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ABSTRACT: The evidence of Dark Matter (DM) is one of the strongest observational ar-
guments in favor of physics beyond the Standard Model. Despite expectations, a similar
evidence has been lacking so far in collider searches, with the possible exception of B-physics
discrepancies, a coherent set of persistent deviations in a homogeneous dataset consisting
of b — ¢ and b — s semi-leptonic transitions. We explore the question whether DM and
the B discrepancies may have a common origin. We do so in the context of the so-called
4321 gauge model, a UV-complete and calculable setup that yields a U; leptoquark, the by
far most successful single mediator able to explain the B anomalies, along with other new
gauge bosons, including a Z’. Adding to this setup a ‘minimal’ DM fermionic multiplet,
consisting of a 4 under the 4321’s SU(4), we find the resulting model in natural agreement
with the relic-density observation and with the most severe direct-detection bounds, in the
sense that the parameter space selected by B physics is also the one favored by DM phe-
nomenology. The DM candidate is a particle with a mass in the WIMP range, freeze-out
dynamics includes a co-annihilator (the ‘rest’ of the 4 multiplet), and the most important
gauge mediator in the DM sector is the Z’.
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1 Introduction

After the end of LHC Run 2, no sign of new physics (NP) has been observed in direct
searches. There are, however, several indirect hints for NP. Flavor physics experiments
have reported a large set of deviations from Standard Model (SM) predictions in B-meson
decays, which are also known as B-meson anomalies. They amount to discrepancies both
in neutral current b — s decays [1-11] and in charged current b — cfv decays [12-21].
It was realized that the presence of a U; leptoquark (LQ) with SM quantum numbers
(3,1,2/3) could simultaneously explain both of these sets of discrepancies [22-30]. While
other simultaneous solutions are possible (see e.g. [31-37]), an explanation in terms of a



U; LQ has become even more consistent with recent data [38—40]. Being a massive vector
boson, the U; requires a UV completion from which it arises either as a gauge boson of
a spontaneously broken gauge symmetry or as a composite vector boson (see e.g. [41]).
In fact, the U; is a well-known prediction of Pati-Salam models [42], which extend the
SM color SU(3). gauge group to SU(4), under which quarks and leptons transform in
unified multiplets. Since traditional Pati-Salam models cannot accommodate the flavor
structure needed for explaining the B-meson anomalies, variants of the Pati-Salam models
based on the gauge group SU(4) x SU(3)" x SU(2). x U(1)x have been constructed to
this end, the so-called 4321 models [43-52]. In these models, the SM arises after the
group SU(4) x SU(3)’ x U(1)x is spontaneously broken to its SU(3). x U(1)y subgroup.
The heavy vector bosons resulting from this symmetry breaking include the U; LQ but
in addition also an SU(3). octet G’ dubbed “coloron” and a SM singlet Z’. Among the
4321 models, those that unify the third family of SM quarks and leptons are of special
interest since they imply an approximate global U(2)® flavor symmetry [53-55]. Such a
symmetry is particularly useful for explaining the B-meson anomalies without violating
other flavor bounds while at the same time reproducing the SM fermion masses and CKM
elements [48-52].

Apart from the hints of NP provided by the B-meson anomalies, there are other
observations that suggest an extension of the SM. One of the most solid indications of
physics beyond the SM is provided by the strong evidence for the existence of Dark Matter
(DM) [56, 57]. An immediate question is thus whether any of the new heavy vector bosons in
4321 models could be related to the generation of a DM thermal relic. More specifically, we
would like to address the possibility that these vector bosons serve as mediators between SM
fermionic currents and a DM current. The latter current may be either bosonic or fermionic.
However, a scalar DM candidate can annihilate to SM particles via a Higgs portal such that
the DM phenomenology would not rely on the new vector bosons. Therefore, we restrict
the discussion to fermionic DM.!

To be specific, we consider a fermionic DM candidate yo that fulfills the following
assumptions (cf. e.g. [58, 59])

(i) it is a thermal relic,
(ii) it is colorless and electrically neutral,
(i4i) it has zero hypercharge to avoid direct-detection bounds,

(iv) it is the component of a massive fermion multiplet ¥py; that is vector-like (VL) under
the 4321 gauge symmetry,

(v) (co-)annihilation proceeds via 2 — 2 processes induced at tree level through the new
vector bosons Uy, G', and Z’.

These assumptions put restrictions on the possible 4321 quantum numbers of ¥py. Con-
ditions (7i) and (iii), i.e. zero electric charge and zero hypercharge of xo require that Wpy

LOther interesting cases that are beyond the scope of the present article include composite bosonic DM
that could naturally arise if the 4321 gauge symmetry is broken by a new strong interaction [52].



transforms under an SU(2)7, representation with odd dimension. Condition (74) further
implies that the xq eigenvalue of the hypercharge generator Y vanishes. The definition of
Y in terms of the U(1)x charge X and the diagonal SU(4) generator T, Y = X + \/ng‘r’
then fixes X for a given SU(4) representation.

Guided by minimality, we restrict our discussion to singlets of SU(3)” and to the small-
est non-trivial representation of SU(4), the fundamental 4 representation, which leads to?

Upy ~ (4,1,N,+1/2), N ec{1,35,..} (1.1)

under the 4321 gauge group. After the 4321 symmetry breaking, the Wpy multiplet splits
into the two components x and 1, which transform under the SM gauge group as

x~(1,N,0), ¢~ (3,N,2/3), Nec{1,35,. .} (1.2)

The Dark Matter candidate xq is then identified with the electrically neutral component
of the SU(2);, N-plet x. For N = 1 and N = 3, renormalizable couplings between SM
particles and the DM candidate exist, such that the latter is in general not stable on time
scales vastly below the age of the Universe [58]. In such cases one has to advocate extra
symmetries in order for it to be a viable relic. Within our setup, in the IN = 1 case the field
1 has the same quantum numbers as right-handed up-type quarks and mixing between ¥ g
and u% make y unstable. In the IN = 3 case, a coupling of x to the Higgs and lepton
doublets is allowed such that the DM candidate could decay to a Higgs and a neutrino. The
smallest N for which the DM candidate is stable because of the absence of renormalizable
couplings that would allow it to decay is N = 5 [58].3

In the rest of this paper, we will analyze the phenomenology of all the N = 1,3,5
cases, bearing in mind that N = 1,3 require the additional assumption that renormal-
izable couplings that destabilize DM are absent. In section 2 we will describe our model
setup, paying particular attention to the fermionic sector, that includes the DM multiplet.
An extended discussion about the different possibilities for implementing the SM fermions
in such a setup is included in appendix A. Section 3 discusses our analytic approach to-
wards estimating the DM relic within our model, including in particular the impact of mass
splittings between the DM and its co-annihilator, and our procedure towards estimating
the thermally averaged cross-section. Mass splittings are discussed within a more general
approach in appendix B, and the cross-sections relevant for the thermal average are col-
lected in appendix C. In section 4 we then move on to describe our approach towards the
estimate of direct-detection signals. Section 5 collects our results, addressing the question
to what extent B-physics discrepancies and DM phenomenology are compatible with one
another within our setup. We conclude in section 7.

