) Fully invisible decay.

(i) Decay to z%* and a dark baryon.

(iii) Decay to a photon and a dark baryon.
These processes are shown in Fig. 2 for the exemplary case
of the A hyperon and the scalar mediator ®.

Our goal is to produce theoretical predictions that can be
used in present and upcoming hyperon factories to search
for dark baryon sectors. In the absence of a positive signal,
our calculations would allow to set constraints on the

Wilson coefficients of the operators Oi’g.c, and therefore on

the couplings of the mediators listed in Table I. Deriving the
predictions for the hyperon exclusive branching fractions
induced by the operators in Eq. (5) requires the knowledge
of relevant baryonic form factors as input. Those can be
computed within the framework of chiral effective field
theory, also known as chiral perturbation theory (ChPT).
We do this by following the formalism introduced for
proton decay in the context of GUTs in [59] (see
also [60,61]).

A. Matching to the chiral EFT

In order to connect the effective Lagrangian in Eq. (5) to
the operators triggering hyperon decays to dark baryons,
one needs to break up the doublets and rotate the quark
fields from the gauge to the mass eigenstate basis. For
simplicity, we assume that the right-handed fields and d;,
are defined in their mass eigenstate basis. Focusing on the
couplings to light quarks and neglecting contributions
suppressed by A~ V, . ~0.22, one obtains

R MR L L
Lett D Chg dOnaat CuaaOCraa

+ Ctlfd,sogd.s + C{f&dofs,d + Cﬁd,s Ofid,s + Cll;s.doll;s,d
+ C{fsx Oﬁx,s + C{;s,x Oﬁs,s ) ( 1 0)

where the operators in the first, second and third line
correspond to the change of strangeness by AS =0, 1 and
2, respectively. We have also relabeled the operators,

Oﬁda,db = eijk<u5€d;€a)(ZRd]1(€b)’

Oldda,db = eijk<’4id]L )()(Rdﬁb)’ (11)

. . . R _ L /
and the Wilson coefficients, C, 4 =Ciap, Cyy 4, =2C 45
using those in Table I under our flavor assumptions
and ignoring renormalization group effects when connecting
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—

A oo

,

~

A > yx

FIG. 2. Three possible decay channels of the A hyperon into final states containing dark baryonic particles. The processes displayed
can be induced by the effective operators O, and O, . in Eq. (6). For concreteness and illustration purposes, we choose to show the
scalar mediator @ corresponding to Model 2 in Table I, but ¥ and X, can mediate analogous decays.

the heavy scale M to the scale characteristic for hyperon
decays, ~1 GeV. In the discussion below we use the short-

hand notation (ud,)d,, for the operator (’)%f’ 4,- In addition,

(u[d), s] represents the combination OF, ' — O, relevant
for Model 1 [see Egs. (2) and (8)].

At the low scale relevant for hyperon decays, we match
the particle-level Lagrangian to the chiral Lagrangian,
where hadrons, not quarks and gluons, are the explicit
degrees of freedom. Chiral perturbation theory [62-70]
implements the spontaneously broken SU(3), x SU(3)g
chiral symmetry of QCD supplemented by a ‘“power
counting” based on a momentum expansion p << Acppt ~
1 GeV. The pseudo-Goldstone bosons are described in
terms of a unitary 3 x 3 matrix U(x),

U(x) = exp <i¢(x)), (12)
f
where f is the pion decay constant and
”0 _|_ \/Lg},lg \/§ﬂ+ \/§K+
b= V2= =a° + 51 V2K | (13)
V2K~ V2K° - \/% g

Under chiral transformations (L,R) € SU(3), x SU(3)g,
U transforms like

U — LUR". (14)

The lowest-lying J© = 1/2% baryon octet fields, on the
other hand, are described by a traceless 3 x 3 complex
matrix

1 50 4 1 +
ﬁZ +¢6A > p
B — z- —\/LEZO—l—%A n . (15)
=- =0 —2
= = \/EA

The B fields and the variable u = /U transform as

u — LuK" = KuR?", B — KBK™',  (16)

where

K=K(L.R.U) = (VUL '(VRU)  (17)

is the so-called compensator field. For a vector trans-
formation L = R =V one can easily see from Egs. (14)
and (17) that K = V, transforming the baryons B linearly as
an octet under the vectorial SU(3) subgroup of the chiral
group. Next, one introduces the vielbein

w = i(u" (O — il")u — u(0* —ir')u’),

w — Ku'K", (18)

and a covariant derivative (with the connection T'*)

1 . . .
r,= 3 (u (0, — il )u +u(0, — lrﬂ)uT),
DX = 8,X + [, X],D,X — KD,X, (19)

where /# and 7 are external left- and right-handed vector
sources. One assigns the following power counting:

D,B.B.B~0O(1),
. Dyu,, Dyu~O(p). (20)

With these ingredients, the leading order chiral Lagrangian
containing octet baryons is

where the angle brackets indicate that a trace is taken, D
and F are nonperturbative couplings, (ip — M)B ~ O(p)
and M, is a common mass of the octet baryons obtained in
the limit of massless quarks (chiral limit).
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The operators in Eq. (10) have well-defined SU(3), x
SU(3)g transformations and this allows one to find
their counterparts in the chiral EFT [59]. For instance,
08y 4 and OL, . transform as (1,8) and (3,3) under
SU(3), x SU(3)g. respectively.” To construct the chiral
representation of the effective Lagrangian we treat the
coefficients CR and CI as spurions transforming as
components of a (1,8) and a (3,3) under SU(3), x

SU(3)g, respectively. Defining Cﬁ/nR:; i’jem,-jCiLj{f,
so that C® — RCRR' and C' — RCEL, the chiral

representation of the effective Lagrangian is, at leading
order,

ng)f{ChPT = a(Ctu'Brygru®) + B(CRuBryru),  (22)

where «a and f are two new nonperturbative
couplings. Note that our formalism is equivalent to
introducing flavor projection matrices, as described
in [59].

Given the Lagrangian in Eq. (22), one can compute all
the relevant matrix elements involving the decays
of hyperons, including any possible number of
pions in the final state, at leading order in the chiral
expansion. For the calculations, we take the numerical
inputs’ f = f, = 92.4 MeV from pion decay, D = 0.80
and F =046 from the leading order fit applying
Eq. (21) to semileptonic hyperon decays [71], and a ~
—p = —0.014(2) GeV? obtained from lattice QCD cal-
culations [61].

In our computation of the matrix elements, we also
implement some contributions which are higher order in the
chiral expansion. On one hand, we use the physical masses
of the octet baryons (for which we take the PDG values
[72]) instead of the commonly used SU(3)-symmetric

value M, in 5%. This is equivalent to introducing

SU(3)-breaking corrections starting at O(p?), which
already provide an accurate description of the data. On
the other hand, the radiative decays 8 — yy are induced by
the magnetic moment of an octet baryon 8B, which formally
enters in the SU(3)-symmetric limit at O(p?). In our
calculation we use the experimental values for these
quantities, described by

5B B BE,, (23)

nm,

Loh =

*Note that 3 ® 3 =3 @ 6, but only the antisymmetric irre-
ducible representation 3 is possible due to the simultaneous
action of the antisymmetric color tensor. Similarly, the
purely singlet representation (1 1) is identically zero.

“The normalization of the pion field ¢ differs from that in [59]
by a factor of /2. Hence, the value of the decay constant in [59] is
correspondingly larger, 131 MeV.

TABLE II. Baryon decay constants relevant for the 8 — &¢
decays. They are mapped to the coefficients in Eq. (24) via yL% =
aga and y§ = agf, where a ~ —f = —0.014(2) GeV? [61]. We
display the values of ag for each of the flavor configurations

(ud,)d, in the operators (’)%Rdh

Baryon n A >0 =0
Operator (ud)d  (ud)s (us)d  (ud)s (us)d (us)s
ay 1 -/2/3 -1/v/6 0 1/v2 -1

where kg 1S the experimental value of the magnetic
moment expressed in nuclear magnetons, py = e/ 2mp.5

Finally, for the dark sector particles at the GeV scale
considered in this work, the final photons and pions
produced in hyperon decays carry energies ~100 MeV.
This is smaller than the cutoff of the EFT, Acppr, and the
ChPT predictions are expected to be reliable. This differs
from the typical kinematics encountered in GUT-induced
proton decay, such as p — n’e™, where the SM particles
recoil with a higher energy and the predictions are less
reliable (see [61] for a detailed discussion).

B. Matrix elements for 8 — Dark Sector

We first define the matrix elements

<0|€ijk(”iTCPLd£)PRdIg|%(p)> = }’%PR”(P>7
(Ole;ju(u'" CPrdy) Prdy|B(p)) = rPru(p), (24)

in terms of the 4-component spinors as in [60,61]. Here, C
is the charge-conjugation matrix, 8B is an octet baryon with
the valence quark composition (ud,d,), and u(p) is the
corresponding spinor. Expanding Eq. (22) at zeroth order in
the meson fields, one obtains predictions for the baryon

decay constants y% . These are proportional to a/f with
the coefficients shown in Table II.
The corresponding decay rate for B — &¢p, using the dark
sector interaction Lagrangian in Eq. (9), is thus given by
K]

_ L/R L/R
Ugocp = Sy ‘Y§¢‘2’Cud,,,dh|2H93 ) (25)

where £ is the 3-momentum of the decay products in the B
rest frame and

5 =y | (m% — m2)? )
B 4

(26)

>The value of the X° magnetic moment and the sign of the
AXC-transition one are not known experimentally. We use the
values predicted by ChPT: pso = 0.66puy and ppso = +1.58uy
[73] (the experimental absolute value agrees with the latter
prediction at a few-percent level).
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OF/R

ud,s

CHE — 0.5Tev 2 i

udg,dy

ES U |
T /
= /
o .//
T Pe E(J
g 1073< ./‘/./
~
M
my = 0.95m,
Lot me = 0.04m,
095 1.00 1.05 110 115 120 125 1.30
my [GeV]
FIG. 3. Branching ratios of neutral hyperons into a purely

invisible final state, with the dark sector particle masses and
couplings fixed to m, = 0.95m,,, m; = 0.04m,, ys; = 1. Differ-
ent colors correspond to different hyperons undergomg the dark
decay, whereas different line styles represent different combina-
tions or orderings of the down-type quarks in Eq. (10). We fix the
Wilson coefficient to roughly saturate the LHC constraints on the
mediators, as discussed in the text (see Sec. V A). The branching
ratios for other values of the Wilson coefficients can be obtained

simply by noting that BR |C%idh 2.

given in terms of the various masses and momenta of the &
particle in the rest frame of the decaying baryon: E; =

(mig 4 mZ —mg)/(2ms) and k| =
that the result in Eq. (26) depends on the interactions
assumed for the dark sector in Eq. (9).

