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The discrepancies between data on rare b-hadron decays, controlled by the underlying neutral-current
transitions b — s£7¢~ (¢ = e, u), and the corresponding Standard Model predictions constitute one of the
most intriguing hints for new physics. Leptoquarks are prime candidates to solve these anomalies and, in
particular, the scalar leptoquark, Ss, triplet under SU(2), with hypercharge ¥ = —1/3, provides a very
good fit to data. Here, we entertain the possibility that the same scalar leptoquark S3, responsible for the
lepton flavor universality anomalies, is the portal to a fermionic dark sector consisting of two additional
vectorlike fermions, one of which is a candidate for the cosmological dark matter. We study two scenarios,
where the dark matter candidate belongs to an SU(2), singlet and triplet respectively, and discuss the
theory parameter space in the context of the dark matter candidate’s relic density and prospects for direct
and indirect dark matter searches. Direct detection rates are highly suppressed and generically below the
neutrino floor. Current observations with, and future prospects for, high-energy gamma-ray telescopes such
as HESS and the Cherenkov Telescope Array are much more promising, as they already provide powerful
constraints on the models under consideration, and will potentially probe the full parameter space in the

future.
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I. INTRODUCTION

Two of the most compelling and suggestive puzzles in
modern particle physics are the particle nature of the
cosmological dark matter and the hints for the violation
of lepton flavor universality (LFU) in B decays, as
emerging from a variety of collider data in recent years
(for recent reviews on the two topics see Refs. [1-5]).
While a continuing and extraordinarily intense program of
searches for nongravitational signals from dark matter has
yet to deliver uncontroversial evidence for discovery of new
physics [6], mounting evidence for LFU violation makes it
timely to investigate possible connections between the two
sectors, with the hope of outlining and pinpointing
expected signals especially for planned experiments and
observatories. This, in short, is the spirit of the present
paper: the new particle responsible for the flavor anomalies
(here a scalar leptoquark triplet) might be the mediator
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between the visible and the dark sector, the latter containing
the particle making up the cosmological dark matter.

In the Standard Model (SM) of particle physics, LFU
is satisfied by the gauge interactions and is only violated
by the lepton Yukawa couplings. In recent years, several
measurements have shown a coherent pattern of devia-
tions from the SM predictions in rare b-hadron decays
controlled by the underlying neutral current transition
b — s¢T¢~ (¢ = e, u) [7-15]. Even though no single result
exceeds the 5o threshold, conventionally considered a
necessary condition to claim discovery of physics deviating
from the SM, the combined analysis of the LFU ratios
R(K™), the branching ratio of B, — ¢u*u~ and angular
observables in B — K*u"pu~, show a preference for new
physics (NP) scenarios over the SM hypothesis with an
intriguing significance [16-21]. In particular, all these
observables together point convincingly toward an effect
in the dimuon channel.

Among the several SM extensions proposed in the
literature to solve the b — s£7#~ anomalies, leptoquarks
are prime candidates [22—53]. Indeed, it turns out that the
scalar leptoquark transforming as a triplet under SU(2),,
which we will denote as S5 hereafter, with couplings to
muons, gives a very good fit to data.

In the literature, leptoquarks have been discussed as
mediators to dark matter in Refs. [54-63]. Here, we
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entertain the possibility that the same scalar leptoquark S5,
responsible for the LFU anomalies in neutral current B
decays, is the portal to a fermionic dark sector’ consisting
of two additional vectorlike fermionsz; of these, the lighter
one, which we indicate with y; is neutral under SU(3). and
electromagnetism, and is the particle dark matter candidate;
the second, colored one, y, plays a key role in setting the
thermal relic density and in shaping the outlook for
perspective dark matter searches to test this scenario.

Even though in the following we focus only on the
solutions to the anomalies in rare B decays and to dark
matter, it is interesting to note that S;, together with simple
extensions of the leptoquark sector can also provide
solutions to the tension in the W mass within the EW fit
[64—-66], recently confirmed and strengthened by the CDF
measurement [67].