2If Wpy is a singlet of SU(4), then its 4321 quantum numbers are fixed to (1,1, N,0), and couplings to
Ui, G', and Z' are absent. This corresponds to “Minimal Dark Matter”, discussed in [58].

30ther less minimal scenarios that even for N = 1,3 do not contain renormalizable couplings that
destabilize DM would require ¥pym to transform under larger SU(4) representations or under non-trivial
representations of both SU(4) and SU(3)’.



2 Model setup

We consider a ‘4321’ model [44, 45] based on the gauge group
SU(4) x SU(3)’ x SU(2), x U(1)x. (2.1)
At a scale? vLQ, the spontaneous breaking
SU(4) x SU(3) x U(1)x — SU(3). x U(1)y (2.2)

yields the SM color times hypercharge factors. Given the SU(3)4 x U(1)4 subgroup of
SU(4), the spontaneous breaking proceeds such that SU(3). is the diagonal subgroup of
SU(3)4 x SU(3)" and U(1)y is the diagonal subgroup of U(1)4 x U(1)x.

2.1 Vector bosons
Following the notation of [51], we denote the gauge fields of SU(4), SU(3)’, and U(1)x by

Hp, C’/‘j, and BL, respectively. The spontaneous breaking yields a massive Uy LQ

1
grizs L
B V2

as well as the massive Z l/t and the massive gluon-like ‘coloron’ fields Gﬁf‘, given by the linear

9,11,13 _— ;7710,12,14
(H P FiH, ) (2.3)

combinations

Z;L = H}f cos 041 — B;L sin 641, G;f‘ = Hfj cos 043 — C’ﬁ Sin 643, (2.4)

whereas the linear combinations orthogonal to ZL and G;f are the massless hypercharge
and QCD gauge bosons B, and G,. Denoting the gauge couplings of SU(4), SU(3)’, U(1) x,
SU(3)¢, and U(1)y by g4, g3, 91, gs, and gy, the angles 641 and 643 are defined analogously
to the weak-mixing angle by

005941:¢=gl C08943_974_& (2.5)
’ o 2 2 ga :
gi+is & veitgs 98
Since the couplings gs; and gy are the known QCD and hypercharge couplings, eq. (2.5)
implies that for a given value of g4, the other two couplings g; and g3 are fixed. Conse-
quently, the gauge sector of the model can be parameterized by only the two independent

parameters
L, 94- (26)
The masses of Uy, Z,,, and G/, are given by
1
M(% = 1 gi UI%Q7
1 2
M = 1 (gi + 39%> U%Q» (2.7)

1
Mg =7 (91 +93) via,

“If the breaking of the gauge group is due to vacuum expectation values (VEVs) of scalar fields, different

scalars can contribute to the breaking at slightly different scales (cf. e.g. [47, 51]). In order to reduce the
number of parameters, we consider only a single breaking scale (as predicted by the model in [52]), and we
do not specify the exact mechanism that triggers the spontaneous breaking.



Field | SU4) | su@y | su@), | u()y
A | 1 2 ~1/2
e’ |1 1 1 -1
1 3 2 +1/6
uy? |1 3 1 +2/3
dp? | 1 3 1 ~1/3
3 4 1 2 0
A 1 1 +1/2
e 1 1 -1/2
Upy | 4 1 N | +1/2

Table 1. Quantum numbers of SM-like fermions (upper block) and the vector-like DM multiplet
Upn (last row). First and second generation fermions transform under SU(3)' x SU(2) x U(1) x like
the usual SM fermions; the third generation quarks and leptons are unified into W/? = (¢}® ¢/3)T,
U3 = (W3 V)T, and W 3 = (dF €/2)T.

and they are related through the angles 64; and 3 as®
My = Mg cosf4 = Mcr cosy3, (2.8)
implying that, at tree level, the U; is expected to be the lightest new vector boson.

2.2 Fermions

Among the different possibilities for implementing the SM fermions in a 4321 model (see
appendix A), a well-motivated and phenomenologically successful variant corresponds to
a unification of third-family quarks and leptons [48-52]. In this case, the first and second
families of SM-like fermions transform under the SU(3)" x SU(2)z x U(1) x subgroup of the
4321 symmetry like the usual SM fermions, whereas the third-family quarks and leptons are
unified into W} = (¢/2 ¢3)T, U3 = (W3 vi3)T, and U3 = (d}F /)T, which transform
under the 4321 symmetry as shown in table 1. Due to their quantum numbers, the light
SM fermions cannot directly couple to the U;. However, small but non-vanishing couplings
between the U; and light SM fermions are required to explain the B-meson anomalies. To
realize this, we introduce two massive fermions that couple to the U; and mix with the
left-handed first and second generation SM-like fermions. In addition to couplings between
light fermions and the Uy, whose sizes are controlled by the mixing, this construction also
generates the 2-3 entries in the CKM matrix. The new heavy fermions transform in the
same way as W3 (cf. table 1) and we denote their left-handed components by \IflLl’Q. While
the mixing is important for the couplings of the SM fermions to Uy, Z’, and G, we do not
further discuss the new heavy fermion mass eigenstates since they are not relevant for the

5Note that this relation can be modified if the 4321 symmetry is broken by different scalars at slightly
different scales, cf. e.g. [47, 51].