In Fig. 3 we plot the branching ratios for neutral hyperon
invisible decays as a function of m,,, assuming m, = 0.95m,
and m;=0.04m,. The Wilson coefficients have been
adjusted to saturate the LHC constraints (see Sec. VA).
Figure 3 showcases that the purely invisible branching ratios
can, in principle, be as large as ~1074-1072,

E? - m% We note

C. Matrix elements for B — xy

The hadronic matrix elements for the decays B — zy are
parametrized in terms of two form factors,
(w(k) ey (W CPLd4) Prd|B(p))

= iPR[WIiso(qz) - qW%l (¢*)lu(p), (27)

(”(k)|€ijk(”iTCPRdé)PRd]1§|%(P)>
= iPr[Wgo(q*) — W3, (¢7)lu(p),  (28)

where ¢ = p — kand ¢*> = m? if the final state y is on shell.
There are two possible contributions to these matrix
elements at leading order O(p®) in the chiral EFT, as
shown in Fig. 4.

T 7r
. .
’ ’
. .
. .
. .
S S~ S — | RN SS——
B B’ B

FIG. 4. Contributions to B — x form factors at leading order
O(p°) induced by the chiral representation of the operators
coupled to y. The arrow indicates the flow of baryon number, the

box is an insertion of a coupling from ng)f),ChPT and the dot is the
leading-order strong pion-baryon coupling.

The diagram on the left in Fig. 4 is the “baryon pole”
diagram and is given by the 8B’ decay constant. The second
diagram on the right of Fig. 4 is a “contact term” induced

by the expansion of ‘Ci(;g,ChPT in Eq. (22) to first order in the
pion field. The pole terms contribute to both form factors,
giving
abg mgmy + q*
f mz%/ - q 2 '
abg myg + my
[ omy—q

L ,pol
Wy (4%) =

W™ (4?) = (29)

where the coefficients by are listed in Table X of the
Appendix A for other decay channels. The results for the
pole contributions to W& | (¢%) are the same as those in

Eq. (29) upon replacing a with . The contact term diagram

contributes only to W(%R,

L R
WL,CI _ ac% ﬁC%
0B f ’

f

and Wiy' = (30)

where the contributions c%/ to each channel and operator

are listed in Appendix A, Table XI.
Given the contribution described by the Wilson coef-

ficient C%R. dy and the corresponding form factors, one can

calculate the rate for B — my,

K] c

_ CL/R
Py = 8rm

ud,.dy

2FyR (31)

where
]_-L/R —E WL/R WL/R 2 2WL/RWL/R
B ;([( ) +m)(( l%)} m 138 °
(32)

with E, = (m} + m% —m2)/(2mgy) being the energy of y

in the B rest frame, |k\ its momentum, and the form factors
are evaluated at g> = m2. In the limit where the dark baryon
x is nonrelativistic in the B rest frame, this expression is
approximated by
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TABLE III.  Predictions for the F %/ R factor entering the decay
B — my, shown for different channels and y masses. In the case
of A = my, m, = 0.94 GeV was assumed. The notation (u[d), s]
represents the combination C{fd,x - Cffx_ 4 provided by the Model
1, see Egs. (2) and (8). '

Channel ~ Operator 103 x F& [GeV®] 10 x F& [GeV]
A - (us)d 3.5 0.48
m, [GeV]
0.94 1.05 0.94 1.05
0520 (us)d 1 12 12 0.42
(ud)s 46 1.7 4.6 1.7
(u[d).s] - - 12 0.42
m, [GeV]
0.94 1.05 0.94 1.05
DI (us)d 12 12 10 12
(ud)s 48 1.8 48 1.8
uld).s] - - 13 12
m, [GeV]
2 > 0.94 1.15 0.94 1.15
(us)s 10 13 15 15

L/R L/R L/R\2
Fo® om, (WG — m, W), (33)
Furthermore, if the B —y mass splitting 6 is small
compared to mg ~ m,, then the baryon-pole contributions
to the two form factors in Eq. (29) cancel each other,6 and
one finds

atm 5 \2
FLR L Z (CL/R + by _> +0(8%). (34)
B f2 B zmx

The rich strong dynamics encoded in the form
factors is reflected by the numerical results for the
functions .7-"%/ R Shown in Table III. The sensitivity to
the rates for various channels and contributions can
differ by more than an order of magnitude in some
cases. In particular, the channels which only receive a
contribution from the pole diagrams (see Table XI in
Appendix A) can suffer from the suppression described
by Eq. (34), which is visible for higher masses (lower
velocities) of the y. This is also observed in Fig. 5,
where we show the predicted branching ratios for
different channels and operators, taking as a reference
the upper limits set by LHC searches for the mediators
(see Sec. VA).

Our results in Fig. 5 indicate that branching fractions
can be as large as ~1073 in case of the pionic decays of
the E baryons. The decay 2~ — n~y may be particularly

6
'We assume myg = mgy and use a =~ —f.

preferred experimentally, given that the charged
pion in the final state may be easier to trigger on.
The decay with the best theoretical sensitivity to both
(ud)s- and (us)d-type operators is £~ — 7~ y. It has up
to a factor of ~10 more sensitivity compared to the A —
7% decay and it is approximately a factor of 2 more
sensitive than X7 — n7y, since the lifetime of X~ is
approximately twice that of X [72]. Note also that the
branching ratio of the X decay is very suppressed
because it mainly decays through the electromagnetic
channel X0 — Ay.

Finally, we have not considered the decays of the
negatively-charged decuplet baryon Q~(sss). This is
because the dominant decay channel of interest would
be Q™ — K~ y. This probes operators with flavor uss and
my®™ = 1.179 GeV, which is the same as for Z decays.
The Q™ are also more difficult to produce in experiments
[48,49] and their decay rates are harder to predict
theoretically.

D. Matrix elements for B — yy

We can parametrize the matrix elements of the
radiative B — yy decays induced by the hyperon magnetic
moments as

<7<k>|€ijk(”iTCPLd{1)PRdII§|%(p)>
= iun[Vigo(q*)o" P+ Vi, (7)o" Prlu(p)esk,. (35)

where (k) is the polarization vector of the photon, uy =
e/2m, is the nuclear magneton, and Vi, ,(¢*) are the
corresponding form factors. A similar definition Vi | (q%)

follows for the matrix elements of ¢;;; (u'” CPrd})Prdy. In
the chiral EFT, the leading-order contribution enters at
O(p) (an order higher than in the pionic decays) and is
given exclusively by baryon-pole contributions, as shown
in Fig. 6. Higher-order chiral operators linearly coupled to
x including the photon field and with unknown coefficients
are possible. They can be constructed by including F,, or
covariant derivatives acting on the u and u" fields; however,
none give contact-term contributions to the form factors
at O(p).
The diagram in Fig. 6 yields

L/R
L/R L/R _ MyYyg Kpy

VB(/) = m%’VB{ =73 ® 2 (36)

q- — myg

where kg, defined in Eq. (23), is the value of the magnetic

moment of the B — B’ transition (simply kg in case of
diagonal couplings) in units of the nuclear magneton and

}/g//R are the coefficients defined in Eq. (24), which can be

read from Table II for each of the baryons. In Table XII of
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Branching ratios for hyperons decaying to a dark baryon and a pion, as a function of the dark baryon mass. The left panel

shows the branching ratios for the decays induced by the left-handed type operators, while the right panel corresponds to those induced
by right-handed ones, as defined in Eq. (10). Different colors correspond to different hyperon decays, while different line styles represent
different combinations or orderings of the down-type quarks in Eq. (10). For all of them, we fix the Wilson coefficient to roughly saturate
the LHC constraints on the mediators, as discussed in the text (see Sec. VA). The branching ratios for other values of the Wilson

coefficients can be obtained simply by noting that BR « |Cu d,d,

> -
B B’

FIG. 6. Contributions to B — y form factors at leading order
O(p) induced by the chiral representation of the operators
coupled to y. The arrow indicates the flow of baryon number,
the box is an insertion of a coupling from ’Cg(f)g‘ChPT and the dot is
the magnetic moment of the hyperons, which is a vertex starting
at O(p?) in the chiral Lagrangian.

Appendix A, we show the value of the coefficients for the
different contributions and channels.

The decay rate for B — yy in the B rest frame can then
be computed as

a, |k| L/R L/R
P8t = Gt g a8 (37)

where a,,, = /4 denotes the fine structure constant, kis
the three-momentum of the decay products in the B rest
frame, and

2 212
L/R (m%—m) L/R\2 L/R\2
Gy === (Vi) + (V)]
(g M (e T ) (g
Ty ) Kgy s (mzm, —m2)?

In the second line, we have replaced the form factors by the
chiral predictions in Eq. (36) evaluated at ¢*> = mZ. In
decays where only the diagram with B8 = 9B’ contributes
(see Table XII), the poles cancel exactly. On the other hand,
in cases where B # B’ the pole enhancement can give rise
to a large resonant contribution to the rate when m, ~ mgy.
In practice, this can only occur for the decays of X when
m,, =~ m,. However, as the >0 lifetime is dominated by the
standard radiative decays >0 - Ay, a contribution to the

TABLE IV. Predictions for the g%/ R factor entering the B — yy
decays, evaluated at two different y masses. In the case of
n— yy, m, = 0.938 GeV was assumed. The notation (u[d), s]
represents the combination CX, ~— CR , that is generated in
Model 1, see Egs. (2) and (8).