The remainder of this note is as follows: the next section
describes the field content of the theory under consider-
ation; the following section details the requirements to fit
LFU violation observations on the model under consid-
eration; Sec. III elaborates on the dark sector and its
leptoquark portal, and studies the implications of the model
for the dark matter abundance and its direct and indirect
search signals; finally, Sec. IV presents our discussion and
conclusions.

II. THE FLAVOR MODEL

The scalar leptoquark triplet, S5, with quantum numbers
(3,3, —1/3) under the SM gauge group SU(3) x SU(2), x
U(1)y, has only one Lorentz- and gauge-invariant coupling
to SM quark-lepton pairs:

ENP = YUQILITZS;LJ + H.C., (1)

where Q and L are the quark and lepton doublets under
SU(2), and our convention for S; is

1 S-1/3 \/58_4/3
$3 = 2 (\/552/3 _§-1/3 )

It is well known that S5 can also have a dangerous diquark
coupling (allowed by gauge invariance), which would lead to
proton decay [68]. This can be in general avoided by the
choice of an appropriate symmetry. For instance, in our case,
it is sufficient to assign a baryon/lepton number to the
leptoquark and assume that baryon/lepton number is con-
served, ensuring the stability of the proton. (Note that this

(2)

'We indicate the two vectorlike fermions as belonging to a
“dark sector” simply to emphasize that they are additional
particles to the Standard Model, not because they are inert under
the Standard Model gauge groups, since both actually do share
quantum numbers with Standard Model particles.

*The Majorana or Dirac nature of these fermions is irrelevant
for the phenomenology discussed here, so we do not specify it.

requires also an according assignment of quantum numbers
to the dark sector discussed in the next section). In the
following analysis we assume that the couplings Y';; are given
in the down-quark basis. Therefore, after electroweak (EW)
symmetry breaking the Lagrangian in Eq. (1) reads

Vi¥ij /oo
Tl/ti (S 1/3)Tfj

Y.. _
Loap = ——_dge(§—4/3)T¢. —
NP 2\/2 z( ) J

- %215(5—1/3)% + Vz"—é’” i$(S?3)'w; + He. (3)
where V is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix.

As stated in the Introduction, S; is a well-known
candidate to solve the anomalies in rare b-hadron decays
controlled by the wunderlying quark-level transition
b — s¢T¢~. Following the conventions in Ref. [69], we

define the effective Hamiltonian
4Gp

thbV?rZ(CiOi +C0). (4

where the operators relevant for our discussion are

Hb—mff

l“ e -
04 = T6m2 (37, PLD)(Eiy"C ),
l“ ez -
01]0 = 1622 (SYuPL )(ﬂ]’”?’sfj)- (5)

The analysis of data within the framework of effective
theories has been performed by several theory group in the
last years: we point the reader to Refs. [16,19,70,71] for the
most complete and updated ones.

A scenario strongly favored by data is C3? = —C73 ~
—0.39, with new physics required only in the muon sector.
Here and in the following we use the numerical results of
Ref. [16] (note that apart from small numerical differences,
this is a result common to all analyses).

The leptoquark triplet generates, at tree level, exactly
the pattern of Wilson coefficients C3* = —C32. Indeed, the
couplings in Eq. (3) give the following contributions

V2r Y3,
320GV, Vi, M2,

Cf =~Cjp = (6)
With the inputs of Ref. [72] we find the following
correlation between couplings and mass:

g Mg, \?

Note that current constraints from B — Kuvv are negligible
[73], but future Belle II sensitivity will probe this scenario [74].

The most stringent bounds on leptoquarks (LQs) come
from direct searches at colliders. Specifically, ATLAS and
CMS search for LQs pair production with second and/or
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third fermion generations final state. The results of these
searches, assuming that the pair production is dominated
by QCD interactions (g9 — LQLQT), lead to model-
independent bounds on the mass and branching fractions
of the LQs [75]. The best lower limit on the mass of the
scalar triplet is given by the 2-jet-2-muon final state and is
in the range 1400-1700 GeV for a branching ratio between
0.5 and 1 [76].