DM dynamics as long as their masses are larger than M, + My, which we assume in the
following. Due to the mixing, the first and second generation SM SU(2), doublets are in
/12 E’l 2 and the new heavy fields \Illl 2

To avoid large flavor violating effects, we align the mixings between SM fermions and new

general linear combinations of the SM-like fields ¢

heavy fermions in the basis in which the down-quark mass matrix is diagonal (cf. e.g. [47])
such that the mixings are flavor-diagonal for the fields

. VE . J . . 4 .
= ( ngiuL> - (’;;) A R (2.9)
L L

where V is the CKM matrix and u’, d’, €', and * are mass eigenstates. A possible
misalignment between the quark and lepton components of the fields \I/’LZ is parameterized

/12

by embedding the quark and lepton components ¥’ 4 L % and VU, ;” that have a flavor-diagonal

mixing with qL and ¢! 77 respectlvely, as

) \Ij/i
v = ko, (2.10)
Wi Wy,

where W is a unitary matrix parameterizing the misalignment. This matrix is usually
chosen to be CP-conserving and to mix only the second and third generation, i.e. we use

1 0 0
W =10 cosfrg sinfrg | . (2.11)
0 —sinfrg cosfrg

In the absence of additional new heavy fermions that mix with right-handed SM fermions,
a possible quark-lepton misalignment in \ng and \I/'}{ 3 corresponds to only a phase dif-

ference, which we parameterize as

grrs_ [ Vik w=s_ ([ Vir ) (2.12)
o, o

Consequently, the SM fields in the basis where the down-quark mass matrix is diagonal
can be expressed as

1,2 /12 11,2
q" =q " cosly, + 0 gL S0 012 qL = \Iqu )

1,2 41,2 3

by =477 cosby, , + \I/“ sinfy, , , G =w)3

L2 _ 11,2 o'3
uR =up uR - TuR>

(2.13)

d1,2_d/172 d3 ‘l’

R — YR — ¥dR>

1,2 1.2

ep =ep’, eR = \I/eR,

v =0



Field K £
1=1,2 = i=1,2 i=3
qj: sin? 9(1172 —sin?6y3 | cos? 0,3 | sin? qu,z — sin? 04 cos? 04
uﬁé — sin? O3 cos? 043 —4 sin? 04 1—4sin?6y
3% — sin? O3 cos? O3 2 sin? 041 142 sin?6y
i sin2 0@1’2 — sin2 (941 COS2 041
el —2sin? Oy 1 —2sin® Oy
V}é 1
P cos? O3 1—4sin26y,
X 1

Table 2. Constants x and & entering the couplings of fermions to G’ and Z’ (cf. eq. (2.14)).

In this basis, the couplings of the new vector bosons Uy, Z’, and G’ to the SM fermions
and to the DM-sector fields ¢ and x are given by

g4 . _
Lz D 3G cos O 1 <§q T ay, + & ury g + & dipy!dy + g vy
36 s+ e €+ 6 )
. ) _ 2.14
Ler D cos9 " Gy (Fé GVTq" + Ky Wy Tl + Ky dpy" T dg + Ky 1/J’YMT“¢)7 219

iz _
Lo, > ZLUF (8870 + Bae iy el + Buy W vh + 07 ) + huc.

\f

where the constants x and £ that appear in the G’ and Z’ couplings are collected in table 2
and the constants [ that appear in the U; couplings are given by

sin 0, sin 6y, 0 0
Byt = 0 sin @y, sinfy, cosfrg sinby, sinfrg | ,  Bie = eiPe s Buy = '
0 —sinfy, sinfrqg cosOrq

(2.15)
Note that in the limit of large g4, where cosf41 =~ cosf43 ~ 1 and sin 641 ~ sinf43 ~ 0, the
constants x and £ are approximately

w12 L2 gin2 12 _ 12 o el2 o el2 012 o

Ky~ & 2 ~ sin 0q12, §  msin®ly,, k) =R RETRET R0 (2.16)
3 303 3 ~ ~ ~ '
liq:n dwngfuwgd RgREE R RRyRER AT,

i.e. the couplings of left-handed light fermions are proportional to their mixings with the
new heavy fermions, the couplings of right-handed light fermions vanish, and all couplings
of third-generation SM fermions and DM sector fields satisfy x = £ ~ 1. The constants 3,
on the other hand, are independent of the value of g4 and only depend on fermion mixing
angles and phases.



While the parameterization described above allows explaining the B-meson anomalies
and avoids strong constraints from large flavor violating effects, the number of parameters
can be further reduced by the following phenomenologically motivated assumptions:

e To maximize the agreement with the B-decay measurements that deviate from the
SM, one can take 4. = —1 [51], which fixes the phase ¢, = 7.

e Since the phase ¢, is currently not constrained by any measurement one can use
¢, = 0 for simplicity.

e An approximate U(2) symmetry in the quark sector, i.e. 8, ~ 6,,, can be employed
to suppress tree-level FCNCs in the up-quark sector that are mediated by the Z’
and G’ [47]. Without such a U(2) protection, excessive contributions to AC = 2
observables would be possible.

e The first-generation lepton doublet can be taken to be purely a singlet of SU(4), i.e.
B¢, = 0, to be safe from LFV due to U; couplings involving the electron.

Making all of the above assumptions and defining 6,,, = 04, = 04,, the only remaining free
parameters in the fermion sector are

Opos Ooyy O, My, N, (2.17)

where M, denotes, here and henceforth, the mass of the DM-candidate® y and N is the
dimension of its SU(2)[, representation.

2.3 Parameter ranges

As summarized in egs. (2.6) and (2.17), within reasonable assumptions the ‘effective’ model
parameters are the following:

91,  vLQ, Ygos O, OLg, My, N. (2.18)

In this section we would like to collect the non-negligible information available on these
parameters from a fit to flavor data as well as from constraints due to direct searches. In
section 5 we will then address the question to what extent these constraints are compatible
with those coming from cosmological and direct-detection information about Dark Matter.

The above parameters can be grouped into three classes according to their impact on
the DM phenomenology:

® g4, vrQ, My, N: the DM phenomenology depends crucially on these parameters.
e 0,,,: this parameter is important only for DM direct detection.

q12*

e O4,, Or¢o: the DM phenomenology is essentially independent of these parameters.

5The mass M, is related to the tree-level mass of the multiplet ¥py as discussed in appendix B.
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Figure 1. First-generation coupling combinations relevant for Z’ searches through the vertex Z'uu
(left), Z'dd (center), or for G’ searches through the vertices G’tu or G’dd (right).