Channel Operator 03 x g%/ R [GeVT]
n—y (ud)d 0.13
m, [GeV]
0.94 1.05
Aoy (us)d 0.40 0.24
(ud)s 0.09 0.10
(u|d)s] 0.11 0.03
m, [GeV]
0.94 1.1
0 5y (us)d 0.08 4.6
(ud)s 1.3 24
(uld)s] 0.73 7.6
20y (us)s 0.61 0.68
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BR(B — xv

!
= 0.5Tev 2 ll
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1077

FIG. 7. Branching ratio for neutral hyperon decays into
a dark baryon accompanied by a photon. The Wilson coefficients
are fixed to saturate the LHC constraints on the mediators, as
discussed in the text. The branching ratios for other values of the
Wilson coefficients can be obtained simply by noting that

L/R
BR |cm/,wdb|2.

total rate from the dark radiative decay would only be
significant for a very finely-tuned m)(.7

In Table IV we show the predictions for the QIQ‘;/ R
functions evaluated at various y masses and for different
operators. We observe that the predictions for the dark
radiative hyperon decay rates for the different possible
channels roughly span one order of magnitude (with the
exception of the X°, which is suppressed by the large X°
width as discussed above). In Fig. 7 we show the largest
possible branching ratios for different channels and oper-
ators in light of the LHC constraints derived in Sec. VA.
Note that even though the radiative decay rates are sup-
pressed by a.,, compared to the pionic decays, they probe a
much broader range of y masses.

IV. HYPERONS IN SUPERNOVAE

Hyperons are predicted to coexist in equilibrium
within the hot and dense proto neutron stars (PNS)
forming in core-collapse supernovae [74,75]. Therefore,
dark sector particles produced in A decays and leaving the
star would drain energy from the PNS, leading to a new
cooling mechanism that can be constrained by the obser-
vations of SN 1987A [76,77].8 In particular, the duration
of the neutrino pulse would have been significantly

"Note that in the extreme case m, = m, one resolves the
(weak) width of the A in the propagator of Fig. 6, and there is a
scaling of the branching ratio, BR(Z?— yy) ~ |C515,'R)db [/ (miG%).
We will ignore this extremely fine-tuned scenario in our paper.

Nonzero abundances are expected for all hyperons, but the A

is the lightest and thus the most abundant at the thermodynamic
conditions inside of the PNS [75].

shorter than the one observed if the dark luminosity L4
were of the same order as that for the neutrinos [78-82].
This implies a limit

Ly <3x10% ergs™!, (39)

imposed 1 second after the bounce [83]. In the case of
dark baryon models, this limits the couplings to the uds
quarks via the emission of y’s from A = yy or A — ya°
decays, or through the emission of &’s and ¢’s from
A — &¢. One may also consider processes affecting the
udd couplings via the neutron decays n — yy and n — &¢.
However, as discussed below, the constraints are weak
compared to those obtained from neutron lifetime (z,)
measurements.

Let us concentrate on the dark decay B — Db in the
medium, where 2B is an ordinary baryon, D is a dark baryon
(y or &), and b is a photon, a pion or a dark boson ¢,
depending on the decay mode under consideration. The
spectrum of the energy-loss rate per unit volume with
respect to the energy of D in the star’s frame, Eq, is given
by [77]

40u-zi _ myl's-2n / " AEEufo(E).  (40)
dEg 272%0k|  JE

where E is the energy of B in the star’s frame, ['g_ a5y is the

decay rate in vacuum (with k being the corresponding
three-momentum in the B rest frame), and where fg(E) is
the distribution function of the B state inside the PNS. In
Eq. (40), E4 refers to the energy carried by the dark
particles, which is E4 = E, in case of radiative and pionic
decays, or E4 = E in case of purely dark decays. The limits
of the integral are

1
_ 2 2 2
E. = Zmé (Eg(mg + mg —myg)

=g/ (my—me)? —m?) (mg + me)? = m3)). (41)

with g = 1/Eé - mé and the range of integration for

Eg is
E@ (S [m@, 00] (42)

The number density of B follows a Fermi-Dirac distribu-
tion characterized by thermodynamical properties of the
medium. We have also neglected a Bose-enhancement
factor for the b final state, which in case of photons and
pions is negligible at energies relevant for the dark decays
considered here.

Equation (40) can be employed directly to calculate the
dark luminosity L4 for a given model of the PNS if the y or
the £ and ¢ escape freely from the star. However, this

115005-10



STRANGE PHYSICS OF DARK BARYONS

PHYS. REV. D 105, 115005 (2022)

0.012 A=xY. my=0.940 GeV
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FIG. 8. Normalized spectra for the volume emission of the y

particles via A — yy and A — yz or of £ in A — &¢ obtained
using Eq. (40). For the baryon distribution f,(E), we use the
standard Fermi-Dirac distribution for typical conditions reached
in the PNS: temperature 7 = 40 MeV and chemical potential
up =957 MeV. Also shown is the normalized spectrum for the
n — yy decay.

energy can be reabsorbed in the medium through inverse
processes like yy — A if the mean free path becomes much
shorter than the typical distance the dark particles traverse
in the star. If they are relativistic, this distance is roughly the
radius of the PNS and they become trapped only for large
interaction rates [78,79]. On the other hand, this typical
distance becomes effectively infinite if the emitted
particles are nonrelativistic and get gravitationally trapped
inside the star. These trapped particles can then be
reabsorbed even if their interaction rates with the PNS
constituents are small. In this case, the SN cooling bound in
Eq. (39) can be conservatively applied to the luminosity
from the dark particles that are energetic enough to escape
the gravitational potential V at the emission point.9 This
condition can be implemented by modifying Eq. (40) with
the replacements

Eq— E,O(E, — E5), (43)
for A — yy and A — yz° and
Ey — E@(E; — E) + EgO(Ey — Ef),  (44)

for A — &¢. In this equation O(x) is the Heaviside step
function and Eg° is the escape energy defined as

ES = m;(1-V). (45)

The reabsorption of a significant number of gravitationally
trapped particles could lead to anomalous heat transport within
the PNS, which may affect its dynamics and lead to observable
signatures. A careful analysis of this process, which may allow to
place a bound even in the trapped regime, is a daunting task that
lies beyond the scope of this paper.

The gravitational potential can be approximated by V ~
—GyM/R ~ —0.22 (in natural units) for M = 1.5 My and
R = 10 km, which are typical estimates for the SN 1987A’s
PNS [84].

In Fig. 8, we show the normalized spectrum for
various A decays assuming the extreme thermodynamical
conditions reached in the PNS. For dark particles with
mg ~ 1 GeV, one has Eq — mqg ~ 0.22 GeV and only the
particles in the high-energy tail of the distribution can
escape from the star. This represents a contribution to Ly of
only a few percent of the total energy produced in the A —
v and A — yn° decays, the rest of which is then returned
to the system. In the case of pure dark decays the situation
is different. If one of the particles is very light (e.g.,
my =~ 0), it will stream freely and the bound obtained would
be very similar to the one derived for axions and dark
photons in [77]. If the two particles are massive, with
mg ~mgy ~0.5 GeV, then about half of them would have
enough energy to escape from the PNS.

A. Supernova 1987A

In order to obtain a robust estimate of the dark luminosity
emitted via different A decay modes, we use recent
simulations of SN 1987A [84], which are spherically
symmetric (one-dimensional) and, hence, artificially trig-
gered [85,86]. We use only those simulations which
implement the SFHo (for Steiner, Hempel and Fischer)
nuclear equation of state (EoS) [75,87] and are labelled by
SFHo-18.8, SFHo-18.6 and SFHo-20.0, depending on the
mass of the progenitor star. The masses of the neutron-star
remnant are 1.351 My, 1.553 M, and 1.947 M, respec-
tively [84]. The EoS employed in these simulations does
not include hyperons. However, SFHo has been upgraded
by adding the hyperons as explicit degrees of freedom in
the system [88]. Importantly, the hyperonic and non-
hyperonic SFHo EoS lead to almost identical predictions
of the system’s thermodynamical properties for all the
conditions reached in the SN simulations [88] (they are
also consistent with all known nuclear and astrophysical
constraints [75]).

The results of the simulations reported in Ref. [84] can
be found in [89]. We use the radial profiles of density,
temperature and proton fraction as inputs in our calculation.
The latter is relevant because we are describing the PNS
during the phase in which neutrinos are partially trapped
and have built up a chemical potential. These inputs are
then used in the relevant hyperonic EoS (SFHoY), which is
obtained by interpolating the tables provided in the
CompOSE database [90], to predict all the other relevant
thermodynamical quantities. Of particular importance
are the chemical potentials and the parameters describing
the nuclear-medium effects in the dispersion relation of the
baryons [88]. These enter the calculation through the
energy dependence of the baryon’s distribution fg in
Eq. (40). We neglect the effect of the modified dispersion
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TABLE V. Upper limits on the branching ratios for A dark decays based on the duration of the neutrino burst in SN 1987a. Bounds are
shown for different masses of the dark sector particles and different PNS models (SFHo 18.60, 18.80, and 20.00). We use the results of
the simulations in Ref. [84], and assume that each given channel provides the dominant cooling mechanism. We mark in bold face the
limits that are taken as a reference for the SN 1987A bound on dark baryon emission in the remainder of this paper.

A=y A — yn° A—&P
m, [GeV] m, [GeV] (mg, my) [GeV]
Simulation 0.94 1.05 0.94 (0.94, 0) (0.5, 0.5)
SFHo 18.60 2.2 %1078 57%x 1078 42 x 1078 22x 107 1.2x 107
SFHo 18.80 54 %1078 1.6 x 1077 1.1x1077 50x10~° 2.4 %107
SFHo 20.00 7.5%107° 1.7x 1078 1.3x 1078 6.7 x 10710 4.6 x 10710

relations in the calculation of the rates in the medium, since
this would lead only to small changes [77].