A complementary constrain comes from the analysis of
high-py tails in Drell-Yan processes pp — £¢, which probe
the 7-channel exchange of a LQ. Recasting ATLAS searches
for Z' at 36.1 tb~!, Ref. [75] shows the allowed region for
the mass vs the couplings of S3. In the whole mass range
analyzed, the maximum values allowed for its couplings to
fermions are well above the ones required by Eq. (7).

In the following, we take a conservative stand and study
dark matter scenarios for a LQ with a mass above 1.6 TeV. In
addition, we consider only the couplings to SM fermions
required to realize the scenario C3? = —C33 to explain the
tension in b — s+~ data: Y3, and Y,,, which are taken to
be real and equal, as the flavor data depend only on the
combination Y3,Y75,. The couplings to first quark and lepton
generations would anyway strongly affect the bounds from
direct searches and are usually set to zero, while the
remaining couplings to second and third generations would
only change the branching ratios of the leptoquark.

III. THE DARK MATTER MODEL

We assume that the scalar leptoquark is the mediator
between the “visible” SM sector and a dark sector con-
taining the dark matter candidate. Specifically, we assume
that the latter consists of two new vectorlike fermions,’ X0
and y; . To prevent their mixing with SM fermions,” and the
stability of the dark matter candidate, both y, and y; are
assumed to be odd under a Z,-type symmetry, whereas all
other particles are chosen to be Z,-even. The interaction
Lagrangian of our model reads:

L= Lo+ Y;060,S5L; + i7%in Sty +He. (8)

We want the dark matter (DM) candidate to be color
neutral, and we choose it to be a component of the y;
multiplet. To suppress direct detection rates, we assume
that y; transforms as singlet under SU(3), and requiring
gauge invariance, y as a triplet [77]. Furthermore, y; must
have null hypercharge. In fact, DM with Y # 0 would have
vector-like interactions with the Z boson that produce spin-
independent elastic cross sections orders of magnitude
larger than current bounds [78]. Gauge invariance again
forces y to have the same hypercharge of the leptoquark,

The generalization to more than one family is straightforward.
“This requirement avoids the mass bounds from electroweak
precision observables and direct searches at colliders.

TABLE I. Possible quantum numbers for the dark sector.
SUQ2), Uy SUB)c
SINGLET XL 1 0 1
X0 3 -1/3 3
TRIPLET XL 3 0 1
X0 1 -1/3 3
Y, = —1/3. Finally, we require the DM candidate to be

electromagnetically neutral. This, together with the require-
ment of null hypercharge, forces y; to be in a odd
representation of SU(2),: a singlet, a triplet, a quintuplet,
and so on. In the following, we discuss the two scenarios
with the lowest dimensional representations for y; and y,
as shown in Table I. Note, that higher dimensional
representations are also possible. In these cases, we expect
the results discussed in the following to be shifted to higher
DM masses, due to the smaller mass splitting between the
charge and neutral components of the multiplets, up to the
point where perturbativity of the SU(2), coupling is lost at
energies below the Planck scale for large-dimensional
representations [78].

A. Singlet

We start with the case where y; is an SU(2), singlet with
hypercharge 0. With these quantum numbers, y; does not
couple to any SM field. The case with A = 0 is trivial, as the
DM would be stable and completely inert, with a relic
density solely dictated by initial conditions. Turning on the
coupling 4, the relic density is dominantly determined by
the annihilation processes shown in Fig. 1(c), the coanni-
hilation diagrams in Fig. 1(d) and 1(e), and the annihilation
processes for the y, shown in Fig. 1(a): if yq is close-
enough in mass such that at the freeze-out of the y; its
abundance is non-negligible, the relic density will result
from a large set of interconnected processes involving
xxL < SM, yixo <> SM, and yoxo <> SM processes,
where y, indicates any member of the associated SU(2),
triplet and SM any possible combination of Standard
Model particles.