Within our model, a combination of the parameters vig, 04,,, 0¢,, and 0 is constrained
by B-physics data alone, in particular by the R(D(*)) discrepancies. A global fit of vr,g and
the constants § (cf. eq. (2.15)) was performed in ref. [51]. Expressed in our notation, the
fit prefers values for vrg in the range vy g/ cosfrg € [3.1,4.6] TeV, with cos ¢ ~ 0.8-0.9.
While the preferred value of vrq is correlated with the preferred values of 0y, and 61, our
DM phenomenology is essentially independent of the latter two parameters. Consequently,
for any reasonable value of vyg, we can set the parameters 6y, and 0rg to comply with
the fit in [51], while fulfilling all DM constraints. The fit to B-physics data leaves some
freedom for 6,,,, which, however, is constrained by direct searches (see below). In short,
for definiteness we take

vLg € [3,5] TeV (2.19)

as our fiducial range for vyq.

The parameters g4 and 0,, enter the definition of the fermionic-currents’ couplings to
the Uy, the Z’' and the G’, which are constrained by direct searches. In figure 1, we show
the g4 dependence of light-quark couplings to the Z’ as well as to the G, for different values
of sin f,,,. This dependence displays transparently the g4 and sin f,,, ranges preferred by
direct searches. The figure shows at a glance that an efficient suppression of these coupling
combinations is achieved for small sin 6,,, and large g,. Representative ranges are

sinfly, $0.2 and g4 2 3. (2.20)

These two requirements suppress respectively the two terms entering the coupling constants
ko2, &%, and 5;2 (cf. table 2).7

Bounds from direct searches have been extensively studied in the literature, see [29,
44, 45, 47, 51, 60-64]. It is straightforward to verify that the ranges in egs. (2.19)—(2.20)

"The figure also shows that, for G’ couplings, a cancellation between these two terms can be engineered
for g4 ~ 1.5-2 and sinf,,, > 0.5. However, the resulting light-quark — G’ coupling is not nearly as
suppressed as in the case of sinf,,, < 0.2 and g4 2 3.



yield Uy, Z' and G’ masses and couplings in accord with these bounds. In particular, for
g4 =3 and v > 3TeV we have My ~ My > 4.5TeV and Mg > 4.8 TeV, such that the
bounds found in [63] can be comfortably satisfied.

We conclude that agreement with B-decay discrepancies and with the constraints com-
ing from direct searches select the parameter regions in egs. (2.19)—(2.20). In section 5 we
will confront this parameter space with the constraints imposed by Dark Matter.

3 Dark-Matter relic abundance

In this section we shall address the question whether our setup, as introduced around
eq. (1.2) and discussed in section 2, can accommodate the relic abundance of DM observed
today, Qoh?.

In addition to the DM candidate xg, the DM sector of our model includes also several
co-annihilation partners: all the other components, charged under weak isospin, of the x
and 1 SU(2)r, multiplets. As shown in classic work, even in the presence of co-annihilators
an estimate of Qph? accurate to about 10% may be obtained analytically [65] (see also [66]).
This accuracy is satisfactory in our case, in view of several uncertainties inherent in the
problem and likewise discussed in the above works.

The first main step towards the estimate of Qgh? is the determination of QA% at the
‘freeze-out’ temperature Ty. It is convenient to introduce the variable x denoting the
inverse temperature in units of the DM mass, i.e. x = M,, /T, and to define zy = z|r—r;.
In the case — like ours — where co-annihilators are present, z; is determined iteratively

from the relation [65]
0.038 Jeff Mpl MXO <0’eff U>
1 172 _1/2 ’
s Ty

xp=1 (3.1)
where Mp; = 1.22 x 10! GeV, g, denotes the total number of effectively relativistic d.o.f.
at freeze-out, geg denotes the number of effective d.o.f. within the DM sector, and the
thermally averaged annihilation cross-section (oeg v) is the main dynamical quantity. After
freeze-out, the relic abundance is subject to post-freeze-out annihilation processes. The
efficiency of this post-freeze-out annihilation is given by [65, 67]

J = /OO {oett 0) (3.2)

2
f xT

The present-day DM abundance can then be estimated as®

45 s 1 1.07 x 109 GeV~!
2 — 0 ~
Qoh? =4/ - ¥z ~ 7 ) (3.3)
Pe gy Mpy J gs' " Mp, J

The crucial ingredient in the determination of Qoh? is the calculation of the thermally
averaged annihilation cross-section (oeg v), which enters in Qoh? through the post-freeze-
out annihilation efficiency J. To this end, it is also necessary to determine geg, which

80mne can derive this relation by using H(T) = 1/873¢./90 T?/Mp, s = 27%g.T*/45 and p. = 3H3
/(8nGy), with H(Ty) = Ho = 100h km/ (s Mpc), as customary.

~10 -



enters in both (oegv) and x f- In turn, g.¢ and o.¢ depend in an important way on the
mass differences between the DM candidate and its co-annihilation partners [65]. In the
following, we discuss in great detail the mass differences, the effective degrees of freedom
Jeff, and therewith proceed to the estimate of the thermally averaged annihilation cross-
section (Oef V).

3.1 Mass differences

For mass differences between the DM candidate and its co-annihilation partners compara-
ble to the freeze-out temperature (which quantifies the average amount of kinetic energy
available in the collisions), the co-annihilation partners become nearly as kinematically ac-
cessible as the DM candidate. The mass differences are therefore an important ingredient
in the determination of the annihilation cross-section. In our model, the DM candidate
and its co-annihilation partners are components of VL fermion multiplets that transform
non-trivially under the SU(2); and SU(4) gauge groups. The relevant mass differences
in this case correspond to the mass splitting inside these multiplets, which are generated
after the spontaneous breaking of the SU(2);, and SU(4) symmetries. While it is possible
to generate a mass splitting at tree level, e.g. by coupling the VL multiplets to the scalar
operators responsible for the spontaneous symmetry breaking, a mass splitting is gener-
ated even in the absence of such tree-level terms. At the one-loop order, the gauge bosons
associated with the spontaneously broken symmetries, of which some become massive due
to the breaking, induce corrections to the fermion masses. Since the components of the
VL multiplets correspond to different irreducible representations of the unbroken gauge
group, each of them couples differently to the gauge bosons and thus receives a different
contribution to its mass.