The total dark luminosity induced by a particular A
decay mode is then calculated as

L - /d37/°° dEq ddQE(”), (46)
Mg D

where dQ(r)/dEg is the spectrum in Eq. (40) produced
assuming the thermodynamical conditions at the radius r
and with the replacements in Eqgs. (43) and (44). The escape
energies at r are calculated with the gravitational potential
produced by a spherically symmetric distribution of mass
parametrized by the density p(r') [91],

V(r) = —42Gy C A "dr2p(r) + / oodr’r’p(r’)). (47)

In Eq. (46) we neglected the reabsorption of the dark
particles which have enough energy to escape the PNS in

Visible Decays
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=
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0.95 1.00 1.05 1.10 1.15
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the large-coupling regime [78,79]. For the processes
involving A hyperons, the maximal surface from where
the dark particles can be radiated corresponds to a very hot
region of the star and L, is larger than in Eq. (39) even in
the strong coupling regime [77]. Therefore, we do not
consider this type of effect in our calculation of L.

In Table V we show the results of imposing Eq. (39) in
our calculations, expressed as upper limits on the branching
ratios and assuming that a given decay mode is the
dominant dark-cooling mechanism. The results can vary
by almost one order of magnitude when comparing differ-
ent simulations, with the heavier, denser and hotter PNS
leading to stronger limits. In case of the A — yy and A —
7 decays, we observe a weakening of the limits compared
to the A — £¢ decays. As discussed above, this is due to
the fact that only a small fraction of the y particles emitted in
the former case are energetic enough to escape the gravi-
tational well of the PNS. In Table V we denote in boldface
the final limits, which correspond to the most conservative
ones stemming from the SFHo-18.80 simulations.

10- Invisible Decays

104k Excluded by BESIII (2021) 4

10°°¢ 3

SN1987A
10°6F 3

107} 3

1078 Em, = 0.94GeV + m _ 4

109" =

Bound on BR (A — £ ¢)

10710

0.95 100 105 110 115
my + Mg [GeV]

FIG. 9. Supernova upper bounds on the branching ratios of A — 7% and A — yy (left panel) or A — £¢ (right panel). They are
obtained from the analysis of the simulations labeled as SFH018.80 in [84] (see main text). For invisible decays, we study two cases as a
function of m, + m: one in which £ and ¢ have the same mass (m; = m;, dark blue) and the other where ¢ is much heavier than &
(my = 0.94 GeV + m,, light blue). We also display the experimental upper limit on A — invisible as recently constrained by

BESIII [50].
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The limit on the A — yy branching ratio is slightly
stronger than the one for A — yz° (assuming
m, = 0.94 GeV). However, the pionic decay implies a
much stronger constraint on the size of the Wilson
coefficients underpinning the decays (see Sec III). On
the other hand, for m, 2 0.98 GeV the pionic decay is
blocked by phase space and the radiative decay provides
the dominant dark cooling mechanism if y cannot decay to
other lighter dark sector particles. If it does decay, then the
A — &¢ channel leads to the strongest supernova limits
on the parameters of the dark baryon models. These
conclusions also follow from the limits depicted in
Fig. 9 as a function of the dark sector particle masses.
For invisible decays, we study two cases: (i) £ and ¢ have
the same mass, mj = mg; and (ii) ¢ is substantially heavier
than &, my ~0.94 GeV + m,. For comparison purposes,
we also display in these figures the current experimental
upper limits and estimated projections from the LHC (see
Sec. VA) and the BESIII collaborations.

We have also performed a similar analysis for the
neutron dark decay channels n — yy and n — £p. We
conclude that the SN upper limit on I',_ g is too weak to
be phenomenologically relevant, as it is several orders of
magnitude smaller than the experimental value for 1/7z,,.

It is worth mentioning that the previous discussion
implicitly assumes the dark baryons produced in the
supernova to decay invisibly (y — £¢) or be stable. This
is indeed predicted to be the case in B-mesogenesis [29]
and in dark matter explanations of the neutron decay
lifetime anomaly [25]. In other scenarios in which the y
particles can decay back into the SM, the constraints from
SN 1987A could be even more stringent than those shown
in Fig. 9. As an example and given the lack of observed
gamma-rays after the SN 1987A event [92], BR(A — y +
7%/y) would be subject to strong constraints arising from
x — ny decays occurring in the outskirts of the supernova.
That said, this possibility involves the couplings of the dark
baryon to d and s quarks to be simultaneously large, a
situation that as we will see is strongly disfavored by
neutral kaon mixing (see Sec. V C).

V. PHENOMENOLOGICAL ANALYSIS

Having developed a formalism for computing branching
ratios for various decay modes of strange hadrons into dark
particles, and having derived the supernova bounds on such
processes, we now proceed to study the phenomenology of
dark baryon sectors at terrestrial experiments. In particular,
we present the LHC constraints on the colored scalar
mediators needed to trigger the new strange hadron decays:
®, ¥, and X (see Table I). These constraints can be recast
into bounds on the Wilson coefficients for the operators
under consideration. A similar procedure can be carried out
using the SN 1987A bounds derived in Sec. IV. Finally, we
derive meson-mixing constraints on various combinations

of couplings, which helps to understand the possible flavor
structures of the UV models.

A. LHC limits

The colored bosons in models of baryon decays to dark
sector particles are constrained by various direct searches
for colored states at the LHC.

First, ATLAS [54] and CMS [55] have performed
searches for pair-produced colored particles that decay
into jets, leading to a 4-jet signature. These searches have
been performed with 37 fb~! of data at /s = 13 TeV and
have comparable sensitivity. The most constraining search,
done by the CMS, at 95% C.L. rules out colored bosons
with M < 0.52 TeV [55].

Second, ATLAS [57] and CMS [56] SUSY searches for
pair-produced squarks decaying into a neutralino and a
quark rule out the existence of this kind of strongly
interacting bosons in the mass region below 1.2 TeV with
the current 139 fb~! of data, provided that the decay rate is
100% to a jet and missing energy.

Third, at larger masses, searches for resonantly produced
qq’ — ®/¥/X decaying into quark pairs (dijet) or a quark
and a dark baryon (jet + MET) can be used to place
constraints on the colored bosons couplings. For the dijet
final state, we perform a recast of the CMS analysis
presented in [93], which uses 36 fb~! of data at 13 TeV,
while for the jet + MET final state we employ a publicly
available recast [94] of the ATLAS search [95], again based
on 36 fb~! of data at 13 TeV. The details of the imple-
mentation are given in Appendix B.

The resulting bounds are shown in Figs. 13 and 14 in the
Appendix as a function of the branching ratios of the
colored bosons into the respective channels. Those bounds
can be combined to obtain a limit on the coupling products
that enter the hyperon dark decay rates. The procedure is
described in Appendix B, and the resulting limits are shown
in Fig. 10 as a function of Mgy and M for all the relevant
flavor combinations. Given these, we obtain the following
95% C.L. limits on the Wilson coefficients of the chiral
EFT used to describe the hyperon dark decays:

CL,, <024 TeV2(X),  CR , <007 TeV2(d),
CL,, <028 TeV2(X),  CR, <0.64 TeV2(¥),
CL , <048 TeV2(X),  CF , <0.64 TeV2(W),
CL., <084 TeV2(X),  CR <0.19 TeV2(d).

(48)

These limits have been obtained from the information in
Fig. 10, and using Table I to translate the bounds on the
mediator mass and couplings to the Wilson coefficients in
the chiral EFT. In Eq. (48) below we quote only the least
stringent constraint among the ones obtained for the
mediators @, W, and X (the parenthesis indicates to which
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FIG. 10. Collider constraints at 95% C.L. on the flavor variations of the heavy colored mediator couplings: ® and ¥ (left), and X
(right). We show the bounds on the products y,, v, /M 2, obtained from a combination of dijet [93] and jet + MET [95] searches at
CMS and ATLAS, respectively. The smallest mass considered corresponds to the limit M % 0.5 TeV from 4-jet searches [55].

one it corresponds). In Table VI and in Figs. 3, 4, and 6, we
normalize the branching ratios for the exotic hyperon

decays to CHR =05 TeV2 as a representative figure

ab,c

for the LHC constraints in Eq. (48).

TABLE VI. 95% C.L. flavor mixing constraints on products of
couplings for the scalar colored mediators. The bounds are given
for a benchmark mass of 1.5 TeV to comply with the LHC bounds
on strongly interacting bosons. The intervals in the bounds from
AMp, ., cover all the possible complex phases of the couplings,
ranging from aligned to antialigned with the SM contributions.
The limits for the vector mediator X are not listed, but they
are a factor of ~4 stronger due to the different Lorentz structure of
the couplings.

Coupling Bound x (131eY) Origin
®=(3,1).
[Yuayis| 103 €x
[Yeayes| 8 x 107 €x
|Viayis] 3x 1074 €x
|yed, Via,| 2 x 1072 AM),
VbVl (2-4)x 102 AMy,
VY| (1-2)x 107" AMy,
[yyayys| 103 €x
ybY5al (2-4)x 1072 AMp,
1ye63%s] (1-2)x 107! AMy
¥=(31)
[Yabyisl 1073 €x
|yasy 3| (2-4)x 1072 AMy,
[Yanyial (1-2)x 107" AMpy
[Yyuyyel 2x 1072 AM

B. Supernova bounds

The SN 1987A cooling bounds on the hyperon dark
decay rates shown in Fig. 9 can be translated into bounds on
the Wilson coefficients of the effective theory in Eq. (10).
This can be done straightforwardly by combining the upper
limits on the branching fractions derived in Sec. IV with the
theoretical predictions of the rates in Sec. IIL.