The scattering rates associated with the processes
shown in Fig. 1 are sensitive to the coupling 4, the
leptoquark mass, Mg, and the masses of vectorlike fer-
mions. In the present study, we have implemented the
model’s Lagrangian and resulting Feynman rules in the
micrOMEGAs package [79], and numerically computed all of
the relevant annihilation and coannihilation rates. We show
our results in Fig. 2, top, which shows the relic density of
dark matter as a function of M,,, for a fixed coupling,
A =2, and different values of M, and of the mass splitting
between the y and the y;, which we indicate with A.

For zero mass splitting, A = M, — M, = 0, the coan-
nihilation processes and the y oy annihilation processes
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Feynman diagrams of processes relevant for the determination of the dark matter relic density. Diagrams (a) and (b) show the

self-annihilation of y, and y, into SM gauge bosons, diagram (c) y;, self-annihilation into two leptoquarks and diagrams (d) and (¢) the

co-annihilation of y, and y,.

are very efficient, driving to low values the thermal relic
density of the y; as well. Furthermore, the lighter the
leptoquark, the larger the coannihilation processes, whose
rates scale as « 12/ M43, and the smaller the thermal relic
density: this is why the blue lines are much lower than the
yellow lines in the plot. An increment to the mass splitting
causes the suppression of the coannihilation processes, as
the thermal relic density of the y, at y; freeze-out,
Tty ~ M,, /20, is Boltzmann-suppressed by an approxi-
mate factor

« exXp <_M)(Q/Tf.0.)
exp (=M, /Tt,.)

~exp (=20A/M,, ).

In the figure, we find in fact that for light enough y; , such
that 20A/M,,, ~ 1, the relic density steeply increases, as the
coannihilation network with y, is shut off.

There are two additional interesting features in the
behavior of the thermal relic density as a function of
M,,: the dip at M, + M, ~ Mg, corresponds to the
coannihilation diagram in Fig. 1(d) being resonantly
enhanced because of the quasi-on-shell exchange of the
scalar leptoquark; similarly, the threshold at M, + M, ~

M, signals that the diagram in Fig. 1(e) is kinematically

allowed, also driving the thermal relic density to lower
values. At the lowest end of the mass range we consider, we
note that we stop the lines where collider searches would
have unveiled strongly interacting particles associated with
the y triplet.

In sum, the observed relic density, Qh? =0.12+0.0012
[80], can be obtained only with DM masses above 2 TeV
for small mass splittings between y and y, . Increasing the
mass splitting, solutions with lower masses become pos-
sible, including around 1 TeV, and around half the mass of
the scalar leptoquark. A higher(lower) value for 4 would
decrease(increase) the relic density, without changing the
general behavior shown in Fig. 2. In general, the relic
density increases as the masses of vectorlike fermions
become larger, with the two exceptions alluded to above:

(i) For M, + M, , = Mg, the relic density drops sig-
nificantly because of the enhancement of the process
shown in Fig. 1(d) where the leptoquark can be
on-shell;

For M,, = M, the relic density drops since the final
state in Figs. 1(c) and 1(e) can be produced on-shell,
enhancing the contribution of these processes.

Moving on to dark matter direct searches, in the top
panel of Fig. 3, we show the prediction for the spin-
independent dark matter-proton cross section, as a function

(i)
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FIG. 2. Relic abundance as a function of the dark matter mass
for different values of the leptoquark mass M, and coupling. 4.
The current experimental average for QA? is also shown as a
gray band.

of M, and for different value of Mg, and A (and thus M, Q).

For each point, the value of the coupling 4 has been fixed in
order to reproduce the correct relic density. In the whole
mass range considered, this results in a perturbative value
for A, between 0 and 2. We find that the predicted cross
section is too small to be probed by current experiments
[72] and is always below the neutrino coherent scattering
floor [81]. This is a direct consequence of the require-
ment ¥, = 0 which avoids the vectorial coupling to the

Z boson, leaving, to leading order, the loop-suppressed
diagram with y, — S5 in the loop; as visible in the orange
lines, we find that for M,, ~2.5 TeV cancellations occur
and the scattering cross section goes to zero in a certain
interval of dark matter particle masses.