It is possible to obtain a generic result for the one-loop mass splitting among com-
ponents of a VL multiplet that is applicable to a large set of spontaneously broken gauge
groups (see appendix B). Applying our generic result, eq. (B.10), to the EW gauge group,
we can determine the relative mass difference

_Mé_Mn

A
&n M

(3.4)

between components & and 7 of a VL multiplet of hypercharge Y and mass M. We find

2B =5 (@evr-@-v [ (M) 5 (M) | vt @t-aps (22) ),
3.5

M

where Q¢ and @, are the electric charges of ¢ and 7, and f(r) is a finite loop function
given in eq. (B.6). This reproduces the well-known result for the mass splitting in EW
VL multiplets (cf. e.g. [58]). For reference, the relative mass splitting within the ¢ and x
SU(2), multiplets of our DM sector is between O(10~3) and O(10~%) for M = O(1 TeV).

Having at hand the generic result, eq. (B.10), it is straightforward to determine the
relative mass splitting between our DM candidate x and its colored co-annihilation partner
. This mass splitting is induced by the vector bosons associated with the 43(2)1 symmetry
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Figure 2. Mass splitting between ¢ and x induced by the 4321 gauge bosons.

breaking and is given by

2
g M, I Mg\ 4, . Mer
Afﬁ?l: 16;172{f< ]\;>+3(281n2041+1)f< ]\; )+3(81n2043—1)f< ]\5 ) } (3.6)

The value of Af;?l is around 8-15% for the parameter region of interest (see figure 2) and
its significance is further discussed in sections 3.2 and 3.3.

Additional mass splittings are induced by the non-zero temperature at which our
processes of interest take place. We estimate these mass splittings to be of order
AFW(T) ~ (gT/M)? [58] within SU(2); multiplets and A*2Y(T) ~ (g4T/M)? within
SU(4) multiplets. Recalling that T’/ M ~ 3%, and that such ratio enters quadratically
in A(T), we estimate APW(T) to lie between O(1073) and O(10~%) and A*?Y(T) < 1%.
Since A*321(T) is small compared to the splitting induced by eq. (3.6), we neglect it in
the following. The size of AFW(T) is similar to the splitting induced by eq. (3.5) and we
estimate the combination of both contributions to lie between O(1073) and O(10™4).

3.2 Effective degrees of freedom

In our case, the number of effective d.o.f. in the DM sector geg is given by [65]

goir = D (92 (1 A )2 exp(=2 Ay) + gy (L+ Ay) 2 exp(— Ay)) . (37)

1

where the index ¢ runs over the N components of the SU(2) 7, multiplets x and 1. Besides
gy = 4 and gy, = 12 denote the internal (spin, color, ...) d.o.f. of the components of these
multiplets.” The relative mass splittings A,, and Ay, are defined as

sz' - (sz‘ - MXO)/MXO ) Awi - (Mil)z' - Mxo)/MXO : (3'8)

9Since x, 1) belong to complex VL representations of the gauge group, they are Dirac fermions.
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The relative mass differences within the x and ¢ multiplets are only at the per mil level
(see discussion below eq. (3.5)). We thus neglect them in the following and use a common
mass and relative mass splitting for each multiplet,

MXi — MX’ M¢i — M¢, AXi — 0, Ad)i — A’/” (39)

such that My, = (14+Ay) M,. Employing this approximation, the number of effective d.o.f.
simplifies to

geit = N (gy+ g0 (1+ Ay) 2 exp(-z Ay) ) - (3.10)

We see that, at the freeze-out temperature, geg departs appreciably from N(g, + gy)
unless x5 Ay < 1, i.e. unless the v-x mass splitting is much smaller than the freeze-out
temperature. Combining eq. (3.1) with the value of the -y mass splitting discussed in
section 3.1, Ay =~ 0.1, we find

(1+ Ap)* 2 exp(—zf Ay) = 0.06. (3.11)
Egs. (3.10)—(3.11) provide an accurate determination of geg within our setup.

3.3 Thermally averaged cross-section

The main dynamical quantity in eq. (3.1) is (oeg v), where [65]

1 _
Oeff = 5~ Z (UXin 9>2< (1+A)%2 1+ AXJ'>3/2 e (Bxithx)
eff ij

+U¢i¢j gi (1 + A¢i)3/2 (1 + ij)3/2 e_m(A¢i+ij) (3‘12)

—x2(Ay.+Ay .
+20—Xﬂ/’j 9x G (1+AX1)3/2 (1+ij)3/26 ( x; T 1%))

with e.g.
Oy = 0(xity = XX'), (3.13)

and the other cross-sections defined analogously. Here X, X’ denote any particles other than
X, . Since we assume that the DM sector is lighter than any of the Uy, Z’, G’ mediators or
new vector-like fermions, for the X, X’ we only consider SM particles. Neglecting again the
mass differences within the ¢ and y multiplets, i.e. employing the replacements in eq. (3.9),
the effective cross-section simplifies to

1 —zA —2zA,
ot = 2 > (sz-xj- Gy + 2000, 9x 9 (1+ D)2 e 4oy gh (14 Ay)P e ”’) :
e Z7j

(3.14)
The cross-sections oy,y;, Oy;p;, and oy, are due to the exchange of either SM bosons
or the new heavy gauge bosons Uy, Z’, and G’. Because of the dependence of the cross-
sections on the fourth power of the couplings, contributions due to the electroweak sector
are negligible compared to those involving the relatively strongly coupled new heavy gauge
bosons or gluons. We find that all the cross-sections mediated by Uy, Z’, G', and gluons
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are of comparable size. However, in the effective cross-section, oy,y, and oy, are multi-
plied by one and two powers, respectively, of a factor that is suppressed by the -y mass
splitting, cf. eq. (3.11). Consequently, the Z’-mediated cross-section oy, is larger than
any other contribution to o.g by one to two orders of magnitude. In view of the overall
10% uncertainty in our analytical estimate, we can therefore approximate

1
Teft N 1 o(xoxo — 2" — XX), (3.15)

where we have used eqs. (3.10)~(3.11) and oy, = dij o(xox0 — 2" — X X).