In Fig. 11, we show the results obtained for the different
operators as a function of the mass of the dark sector
particles in the case that the y is taken to be a stable or very
long-lived (left panel), or of the sum of dark sector particles
¢ and &. In the latter case, we consider two cases that were
introduced already for Fig. 9: one in which & and ¢ have
same mass and another where ¢ is much heavier than
&, my = 0.94 GeV + me.

The SN 1987A bounds are compared to those derived
from direct searches of the colored mediators at the LHC in
the previous section, and from the BESIII search of A —
E¢ [50]. As illustrated by the right panel of Fig. 11, the SN
1987A bounds on the Wilson coefficients can be up to ~3
orders of magnitude stronger than the collider ones.

In case of the pionic and radiative decays, shown on the
left panel of Fig. 11, the strongest bound for m, <
970 MeV is due to the former ones. This is especially
true for O, the operator to which the A — 7'y decays
are most sensitive (see Table III and Fig. 5). These SN
1987A bounds are roughly 2 orders of magnitude stronger
than the LHC constraints derived in the previous section.
For y masses above 980 MeV, the A — 7% process is
kinematically forbidden and radiative decays take over as
the main source of SN energy loss. The resulting limit is
noticeably weaker, not more than ~1 order of magnitude
stronger than the LHC constraint and even subleading to
the latter in the range m, 2 1.1 GeV.

Figure 11 showcases that it is challenging for terrestrial
experiments to compete with the supernova limits on dark
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with m,, according to Eq. (25), and for m, > 2 GeV roughly scales as |C55/1f, a4, mf/ 2. We also highlight regions of parameter space
constrained by LHC searches, see Sec. VA, and by a recent search at BESIII [50].

decays of the A hyperon. That said, in case of pionic and
radiative decays, the charged X baryons can be used to
probe the same operators, potentially with much higher
precision. Not only are * decays much more sensitive to
the corresponding Wilson coefficients (as per Table III
and Fig. 5), but they also give access to a broader range

. . L/R
of y masses. For instance, consider the Cméx operator,

which the SN 1987A constrains at the 0.1 TeV~2 level for
m, =~ 1 GeV. This translates into a maximum rate

for O-/F

ud,s*

BR(Z™ - 7 y)SN <5x107° (49)

Another interesting example is the bound Cfs’ S
0.01 TeV~2 for m,, ~0.94 GeV, which implies that

BR(Z™ - z7y)SN <2 x 107 for OR ,.  (50)
Although these branching ratios are fairly small, they are
not completely out of reach for hyperon facilities, as we
discuss in Sec. VIA. The case of the purely invisible
decays is less favorable as the only other hyperon that
probes the same operators as A — ¢ is the neutral X0, for
which searches are highly penalized by its large electro-
magnetic width.

C. Flavor constraints

Exotic colored bosons at the TeV scale coupling to
quarks can mediate flavor mixing in neutral meson systems
[36,96-98]. The most sensitive observables in this regard
are the mass differences in the B mesons systems, AMp,
and AMp , together with the CP-violating parameter e in
kaon mixing. The SM predictions for these quantities

match the experimental measurements very well, which
imposes strong constraints on new physics contributions.
For other observables like the mass differences in the K and
D meson systems, the SM prediction cannot be reliably
calculated, and new effects can therefore only be con-
strained to be smaller than the experimentally measured
values. Finally, CP-violating observables in the B and D
meson systems are generally less constraining than AM and
we do not consider them here.

The AF = 2 phenomenology of scalar mediators with
Lagrangians £, and £, in Eq. (2) was recently studied in
[32], and we summarize the main findings here. We
compare the most recent experimental measurements
[72] and SM predictions [99,100] to obtain the
95% C.L. constraints shown in Table VI for the color
triplet scalars @ and . We refer the reader to Sec. V in [32]
for details regarding the calculation of the limits.'’
Importantly, meson-antimeson mixing is only possible in
the presence of at least two different nonzero flavor
variations of the y, , ory,, couplings.11 This means that
AF =2 processes cannot directly test individual Wilson
coefficients leading to hyperon decays, but only products
among them. That said, these limits can play a crucial role
in understanding the flavor structure of the couplings of the
colored mediators. As an example, assuming flavor

'9All of our calculations are made within the assumption of
quark-hadron duality. They therefore neglect long-distance ef-
fects in intermediate states which may be relevant when internal
light quarks are present in loop diagrams.

In addition to the ones listed in Table VI, bounds can also be
placed on products of four different couplings. They are however
less important for understanding the flavor structure of the
models and we decide to omit them here for the sake of brevity.
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FIG. 12. Some of the Feynman diagrams for the AF = 2 transitions induced by the vector colored mediator in Model 3. The couplings
are taken to be defined in the quark basis implied by Eq. (52). The left diagram induces flavor mixing at tree level. The one-loop
processes (center and left) require only one new physics coupling (y¢,4, and y,o,, respectively) to be nonzero.

universality in the @ and ¥ interactions would lead to limits
on the Wilson coefficients of the chiral EFT at the level of

C%f 4, <3 107" TeV~2. This would be stronger than the
LHC and even the SN1987A limits, and highlights the fact
that a nontrivial flavor structure for the colored mediator
couplings is necessary to induce hyperon decays at rates
detectable in current and upcoming experiments.

The AF = 2 phenomenology of the vector mediator is
even more interesting. The X, field with quantum numbers

(3,2,1/6) can be decomposed as

X+ — ( 154’2‘/3 ) (51)

Yo

where the subscripts denote the electric charge of each
component (which have the same mass but potentially
different decay widths). Using this to explicitly expand the
SU(2) indices, the Lagrangian in Eq. (9) can be written in
the quark mass basis as

£3 2 _yQadbeijk(Y,leB Vaa’aZ{YyPRd];;

— V", siiéy, Prd})
= Yy0, (YR, Prx + Y Ve Sy, Pr). (52)

Here, we use 4-component notation and have chosen to
diagonalize the quark mass matrix by rotating the down-
type components of the SU,(L) doublets using the CKM
matrix V = VM The first thing to note is that in this
model meson mixing can occur at tree level in the presence
of two nonzero yg , couplings via the left diagram in
Fig. 12. Using a generalization of the notation in [101]
for the effective operators describing mixing in the d,d,
meson system, we find that the left diagram in Fig. 12
contributes to the operators O = di di, d!, d}, and
O = gi ), d], i with a partonic amplitude

dyd Y0,d,Y0rd
(SC4] 2~ 2T§(22 s (53)
8Ch® = —5CP®, (54)

where we have neglected external momenta and approxi-
mated the diagonal elements of the CKM matrix to unity.
We direct the reader to Appendix E of [32] for details on the
conventions and the hadronic matrix elements needed to
calculate the mixing parameters from the effective oper-
ators. We compare these new physics contributions to the
observations and SM predictions for the mixing parameters
AM in the K, B,, and B, systems, together with the CPV
observable €. To this end, we use the same procedure as
described in [32] for the scalar-mediated case. The resulting
95% C.L. bounds are summarized in Table VII for each
flavor combination of the operators. Note the steeper
scaling of the bounds with the vector mass as compared
with the loop-level limits.

The second important fact is that a single nonzero yg 4,
or y,o, in Eq. (52) induces couplings of X to quarks of all
generations due to CKM mixing. In consequence, meson
mixing can be induced by any of the individual couplings
of the vector mediator via the loop diagrams shown in
Fig. 12. Note that the diagrams allowed are highly
dependent on the original basis in which the couplings
of the vector mediator are defined. For concreteness, we
work with the basis implied by Eq. (52), taking a single
Y0,d, OF Y0, coupling to be nonzero at a time. This is
clearly an ad hoc choice as other possibilities are equally
valid, but it nonetheless allows us to obtain a rough
understanding of the flavor-mixing phenomenology of
the vector mediator. The middle and left diagrams in

TABLE VII.  95% C.L. flavor mixing constraints on the vector
couplings from tree-level meson mixing. The intervals in the
bounds from AMp cover all the possible complex phases of the
couplings, ranging from aligned to antialigned with the SM
contributions.

Coupling Bound x (1:3,TeV)?2 Origin
X, =G, 2)%

1Y0,aY 0,5 33x 1078 AM

Im(ledy*st) 2.8 x 1071 €x

1Y0:60,4l (2.0 -8.9) x 1077 AMy,

V0,670, (0.5—1.8) x 10~ AMp,
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TABLE VII. 95% C.L. flavor mixing constraints on the
couplings of the vector mediator. The upper bound is normalized
to the LHC reach. The experimental origin of each bound is also
provided.

Coupling Bound x (13IeY) Origin
=(3.2)

[Vo,4,* and |y,o, 2 5.0 % 1072 AMy

|yQ2d“|2 and |y)(Q2‘2 4.3 x 10_2 €x

[yo,a,I” and [y,0,|? 0.5-1.0 AMj,

Fig. 12 contribute to the SM-like operator (’)‘,"d2 =
d, y,di, b, y"d], with partonic amplitudes'

1 1 (s
d *
3CY " = 822 M3, s (Vi 0, Via) 190,40, 1S (x4,)
1 1 <
dyd x
5Cl = WM_ (Vuadl V“adz)2|y){Qa |4S(x)()’ (55)

for the center and right diagram, respectively. Here
x; = m?/M%, and
s o 2dt
S(x) = —_——. 56
() A (t+1)(t+x)? (56)

Due to the Lorentz structure of the interactions, the
amplitudes of vector-mediated transitions are enhanced
by a factor of 16 compared to the case of the scalar
mediator. As before, these can be compared with the
experimental measurements and SM predictions for
meson-mixing observables. The resulting 95% C.L. bounds
are summarized in Table VIII, where we only show the
strongest constraint on each coupling. They are weaker
than the ones in Table VI because of the CKM factors
involved in the amplitudes in Eq. (55). As they apply to
individual couplings rather than products among them, the
limits in Table VIII can be translated into the following
direct bounds on the Wilson coefficients in the chiral EFT:

"Given that we are dealing with a physical (as opposed to a
gauged) vector boson, the diagrams in Fig. 12 should be
computed in unitary gauge. However, the k#k*/M% piece of
the propagator results in a divergent loop integral. This diver-
gence can only be tamed in a full model that addresses the UV
origin of the vector and is therefore necessarily model dependent.
In order to remain as general and conservative as possible, we
choose to completely drop this term from the calculation,
effectively using a Feynman gauge propagator for which no
divergences arise.