As far as indirect searches are concerned, for the same
combinations of Mg and A, we show the predicted pair-
annihilation rate as a function of M, in the top panel of Fig 4.
Here, the situation is far more promising. The relevant
process is the pair production of an on-shell or off-shell
leptoquark pair in the final state, which subsequently decays
into SM quarks and leptons. With the minimal couplings
needed to solve the flavor anomalies, this leads to
779 b, t, c, s and respective antiparticles in the final state.
We find that by far the largest contributions stem from two
leptoquarks on-shell, which produces a pair-annihilation
cross section comparable to current experimental limits.
Here we show both current constraints from 6 year-long
observations of nearby dwarf spheroidal galaxies (dSph)
from the Fermi-LAT, for a bb final state [82], closest to the
spectrum expected from leptoquark decay, and from obser-
vations of the Galactic center from HESS [83], for the same
final state; additionally, we show projections for Fermi LAT
(again for the bb final state) that build on anticipated
additional dSph discoveries with LSST [84], and projections
for the Cherenkov Telescope Array (CTA) for both the bb
and the WW final state (we refer the reader to Ref. [85] for
details and assumptions for the CTA analysis; we use here
their predicted sensitivity as shown in Fig. 14).

For light leptoquark masses, a large portion of M,, can
be probed by HESS [86], while future bounds from the
Cherenkov Telescope Array (CTA) on bb final states [85]
will be very powerful in probing the whole mass spectrum
of our model, as long as leptoquarks can be produced on
shell. On the other hand, we find that the current bounds
and the future projections from Fermi LAT cannot probe,
nor will they probe in the future, this model.

B. Triplet

A second viable scenario is one where y; is an SU(2),
triplet with hypercharge 0: the triplet y; = (v, 2%, x7)-
There is in this case an additional class of processes relevant
for the relic density involving the coupling to W bosons,
shown in Fig. 1(b); the resulting contribution depends only
on the mass of the fermions in the dark sector, as the
couplings to gauge bosons are fixed by the choice of the
representation. As before, strongly interacting processes
[Fig. 1(a)] drive the pair-annihilation rate for y,, while a
second class of processes involves the coupling with a
leptoquark, shown in Figs. 1(c)-1(e). The latter processes
are therefore sensitive also to the coupling A4 and to the
leptoquark mass, M, .

Figure 2, bottom, shows the relic density of dark matter
as a function of the triplet mass for different values of M,
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FIG. 3.

Spin-independent dark matter-proton cross section as a function of the dark matter mass, predicted requiring the observed relic

abundance for different values of the leptoquark mass and mass splitting.

and 4, assuming A = M, — M, , = 0, thus complete degen-
eracy and hence maximal effect of coannihilation processes
between y and y;, for nonvanishing 1. The observed value
of the cosmological dark matter is also shown as a gray band.
Asexpected, for 4 = 0 the relic density is almostindependent
on the mass of the leptoquark (the observable small depend-
ence is due to the fact that S5 can still contribute at loop level
via its couplings with SM fields). For 4 = 0 coannihilation
are shut off, and the relic density is almost exclusively set by
weak processes within the y; triplet, schematically shown in
Fig. 1(b). Processes ;(QH) )(2(_) — W W~ with the exchange
ofa )(2[(0) in the #-channel are also very efficient. Since these
contributions cannot be turned off, we can set a lower limit on
the mass of the triplet by requiring the correct relic density.
For A = 0 we find M, 21750 GeV, while for a decoupling

color singlet we find M,, 21600 GeV.

For A4 # 0, the dependence of QAh? on the triplet mass
becomes more complicate, as can be seen in Fig. 2, and a
discussion similar to the singlet case applies. It is easy to
generalize the results shown in Fig. 2 to different values of
A and /: the effect of a larger A is to shift the dashed lines to
the left, while the effect of a larger(smaller) 4 is to shift the
same lines upwards(downwards).