The thermal average (oegv) can be determined as an expansion in powers of 1/z, and
this expansion can be related order by order to the expansion of geg around s = 4M§ [68].
To this end, we follow the notation of [69]. Neglecting the masses of the annihilation

products, we define
o0(y) = 2V y* — y oer (y) (3.16)

where we substituted s by the dimensionless variable y = s/(4 Mi) The thermal average
(0ot v) can then be expressed as [68, 69

(0ot v) = 00(1) (1 + i ;,’j,) , (3.17)
k=1

where the first coefficients are

3 15 5
c1 :—34—5 A1, 02:6—3>\1+§ Ao, ng_ﬁ (30—15>\1+3)\2—7)\3) s (318)
and we have defined
1 d°
- Uosy) (3.19)
oo(y) dy -

The above relations allow thus to verify that, by including higher powers in the small-
velocity expansion of og(y), higher powers in the small-temperature expansion of (oegv)
are smaller and smaller.

3.4 Present-day DM abundance

In order to obtain the present-day DM abundance, one convolutes the calculated (oegv) in
the post-freeze-out annihilation efficiency J in eq. (3.2). Using the expansion in eq. (3.17)
to order 1/ :c?c, the present-day DM abundance in eq. (3.3) yields

1.07 x 10°GeV™! =z 1
gi/QMPl oo(l) 1+ c1/(2xyf) + CQ/(Sx?c) '

Qoh? ~ (3.20)
We will perform a full numerical study in section 5, following the discussion of the con-
straints imposed by direct detection in section 4. Here we would like to make a few
qualitative considerations around eq. (3.20). Using oeg as in eq. (3.15), eq. (3.16) yields

_ 1 g \' MRy ty) 1
T 1287 <cose41> (4y>§\4§ By YERY ~/UED, (3.21)

oo(y)
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where N = 1,3,5,... denotes the SU(2), size of the x and ¢ multiplets and for brevity we
introduced the flavor function

w

FEED =D (216 + 16017 + 1657 + 3216 + 1€ + 1617)) - (3.22)

=1
Plugging eq. (3.21) into eq. (3.20), and taking the representative value g4 = 3, we find

Qoh? ~ 0.06f({]\£i}) (5”TL§V)2 (?&Q)Q . (3.23)

X
A few remarks are in order. First, eq. (3.23) assumes 4M§ < M%,. For vrg = 3TeV
(5TeV), this approximation implies an error < 15% (< 40%) in eq. (3.23), keeping in mind
that the preferred range for M, are < 600GeV (S 1.5TeV), see section 5. Second, with
the above mass ranges at hand, we can discuss the relative size of the corrections due to

the ¢ 2 terms in the 1/x; expansion (see eq. (3.20)). These terms induce corrections in the
per mil ballpark for g4 = 3 and the just mentioned mass ranges for M, and vrq. Besides,
these corrections do not depend on the choice of any other of our model’s parameters,
e.g. f({¢'}) and N, as such dependences cancel in the \, ratios. The function f({¢'}) is
typically of O(10) in the region satisfying all constraints. For example, taking table 2 with
g1 =3, sinfy,, = 0.2,1° one has f({¢'}) ~ 16.

The procedure outlined in this section, and leading to eq. (3.20), with oeg including Uy,
7', G’ and gluon contributions, will be used in section 5 to identify the regions of parameter
space that are viable in the light of all constraints, including B discrepancies, the relic
abundance and also direct-detection constraints, to be discussed in the next section.

The approximate formula in eq. (3.23), and the discussion around it, demonstrate that
Qoh? of the order of the observed value can be obtained without effort, in compliance with
all other constraints.

4 Dark-Matter direct detection

One of the most straightforward signals one may expect of our model are DM collisions on
nuclei. The latter are constrained by a large number of direct-detection experiments, the
most stringent bounds for the DM masses of interest to us being refs. [70-72]. Actually, it is
precisely in the light of these constraints that we restricted our attention to DM multiplets
that transform under SU(2), representations with odd dimensions, allowing for a ¥ = 0
multiplet member — the DM candidate — as discussed in section 1.

Even in our case however, the DM-nucleon cross-section receives a tree-level contri-
bution mediated by a Z’. Since DM is non-relativistic, and since My is also much larger
than the relevant momentum transfer, the scattering process with the nucleon constituents

may be accounted by a local Lagrangian

2
A _
Lxa = Tz@;é’x (0V"X) (& Tvud" + & U uur + € dpyudy) - (4.1)

10This choice of parameters follows from the discussion in section 2.3.
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Furthermore, if we are able to neglect corrections due to the finite momentum transfer
between the DM and the nucleons, we may parameterize the matrix elements between
vector or axial-vector quark ¢ currents and the external-state nucleons N as

(N ()@ a|N(0))|p=pr=0 = F'™(0) an ()7 un(p)
(N@®)|av"v59| N (p)) |g=pr=0 = Z/N(O) an (p )y ysun(p) - (4.2)

For the two form factors at zero momentum transfer we follow conventions common in the
literature. In particular, Ff/ N(O) counts the number of valence quarks ¢ in the nucleon
N, eg. Fld

elastic scattering between DM and a single nucleon N =p or n

/ "(0) = 2. egs. (4.1)—(4.2) yield the following spin-independent cross-section for

4 2 2
N 9z &My

o8 Tgdn 0, [ehdie (4.3)
where
Ch =20% +C¢, OF =C¢ +20¢, (4.4)
and
cu_g‘};&l‘, cdzgqu;f}l. (4.5)

Starting from eq. (4.3), in order to estimate the matrix element on a nucleus N with mass
number A and atomic number Z, one may assume (see e.g. [73, 74]) that DM scatters
coherently on the A nucleons of the target. In the static limit, the DM-nucleon cross-
section measured by experiments operating with nuclei A as target material can thus be
estimated from eq. (4.3) with the replacement

2Ch + (A= 2)CpP

CY 2 -

(4.6)

The above procedure is crude in a number of ways, that have been amply discussed
in the literature [74-91]. A first outstanding limitation is the fact that the matching scale
for the interactions in eq. (4.1) is well above the effective scale for the hadronic matrix
elements in eq. (4.2), hence renormalization-group effects are in general non-negligible,
and the relativistic-operator basis of eq. (4.1) has to be matched onto the non-relativistic
basis relevant for the interaction with the nucleus. A second crucial limitation occurs if
the DM momentum is large enough that the pointlike-nucleon approximation inherent in
eq. (4.2) loses validity.