CL, 4 < 0.09 TeV=2(X),
CL,, < 0.09 TeV=2(X),
CL, , < 0.08 TeV=2(X),
(X)

us,

CL  <0.08 TeV2(X). (57)
Importantly, these bounds apply only for the vector
mediator. The scalar mediators can lead to larger Wilson
coefficients, since they are not directly constrained by
flavor mixing, as explained above.

In addition, flavor mixing bounds on the product of two
(or more) different couplings can also be derived for the
vector mediator. The richer coupling structure and CKM
mixing opens many possibilities for products of different X
couplings to be constrained using meson mixing generated
at one loop. It is however not the goal of this paper to
perform an exhaustive analysis of these limits and we
therefore omit them here. A rough estimate of the order of
magnitude of the constraints can be obtained based on the
constraints on the scalar mediators. The numerical values in
Table VI can be roughly translated to the X couplings by
strengthening them by a factor of ~4. This enhancement is
caused by the different Lorentz structure in the vector-
mediated box diagrams compared to the scalar case. The
main conclusion is that significant hierarchies in the flavor
couplings of the vector mediator are necessary in order to
obtain detectable hyperon decay rates while complying
with flavor-mixing bounds.

In the derivation of the above bounds and for simplicity
we have completely neglected any renormalization group
(RG) running effects. These can however be important as is
highlighted, for instance, in [102]. As an example, the
Wilson coefficients for the (V — A) x (V + A) operators
(O, and Os in our notation) decrease by a factor of ~10 in
running from the TeV to the GeV scale, as shown in Fig. 1
of [102]. Taking this into account would weaken the
bounds presented in Table VII by a factor of ~10. In
contrast, the running of the (V—A) x (V—=A) or (V+A) x
(V+ A) operators that arise in the loop diagrams is much
less significant. All in all, a full RG-improved calculation
would refine our quantitative understanding of the flavor
mixing constraints, but it is not expected to alter our
qualitative conclusions. This task, which is outside the
scope of the present paper, is deferred to future work.

The constraints derived in this section allow us to gain
important insights about the flavor structure of the models.
Most importantly, the vector mediator [£; in Eq. (2)] is
directly constrained as CKM mixing induces AF =2
processes with a single nonzero coupling. This results in
the direct bounds in Eq. (57) on the Wilson coefficients that
control the exotic hyperon decay rates. Furthermore and
due to the existence of the tree-level diagram shown in
Fig. 12 (left), products of couplings are strongly con-
strained for the vector mediator. Therefore, a huge hier-
archy between different couplings would be necessary in
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order to yield a Wilson coefficient leading to an observable
hyperon decay rate.

The situation is much more favorable for the scalar
mediators corresponding to £; and £, in Eq. (2). In
this case, meson mixing is only induced at the loop level
and as long as two different flavor combinations of
couplings are simultaneously sizeable. As a consequence,
sizeable hyperon decay rates are possible with only mild
(1072-1073) hierarchies in the coupling matrix in flavor
space for the scalar mediators.

VI. PROSPECTS FOR HYPERON FACILITIES

In this section we summarize our results and elaborate on
the theoretical and experimental implications given the
interplay of the various studies analyzed above. In particu-
lar, we comment on the connections between searches for
dark hyperon decays, the neutron lifetime puzzle, and the
matter-antimatter asymmetry generation via mesogenesis.

A. Most promising channels

The most relevant hyperon decay channels involving
dark baryons are identified in Table IX. For each channel,
we specify the maximum possible mass of the dark sector
particles and provide a representative operator that con-
tributes to the corresponding decay channel. We also show
upper limits on the branching ratios that can be obtained
indirectly by either LHC searches for the colored mediators
(Sec. VA) or by cooling constraints from SN 1987A
(Sec. IV). In light of a putative discovery of a hyperon
dark decay mode, flavor-mixing observables (Sec. V C)
would assist in reconstructing the flavor structure of the
possible models behind it.

Table IX helps showcasing the most important conclu-
sions of our results:

(a) The branching ratios for dark decays of hyperons can
be as large as ~10~2 in case of pionic decays of the E
baryons. Note that these transitions are not constrained
by SN 1987A and should thus be a priority target for
laboratory searches. In particular, the decay 2~ — 77y
might be experimentally preferred because of the
charged pion in the final state. Since the = hyperons
are the heaviest among the baryon octet, they also
probe a wider range of dark sector particle masses.

(b) The decays of the £ and A baryons can also lead to
significant branching ratios when the LHC bounds are
taken as reference. However, they probe the same
operators (or even the same decay channels in case of
the A) as those already constrained by the supernova
SN 1987A bound. The best prospects in this case are
for =+ decays, which are more sensitive than A ones to
a given operator and therefore less constrained by
SN 1987A.

(c) Radiative decay rates are suppressed roughly by a.,,, as
compared to, e.g., pionic decays. Nevertheless, they
provide access to a wider range of dark baryon masses.

To contextualize the possibilities for testing these decays
it would be ideal to have an estimate of the expected
sensitivity at BESIII. Although a detailed quantitative
analysis is beyond the scope of this work, given some
properties of hyperons and BESIII features we can at least
provide a qualitative discussion.

BESIII has already gathered data from ~10'°J /y decays
[103]. The branching fraction of J/y states into any flavor
of hyperons pairs is BR ~ (1-2) x 10~3 [72]. This in turn
means that, at present, the maximum possible sensitivity to
nonstandard hyperon decays is BR ~ 1077, In addition,

TABLE IX. The most relevant decay channels for hyperons into dark sector states. The columns provide: the initial and final state
particles, the maximum dark sector state mass that can be probed, a representative operator that contributes to the decay channel, and an
estimate of the branching ratio assuming m, = 1.0 GeV, m,; =0.95 GeV and m; =0.04 GeV (for A — x+7° we use
m, = 0.95 GeV). The branching ratios have been normalized to highlight their maximum possible values in light of the LHC
constraints on color-triplet scalars (fifth column) and the SN 1987A bound (sixth column).

CLIR 2
Br x { uda dy } (LHC)

Initial state Final state Max[m,] (MeV) Operator 05 Tev™ SN 1987A limit BESIII
A(uds) x+v 1116 OL/R 3.5x%x10°° ~1077
E+ ¢ 1116 @%ﬁ 5.0 x 107 |yz4 ~1078 7 x 1073 [50]
x+° 981 Ok 4 1.1x 1073 ~1077
=t (uus) y+at 1050 OL/R 1.6 x 1073 ~1074
>~ (dds) x+n 1058 0L/ 1.2 x 1073 ~1074
Z0(uss) ¥+ 1315 OL/R 1.5x 1073
E+¢ 1315 oLk 3.7 x 107 ygy
z+7° 1180 OR 6.2x 1073
E~(dss) X+ 1182 OR 7.1 x 1073
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since all of our decays involve missing energy in the final
state, the kinematics of one the hyperons must be fully
reconstructed so as to gain information about the missing
energy in the event. This implies that one could expect a
somewhat smaller sensitivity. In this context, A hyperons
have a large branching fraction into charged particles,
BR(A - pn™) ~64% [72], which are easier to target.
Following precisely this route, the BESIII collaboration
has recently constrained A decays into invisible particles
and found BR(A — invisibles) < 7.4 x 107> at 90% C.L.
[50]. The difference between this number and the maxi-
mum sensitivity ~10~7 stems from the fact that the tagging
efficiency is not 100% and that there are some small
sources of background.

Looking forward, one can consider the possibilities for
other decay modes of hyperons and in other systems such
as X7, 27, 2% and Z-. By looking at the main decay modes
of these states, we can readily see which ones could be
more promising. £t baryons decay ~50% of the time into
pn°. Although the 7° is a neutral particle, this decay could
be used to target the missing energy in the final event. The
27, on the other hand, decays ~100% to nz~. Targeting the
neutron may prove difficult, but one could use the anti-
hyperon £~ since an antineutron would yield a clear signal
in the detector. The Z° decays ~100% of the time into Az°.
These particles are neutral and light, but lead to final states
that may be easily targeted. Finally, = decays mostly into
An~. Given that the one of particles in the initial and final
state are charged, this channel seems much easier to target.

So far, we have only discussed possibilities at BESIII,
where the initial state energy is known as the decay happens
at the J/y peak. This is the ideal set up to search for decays
with missing energy in the final state, but in principle
LHCb could search for them too. On the plus side, one
expects a much larger number of hyperons to be produced
at LHCb. On the negative one, the energy of the initial state
is not known. This implies that in order to target these
decays, one would need several particles in the final state to
have a handle on missing energy. Experimentally, this
approach has been studied in [46] to target b-hadron decays
with large missing energy, showcasing very good sensi-
tivities in these systems. From the theoretical perspective,
we expect decays involving many pions in the final state to
be possible only in Z° decays and only in a very small
region of the parameter space. Thanks to the generality of
the ChPT framework, decays involving any number of
pions can be easily computed employing the tools devel-
oped in Sec. IIL

B. Connections to the neutron lifetime puzzle

As discussed in Secs. I and II, a neutron dark decay
channel with a branching ratio around 1% provides a
possible explanation for the existing discrepancy in neutron
lifetime measurements between the bottle and beam experi-
ments [25]. The possible dark decay channels include

n — yy and n — £¢, as long as the final state mass lies
in the range 937.993MeV <m <939.565MeV. Agreement
with the observed neutron star masses requires dark
sector self-interactions [104—106] or additional neutron-
dark matter interactions [107] to be present, representative
examples of which are described below [108—110].