Fixing the value of the coupling 1 to reproduce the
correct relic density, we show in Fig. 3 the prediction for the
spin-independent dark matter-proton cross section, %, and
in Fig. 4 the predicted pair-annihilation rate (cv), as a
function of the triplet mass and for different value of M,
and A. Similarly to the singlet case, in the whole mass
range considered, A is found in a perturbative range, with
values between O and 4. As for the singlet, we find that
current experimental limits on oIP [72] cannot probe the
predicted cross section which lies below the neutrino
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FIG. 4. Pair-annihilation cross section as a function of the dark matter mass, predicted requiring the observed relic abundance for

different values of the leptoquark mass and mass splitting.

coherent scattering floor [81]. On the other hand, we find
that for light leptoquark masses, the anticipated sensitivity
of the Cherenkov Telescope Array on bb and WHW~ [85]
will potentially test a large range of the triplet mass. Here,
the most relevant processes are the pair production of
WTW~ and S3S;, for a light and a heavy triplet, respec-
tively. In general, CTA bounds become relevant when
the two leptoquarks in the final state can be produced on-
shell. The contribution from processes with off-shell
leptoquarks are not included in Fig. 4, however we checked
that they are suppressed by several orders of magnitude

with respect to the on-shell ones that are part of the results
we show.

IV. DISCUSSION AND CONCLUSION

Based on persistent experimental signals of lepton flavor
universality violation, and on the as-persistent lack of any
evidence in favor of any particular particle dark matter
candidate, in this study we entertain the following scenario:
we posit that the dark matter belongs to a dark sector whose
portal to the visible, Standard Model sector is a scalar
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leptoquark SU(2), triplet that also provides a solution and
an explanation to the flavor anomalies.

We showed that the dark sector must include new fields
charged under SU(2), and SU(3); we assumed the new
fields to consist of two vectorlike multiplets, one singlet
under SU(3), denoted as y;, that contains the dark matter
candidate of the theory, and one triplet under SU(3),
denoted as y,. We considered the two lowest-dimensional
SU(2), representation assignments for y; such that the
resulting hypercharge is 0, as required by direct dark matter
searches.

We computed in detail the thermal relic density of the y; ,
and studied which processes drive it, and where and how
such relic density corresponds to the observed abundance
of the cosmological dark matter.

Finally, we explored direct and indirect dark matter
searches: broadly, direct detection rates are loop-
suppressed and consistently below the neutrino floor,
thus inaccessible with current detector technology. For
indirect detection, the model is not accessible with Fermi
LAT observations, but it is at present constrained by higher-
energy ground-based telescopes such as HESS, and will be
probed in most of the relevant parameter space by the next
generation Cherenkov Telescope Array.

While we focus on the anomalies in neutral current B
decays, leptoquarks as a solution to the anomalies in
charged current B decays and as mediators to dark matter
have already been discussed in Ref. [56]. The key
differences between the dark matter phenomenology
between the model in Ref. [56] and the one under
discussion here are related to the fact that the leptoquark
mediator and the second fermionic field are SU(2),
singlets in Ref. [56], while they are triplets here; addition-
ally, unlike in Ref. [56], we also entertain that the dark

matter candidate y; be charged under SU(2),, transform-
ing as a triplet.

It is difficult to compare in detail the results of Ref. [56]
with ours; generally, it appears that the processes driving
the main features in the relic abundance of the dark matter
candidate are similar: resonant leptoquark exchange, coan-
nihilation processes, on-shell leptoquark production; the
fact that the direct detection cross section is loop-mediated
is also a common feature of the two models, albeit we find
smaller scattering rates than Ref. [56] does; finally, albeit
not discussed in Ref. [56], we expect the indirect detection
phenomenology to also be broadly similar although differ-
ent in specific details (for instance driven by the fact that
there exist additional electroweak contributions in the
model discussed here).

If indeed lepton flavor universality violation is a signal of
new physics, and such new physics sector includes a dark
matter candidate, we show here, under certain unavoidable
assumptions, what the resulting phenomenology might
unfold. Our main conclusion is that the expectation is
for a heavy, TeV or heavier, dark matter candidate with a
very weak coupling to nucleons, but with large-enough
pair-annihilation rates so that indirect detection with very
high-energy gamma rays is the most promising path to
discovery.
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