The impact of the above approximations may be explored using the public codes
DirectDM [90-92] — that accounts for renormalization-group effects from the UV scale to
the scale of the (non-relativistic) interaction with the nucleons — and DMFormFactor [74,
76, 77] — which estimates the non-trivial dynamics due to non-negligible momentum trans-
fers between the DM and the nucleon.
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We performed a detailed comparison between the prediction obtained within the ana-
lytic approach of egs. (4.3)—(4.6) and the numerical estimate obtained within the DirectDM
and DMFormFactor codes. The analytic approach of eqs. (4.3)—(4.6) yields a prediction in
agreement to < 25% with the numerical estimate, provided M, < 400GeV, and for any
M, 2 200 GeV the numerical prediction is lower with respect to the analytic result by a
factor of < 2 for M, < 1.5TeV. This conclusion holds for any choice of vy within our
fiducial range (see eq. (2.19)).

This comparison is in agreement with the expectation that, for M, light enough, the
DM Compton wavelength — of order vg/c x M, = 1073M,, where vy is the typically
assumed RMS velocity of the DM halo distribution — is not sufficiently large to resolve
the inner nucleon structure, so that the pointlike-nucleon approximation is tenable.

We conclude that, for M, masses in the range required by the relic-density constraint,
300 GeV-1.5TeV, use of the analytic prediction of eqs. (4.3)—(4.6) will produce direct-
detection bounds that are somewhat stronger — yet quite realistic — than those produced
with numerical codes. In section 5 we will compare this analytic prediction with the latest
bound obtained by the XenonlT experiment [72].

5 Results

The relic-density and direct-detection constraints discussed in the previous sections rep-
resent significant phenomenological input for our model. We summarized our parameter
space in eq. (2.18) and discussed how B-decay discrepancies and collider constraints lead
to the preferred ranges in egs. (2.19)—(2.20). In this section we discuss to what extent such
ranges are compatible with those imposed by the DM relic-density and direct-detection
constraints.

Quite remarkably, the g4 and sinf,,, ranges in eq. (2.20) are also favored by direct-
detection constraints, as illustrated in figure 3. Here we show the DM-nucleon cross-section
> 0. As

q12
discussed in section 4, experiments yield severe limits, as strong as Ué\{ < 107%cm?. As

o] discussed around eq. (4.3), as a function of g4 for increasing values of sin 6

the figure shows, these limits can be comfortably satisfied with the choice sinf,, < 0.2
and g4 > 3.1

Therefore, the constraints from Z’ and G’ direct searches on the one side, and from
DM direct detection on the other side, identify one and the same region for g4 and sin 6, .
Although a correlation between the suppression required to DY-produced Z’ and the sup-
pression required to Z’-mediated DM-nucleon scattering may be expected just by crossing
symmetry, the coupling combinations involved in the two processes are entirely different.
Besides, it is non-trivial that couplings in compliance with Z’ searches would also yield a
DM cross-section on nucleons as small as 1074 c¢cm?.

We next discuss the behavior of sinf,,,, g4 and vrg as a function of the DM mass
M., when the relic-density and direct-detection constraints are imposed. In figure 4 we

show as colored rays the regions selected by the constraint Qgh? in the M, vs. vrg plane.

1 As an alternative, one may advocate sinf,,, > 0.25 and g4 < 2, but the constraint would be satisfied
in (or very close to) a fine-tuned region.
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Figure 3. The DM-nucleon cross-section (see eq. (4.3)) as a function of g4 for different choices of
the mixing angle sin ;,, and v = 3TeV. See text for details.
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Figure 4. DM constraints in the M, vs. vrq plane. Colored rays fulfill the Qoh? constraint within
+15%. Grey regions, with sin 6, fixed at the displayed value, are excluded by XenonlT [72]. See
text for details.

The constraint is imposed with £15% accuracy, corresponding to the error we attach to
its calculation — see discussion in section 3. The different rays refer to different choices of
N, whereas g4 = 3 following our above discussion. We see that the vrg range in eq. (2.19),
plus the Qph? constraint, allow to identify the following, indicative M, ranges

260,720] (N =1)
3) . (5.1)
5

)

M, [GeV] € [450,1190] (N

570, 1460] (N
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Figure 5. Colored rays fulfill the Qoh? constraint within £15%. The gray region corresponds to
an on-shell intermediate U; leptoquark (see text for details).

Also shown in different shades of gray depending on sinf,, € {0.2,0.25,0.3} are regions
excluded by direct detection. It is clear that, for sinf,, = 0.2 and vrg > 3TeV (see
eq. (2.19)), only a tiny fraction of the parameter space is excluded by direct detection, and
mostly for N = 1.

It is interesting to also test the dependence of the region selected by the Q¢h? constraint
on g4, rather than on vrg. We show such dependence in the two panels of figure 5,
corresponding to vrg set to 3 and 5TeV, respectively. We see that the dependence on g4
is actually very weak, especially if this coupling is large. The figure also shows the region
where M, > My /2, that we excluded for simplicity. In fact, as the U; becomes on-shell,
2 — 3 and 2 — 4 decay channels open up, whereas we restricted to 2 — 2 processes in the
calculation of ofg.

The dependence of the Qgh? constraint on M, vs. vpq or g4 shown in figures 4 and 5
can be captured simultaneously in figure 6, that shows this constraint in the plane vy vs.
g4 for a few reference values of M, and of N, represented as isolines. The figure shows at a
glance that within the fiducial vz range of eq. (2.19), the relic-density constraint can be
comfortably satisfied whatever the choice of IV, and also nearly irrespective of the choice
of g4 — which, as we discussed, is instead constrained by direct detection.

Finally, figure 7 displays the allowed parameter space in the M, vs. sinf,,, plane, with
gs = 3. The colored ‘curtains’ show the region excluded by direct detection, depending
on the choice of N. Similarly as figure 3 and the ensuing discussion, this plot shows that
direct detection tends to prefer small sin 6,,,, the upper bound for a given M, becoming
stronger as N increases. As discussed earlier, imposing the relic-density constraint plus
the vrg range suggested by B discrepancies yields the indicative M, ranges in eq. (5.1).