Given this extra ingredient, the decay channel n — &¢
with BR(n — &¢p) = 1% is consistent with all experimental
data. On the other hand, the branching ratio for n — yy is
constrained by the Borexino data [111] and requires m,, 2
938.5 MeV [112]. In addition, the n — yy channel has
been searched for directly in the Los Alamos UCN
experiment, and a Br(n — yy) = 1% for a dark particle
mass 937.901 MeV < m, < 938.783 MeV was excluded
with an overall significance of 2.2¢ [40].

Within the framework of Model 2, described by the
second Lagrangian in Eq. (2), the neutron dark decay n —
v with a branching ratio 1% would occur if

r L 27x107

~ 58
ud,d Tev2 ( )

Thus, the natural mass scale for @ is Mg ~ O(100 TeV).
However, if the combination of couplings entering the
Wilson coefficient, |y,;y,q|, is small, then the mass Mg,
required to explain the neutron lifetime puzzle can be much
smaller, in which case the LHC constraints become
relevant. As an example, for Mg =7 TeV the required
combination of couplings is [y,gy,q| ~ 107>. This does not
constrain the interactions of @ with strange quarks—a
sizable rate for hyperon dark decays is still possible.
Similar conclusions apply to Model 3.

For the decay channel n — &£¢, a branching ratio of 1% is
achieved when

2x 1078

CRia Vepl ® eV (59)

If ¢ is the dark matter particle, the coupling y;, ~ 0.04

allows for the annihilation & — ¢¢* at a rate consistent
with the observed dark matter relic density. Again, the
natural scale for @ is high, Mg ~ O(1000 TeV). In order to
have Mg =7 TeV, the couplings need to be small,
|VuaYyal ~ 107°. In the case of Model 1, it has been argued
that the allowed branching ratio for n — yy is smaller than
~107% [36], due to the stringent flavor constraints from
kaon mixing. This conclusion does however not apply to
the decay channel n — &£¢.

It should also be noted that in the minimal SM the
neutron lifetime can be extracted from g4 /gy, i.e., the ratio
of the axial-vector to vector current coefficient in the
neutron beta decay matrix element [113]. The most recent
precise measurement of ¢, /gy from the energy spectrum of
electrons provided by the PERKEO III experiment agrees
with the bottle result [114]. However, the value of g,/gy
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derived from the energy spectrum of protons measured in
the aSPECT experiment is consistent the beam result [115],
favoring the neutron dark decay proposal as a solution to
the neutron lifetime puzzle.

Finally, the existence of a neutron dark decay channel
has implications for neutron stars. Although not in conflict
with their stability, the minimal neutron dark decay models
predict neutron star masses that are lower than observed
[104-106]. In particular, a dark particle leading to a neutron
dark decay softens the EoS and implies a maximal neutron
star mass of ~0.8 M, well below the observed value of
2 My. As mentioned above, this problem is solved by
introducing extra interactions of the dark particle.

An example of a model for the neutron dark decay with
self-interactions in the dark sector that is capable of
producing neutron stars with masses 2 M was proposed
in [108]. This involves a dark photon A’ and the minimal
Lagrangian for the neutron dark decay n — yA’ includes,

1
LD = Fl " = eF, F". (60)

with D, — D, —igA,. The coupling between y and A’
leads to repulsive interactions between the y particles.
There exists a range of parameters for which this model
leads to Br(n — yA’) = 1% while being consistent with
neutron star constraints and other astrophysical bounds.
The dark matter in the universe can consist of y particles;
however, if it was thermally produced, this model can only
account for 10% of it. A further extension of this model
[116] can explain the matter-antimatter asymmetry through
low-scale baryogenesis. In a variation on this theme, the
neutron decays into y and a non-Abelian light W’ that
mixes kinetically with the photon, through a nonrenorma-
lizable generalization of (60) [110].

Instead of a dark photon, the gauge boson mediating self-
interactions in the dark sector could be a dark Z, [109].
Then the Lagrangian involves the terms,

LD gunZpy —igZp(¢* 0, — $0,9%).  (61)

In this model, one can accommodate Br(n — y¢) = 1%,
account for all of the dark matter in the universe, and solve
the small-scale structure problems of the ACDM paradigm.

Apart from the dark sector self-interactions, neutron star
constraints are overcome by introducing additional repul-

sive neutron-dark matter interactions [107]. The
Lagrangian extension needed is,
L>uH"H$ + 9,720, (62)

which induces, through the Higgs portal, an effective
interaction g,nn¢. This affects the neutron star’s EoS,
allowing for 2 My neutron stars and a simultaneous
presence of the decay channel n — y¢.

C. Connections to mesogenesis

Mesogenesis frameworks [29,32-34] rely on the exist-
ence of baryonic dark sectors in order to generate the dark
matter and the matter-antimatter asymmetry of the universe.
In particular, the baryon asymmetry in B-mesogenesis
[29,32] is directly linked to the branching fraction of
neutral B meson decays into dark baryons via b-flavored
operators among those in Eq. (2). In turn, hyperon decays
are excellent probes of s-flavored variations of these
operators and therefore serve as indirect probes of this
mechanism. Other version of mesogenesis like the ones
proposed in [33,34] also invoke dark states carrying baryon
and/or lepton number and may be tested using processes
similar to the ones studied in this paper. Overall, searches
for hyperon decays into dark baryons could play a pivotal
role in ultimately discovering mesogenesis and furthermore
discerning which variation is responsible for generating the
baryon asymmetry and dark matter of the Universe.

Let us focus on the neutral B-mesogenesis framework
[29,32], in which the matter antimatter asymmetry of
the Universe is directly related to two experimental
observables:

e = ”{1;”% « BR(B) - yBM)AL . (63)
Y

Here, Al is the CP charge asymmetry in Bg decays,
and BR(BY , — yBIN) denotes the inclusive branching
fraction of neutral B mesons into a visible and a dark
sector baryon—3I) stands for any number of accompanying
light mesons.

To successfully generate the observed baryon asymme-
try, the product of the CP charge asymmetry and the
branching fraction should be greater than 5 x 10~ [32].
Given that the CP charge asymmetries are experimentally
bounded to be Agf <5x 1073 [72], one would expect a
branching fraction for B meson decays into dark sector
baryons larger than 10™* [32] for successful B-meso-
genesis. At present, this branching fraction is constrained
by an ALEPH search for b decays with large missing
energy resulting in BR(B — y8IM) < 0.5% at 95% C.L.
[32,117], independent of the mass of the dark sector state y
and the flavor of the baryon 3.

Experimental searches can more easily target exclusive B
decays rather than inclusive quantities. Fortunately, the
simplest exclusive final states are expected to have branch-
ing ratios not smaller than 107 within B-mesogenesis [32].
The exact flavor content of an exclusive final state depends
on the operator at play among those in Eq. (1) containing a
b quark: O, = yubd, O,,; = yubs, O.,y = ycbd, and
O.ps = ycbs. The Belle collaboration has recently per-
formed a search for Bg — Ay decays, leading to a con-
straint on the exclusive branching ratio at the O(1075) level
[44]. This has significantly constrained the possibility of
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B-mesogenesis proceeding through the O,,;,; operator, but the
other three remain a perfectly viable possibility to explain the
dark matter and baryon asymmetry of the Universe through
this mechanism. Additionally, the parameter space for B -
mesogenesis [34] could accommodate smaller branching
ratios arising from the O,,;,, operator, thereby making this
operator still viable even in light of the Belle result.

In the full UV models of Eq. (2), the branching ratio
controlling the generation of the baryon asymmetry in
neutral B-mesogenesis can be estimated to be [29]

4 2\ 4
BR(B?’de;(%ZYR):m%( am ) (1'5 Tev ‘/;) ,

3 GeV M 053
(64)

where M denotes the colored mediator mass. The mass
difference between initial and final states is given by
Am = mpg —m, — mg — mgy, and we write the coupling
products schematically as y*>, where y*> = Ydid,Yyu; for
Model 1 and y*=y, d,Vyq, for Model 2 in Egq. (2).
Importantly, Model 3 cannot yield a large enough branch-
ing fraction because the couplings that enter Eq. (64) are in
this case directly constrained by meson mixing bounds as
shown in Table VIIL

The combination of UV model parameters \/)7 /M in
Eq. (64) are constrained by the same collider searches
described in Sec. VA and which were explored system-
atically in [32] for b quark operators. Importantly, while
only the couplings containing a b quark in Eq. (2) are
required for B-mesogenesis, the rest are expected to be
present and can lead to hyperon decays into dark baryons.
In that way, hyperon searches can indirectly constrain the
parameter space of B-mesogenesis.

For illustration, consider the following combination of
theory parameters that leads to successful baryogenesis
within the neutral B-mesogenesis framework: v, = 0.3,
Yyu =2, and My = 3 TeV, in Model 1 (see top left panel
of Fig. 20 in [32]). Consistency with B-Meson oscillations
requires |y ,y3,| < OZ(ISM%) Consequently, the Wilson
coefficients entering hyperon decays can be as large as
CR, =—CR ,<0.02 TeV2. (65)
This interaction strength could yield a branching fraction as
large as 107> for the decay X~ — y + #~, as shown in
Table VI. This branching fraction could well be tested at
hyperon facilities. In this sense, searches at BESIII re-
present a relevant test of B-mesogenesis models in a
complementary way to other collider searches.

VII. SUMMARY AND CONCLUSIONS

Several attractive solutions to some of the most out-
standing problems in particle physics motivate the existence
of dark sector particles at the GeV scale. Some of these states

may carry baryon number and couple to different flavors of
SM quarks. Surprisingly, although such particles would
interact with hadrons, they remain relatively unconstrained
by present experimental data. In this paper, we develop the
theoretical framework needed to study the relevant aspects
of strange baryon decays into the dark sector.

We start by listing the UV-complete models that can lead
to the decays of SM baryons into dark sector states carrying
baryon number. By integrating out the heavy mediators, we
construct a low-energy effective theory that can be used to
describe the interactions of hyperons with GeV-scale dark
baryons.

The main technical development of our work involves
the use of chiral perturbation theory methods to calculate
the decay rates of strange baryons into dark sector states.
This approach allows us to account for the relevant strong
dynamics taking place in these transitions. Our predictions
for the dark hyperon rates are shown to only depend on
parameters that are experimentally measured or known from
lattice calculations. As a result, we identify the most
promising dark hyperon decay channels and calculate their
expected branching ratios. These are summarized in
Table IX. We conclude that hyperon facilities like BESIII
have great potential to discover baryonic dark sectors.

In addition to terrestrial experiments, we show that exotic
hyperon decays have important implications for astrophysi-
cal setups. In particular, the production of dark baryons from
A decays inside the proton-neutron star formed at the early
stages of a core-collapse supernova acts as a source of
anomalous cooling in the system. Our calculation of the
cooling rate includes the effect of gravitational trapping of
the dark baryons inside the star, which is significant for
nonrelativistic decay products. Taking this into account, we
derive stringent constraints on dark decays of A baryons
from observations of the supernova SN 1987A, which are
displayed in Figs. 9 and 11.

Although they are integrated out at hadronic energy
scales, the heavy scalar bosons mediating the decays of
baryons into dark sector states can have phenomenological
consequences at other high-energy experiments. If their
masses are not far from the TeV scale, they could be
directly produced at the LHC through their strong inter-
actions or their couplings to quarks. We use this to place
bounds on the couplings and masses of these mediators,
which translate into bounds on the Wilson coefficients of
the low-energy effective theory. Furthermore, we show that
meson-mixing observables can also be very sensitive tests
of these colored bosons. In particular, the measured mixing
parameters in the K, B, and D systems allow us to gain
insights on the flavor structure of their interactions.

There are a few directions for future study that are
motivated by this work. The formalism developed in this
paper to calculate the form factors for hyperon decays can
also be used to compute higher-order processes, such as
those involving any number of final-state light mesons.
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Follow-up work can also be done in understanding the
role of dark baryons in neutron stars. Hyperons are
generically expected to be produced in the high-density
regions of neutron stars [74], and they act to soften the EoS.
In fact, calculations that include hyperons have difficulties
in stabilizing neutron stars with masses ~2 M and they
tend to run into conflict with observations [75,118]. New
physics solutions to this puzzle have been proposed [119],
but a definite answer requires precise knowledge of the
physics in the high-density cores of neutron stars, as well as
of the hyperon-nucleon interaction strength, at a level that
has not yet been achieved. In fact, the hyperonic EoS used
in this work (labeled as SFHoY) is consistent with neutron
star mass observations [88]. Once a sufficient understand-
ing of those topics is reached, it would be interesting to
study what the role of dark baryons produced in hyperon
decays could be in this situation, although, in general, it is
expected that these bounds are weaker than those derived
from SN [83].

The scenario in which the dark baryon produced in A
decays is unstable and decays back to Standard Model
particles is especially interesting. If the decay products
involve photons, as would be, e.g., for the y > n+y
channel, decays occurring in the atmosphere of a supernova
or neutron star could give rise to distinct observational
signatures in the form of y rays.

Our work highlights the rich interplay that exists
between dark hyperon decays and theoretically motivated
scenarios involving GeV-scale dark sector particles, like the
neutron dark decay as an explanation of the neutron
lifetime anomaly, and B-mesogenesis as the origin of the
DM and the baryon asymmetry of the universe. Although
these two models rely on dark baryons coupled to first- and
third-generation quarks, respectively, in the lack of any
symmetry argument couplings to second-generation quarks
are also expected. In this sense, studying exotic decays of
strange baryons serves as an indirect probe of these
scenarios. In the event of a discovery of baryonic dark
states in hyperon decays, a combination of all the probes
discussed in this work would help to assess whether this
particles could be responsible for dark matter, baryogenesis
and/or the experimental discrepancies in measurements of
the neutron lifetime.
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APPENDIX A: ChPT COEFFICIENTS FOR
HYPERON DECAYS

Here we list the coefficients in the analytical formulas for
the matrix elements in Eq. (29) (Table X), Eq. (30)
(Table XI) and Eq. (36) (Table XII).

TABLE X. Coefficients by for the baryon-pole contributions to
the form factors of the B — x transitions in Eq. (29). In our
calculation we take D = 0.80 and F = 0.46 [71].

Channel Operator B’ by
0 0 D
A—r (us)d h) 7
__D_
50 0 (us)d A G
(ud)s A _ @
0 _D _F
S (us)d A, X N/
(ud)s A _ @
0 __D_ s
s (us)d AT EN IR
(ud)s A _ @
=20 g0 (us)s =0 %
E- > (us)s =0 —D—\;{
TABLE XI. Contact-term contributions to the form factors of

Lt __

B — 7 in Eq. (29) expressed in the form W' = acg/f and
Wos' = Beg/f.

Channel Operator Chirality Cs
A -7 (us)d L —\/Lg
0 0 i
2 -7 (us)d L 7
+ + 1L/
P ] (us)d L/R %/ﬁ
- - 1 1
X o1 (us)d L/R ﬁ/ v
20 - g0 (us)s L/R -1/1
E- > (us)s L/R %/_\/Li
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TABLE XII. Coefficients for the baryon-pole contributions to
the form factors of B — y in Eq. (36), where we factored out the

chiral parameters a and f.

Channel Operator B’ Coefficient
n—y (ud)d n Kn
A — ud)s A
v (ud) _V@kA
us)d A, X0 _ Ky Kag0
(us) : Iy g
0
X >y (ud)s A _\/%KAE"
d 0 —Kas0 &0
(us) A S 1 50
20y (us)s =0 K=o
10(] I . ’
7 \\__//
Yds A~/ ,’/
/ v /"—.~I
S N NI
R AR A
2 'l/\‘\' Ji N Yus
i Ill",,",;‘ ‘\\.I’ W
° ‘l,’\\\l .
@ by
@2 1072
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FIG. 13.

are based on a recast of the CMS search of [93] that used 36 fb~!

APPENDIX B: RECAST OF DIJET AND
JET+MET LHC SEARCHES

Our determination of the bounds from the CMS and
ATLAS searches for resonantly produced colored bosons
are based on the procedure described in Sec. V of [32], and
we only summarize the main points here. Once produced,
the colored boson decays into two quarks or a y-quark pair,
with a partial decay rate:

PO ) =225 b1y T yd,) =22 11,
167 167
3 yd,ldb y)(ua
F(qj—)dadh)zz M‘P’ (\P—))(u ) M‘{’v
167 167
Yo,d Y0
I(X—g,d,)= % M X Yoo pp
( -4, b) ‘fab 2471_ X ( _’)(qa) 24 X
(B1)

0
10 17 s

40 50 60 70 80

My (TeV)

Constraints on yq p BR(®/¥/X — jj) from resonant dijet searches for the scalar (left) and vector (right) mediators. Bounds

of data at 13 TeV. We assumed I'p/M¢ = I'y/My = 0.04,

I'y/Myx = 0.05 and, as discussed in [93], an acceptance of A = 0.56. The lowest mass shown in the plot corresponds to 0.5 TeV, as

smaller masses are excluded by 4-jet searches [54,55].

100 -
Excluded by RS
nonresonant R

searches . / 4
Yds| , //

B //
./ // ,l/"c‘\
/7

10 - - : :
0.51.0 40 50 60 70 80

Mq)/\p (TeV)

20 3.0
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I
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FIG. 14.  Constraints on y3 4 BR(®/¥/X — jy) from jet plus missing energy searches for the scalar (left) and vector (right) mediators.
Bounds have been recasted from the analysis of ATLAS [95] using 36 fb~! of data at 13 TeV. We assumed I',/Mq, = T'y/My = 0.02,
I'y/My = 0.01 and performed a fit without correlating errors to the exclusive signal regions of [95]. The gray-shaded area in both
regions highlights the My /y,x > 1.2 TeV exclusion from nonresonant SUSY searches [56,57].
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where &, = 1 if g, = d,,, and &,;, = 2 otherwise.

The decays on the left of Eq. (B1) can be tested via
dijet searches like the one performed by CMS in [93]
based on 36 fb~! of data at 13 TeV. Our recast of this
analysis has been implemented using FeynRules [121] and
MadGraph5_aMC@NLO [122] to calculate the leading order
production cross section. A comparison to the limits shown
in Fig. 12 of [93] allows to obtain a bound on the product
a.4,BR(®/¥/X — jj) using the narrow width approxi-
mation (NWA)."> The result is shown in Fig. 13 for both
scalar and vector mediators.

For the jet + MET decays on the right of Eq. (B1) we
employ the ATLAS search [95], once again based on the
36 fb~! of data collected at 13 TeV.'* In this case, we also
make use of the hadronization and detector simulation
codes PYTHIAS [124] and DELPHES3 [125], in addition to a

BOur results are only valid as long as y < 1, which assures the
NWA condition I' < M. Larger couplings result in relaxed
constraints due to the larger width of the colored boson [93].

publicly available MadAnalysis5 [126—128] recast of the
analysis [94]. As before, the NWA allows us to obtain a
limit on the product y; , BR(®/¥/X — jy) by combining
the individual limits on the number of observed events in
each exclusive signal region of [95]. The resulting limits are
shown in Fig. 14.

The limits on the couplings times the respective branch-
ing ratio for each analysis can be combined in order to
obtain limits on the coupling products that control the
hyperon dark decay rates. This can be done using Eq. (B1),
which allows to compute the branching ratios in terms of
the couplings within the NWA. For each mediator mass,
scanning over the possible values of y, ., and y,, , while
keeping their product fixed, leads to the limits shown in
Fig. 10. Those can be translated to bounds on the Wilson
coefficients of the chiral EFT defined in Eq. (10).

"The more recent analysis using the full Run-2 dataset
(139 fb") released in [123] is not included in our recast. We
expect that considering the search of [123] could improve our
constraints on Fig. 14 by as much as a factor of 2.
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