These ranges are not reported in figure 7 to limit clutter.
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Figure 6. The Qph? in the vig vs. g4 plane. Along the isolines, the Qh? constraint is fulfilled for
the value of M, specified along the line itself.
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Figure 7. DM constraints in the M, vs. sinf,,, plane, with g4 = 3. The colored ‘curtains’ denote
regions excluded by XenonlT [72].

6 Comments on Dark-Matter indirect detection

Beside direct-detection searches, our DM candidate may be constrained by so-called
indirect-detection signals, namely by cosmic rays produced in DM annihilations in the
Milky Way and elsewhere. Out of the numerous channels probed by experiments, three are
relevant and potentially constraining for our model, namely xx — vy, 777~ and WTW~
(for a recent review see [93]). As already noted below eq. (3.14), the W W™ channel has
a smaller cross-section than the 777~ one. As the experimental bound is also weaker for
the W flux [94], we focus hereafter on the two other channels.
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Figure 8. Left: velocity-averaged DM-annihilation cross section to 77 at present time. The grey
area denotes the region excluded by HESS [94], whereas the blue band represents the prediction in
our model. The dashed line is the value required for {(ov)o to saturate the Qh? constraint. Right:
W — x contribution to o(xoxo — v7) for N = 3,5 and corresponding bounds from HESS [95] and
Fermi-LAT [96]. See text for further details.

The present-day xoxo — 77 cross-section, velocity-averaged within the Milky Way,
may be estimated using egs. (3.15), (3.17) and the fact that z-dependent terms are com-
pletely negligible. In this respect, we will denote such cross-section simply as owv, following
a similar notation used throughout the literature. We obtain

a(xoxo = TT)v ~ NO'O(I)|f({£i}):6‘§?‘2+3|§g‘2 , (6.1)

where the choice of f({¢'}) specializes (1) to the xoxo — 77 case.

This cross-section is displayed in figure 8 (left). The width of the prediction corresponds
to the range of vz values compatible with the Qoh? constraint for a given M, and taking
into account the accuracy of 15% we attach to the Qgh? calculation — see discussion in
section 3. The dashed line shows the value required to obtain the full relic density, if this
were the only annihilation channel. Our prediction is below the current HESS bound [94],
but close to it.'> An improvement of the limit by a factor of a few would offer a valuable
probe of our scenario. Actually, an interesting question would be how much more exposure
in this channel would lower the bound at the level of the signal.

We next turn to the xoxo — 7y channel. Although x¢ is electrically neutral, this
process occurs at one loop via W —x or U; —1) exchange. As regards the W —y contribution
alone, given that M, > My, one may consider the well-known large- M, calculation, which

12The HESS bound we show is the one obtained with the Einasto profile [97], producing the most
constraining bound among the different DM-distribution profiles considered by ref. [94].
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yields (cf. e.g. [58, 98])

2 2
2 T Q)

~ (N? - 1)2[Cem™
ov = ( Toaz,

~(N?=1)2-2x107%cem3s™!. (6.2)
The W — x contribution vanishes in the NV = 1 case, but is expected to yield the dominant
constraint in the N = 3,5 cases. This one-loop result may undergo enhancements due
to non-perturbative effects that become important in the v < ¢ and M, > My limit,
as elucidated in [98-101]. This enhancement is a multiplicative factor R with respect to
the 1-loop perturbative result. Defining e = My /M, and 8 = v/c with ¢ the speed of
light in the vacuum, R may be studied [102] in the two-parameter space of the ratios
ag/e vs. a/B, where ag = g3/(4n) is the involved gauge coupling. With typical values
ag/B ~ 30, ag/e ~ 0.4, one can see that the perturbative result in eq. (6.2) can undergo a
non-perturbative correction 2 < R < 3.

The cross-section in eq. (6.2) — including the R enhancement factor just discussed —
may be compared with the 95% CL experimental bound in refs. [95, 96]. This comparison
is shown in figure 8 (right), where the displayed uncertainties on the W — yx predictions
come from the enhancement factor R. Assuming that interference with U; — 1) exchange
diagrams does not significantly reduce the cross-section, already in the case N = 3 we

obtain a velocity-averaged cross-section in excess of 10~2cm3

-s7! for M, in the range
of interest to us (cf. eq. (5.1)). The figure also shows the observed exclusion lines from
HESS [95] and from Fermi-LAT [96] in the respective M, ranges, and assuming a NF'W [103]
distribution for DM. We see that at face value this constraint favors N = 1, and strongly
disfavors NN > 5.

For N =1, a detailed analysis of the U; — ¢ amplitude would be required since this
is the only contribution in this case. Such a calculation is also interesting for N = 3,5
in order to determine the interference terms. An accurate estimate of the xoxo — 77y
cross-section in our model along these lines will be interesting to further test its different
scenarios against data. Such comparison will also depend in an important way on the model
assumed for the distribution of DM in the Milky Way — keeping in mind that different
such models imply different ‘best’ regions of interest within the Celestial dataset at each
given M,. We reserve such study to future work.

7 Conclusions

We investigate a possible common description of the only hint of physics beyond the SM in
collider searches — the B-decay discrepancies — and of one of the strongest phenomeno-
logical indications of new physics — the existence of Dark Matter.'3

We adopt the 4321 gauge ansatz, a well-motivated, UV-complete, calculable setup for
explaining the B anomalies based on the gauge group SU(4) x SU(3)" x SU(2);, x U(1) x. To
this ansatz, we add a minimal DM sector, represented by a fermionic multiplet sitting in
the fundamental 4 of SU(4) and in a representation of SU(2);, with odd dimension. After

13Such common description has also been studied elsewhere in the literature, see [104-131].
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the breaking to the SM group, this multiplet gives rise to a DM candidate and a colored
co-annihilation partner with mass ~ 10% larger.

We find that the parameter space selected by collider and B-physics data is also the one
favored by DM phenomenology, in particular by the constraints imposed by direct detec-
tion. These parameter choices include the 43(2)1 symmetry breaking scale vg € [3,5] TeV,
< 0.2.

q12 ~

large SU(4) gauge coupling g4 ~ 3 and small light-quark mixing parameter sin ¢
Within this parameter space, direct-detection signals happen to be below the severe bounds
imposed in particular by XenonlT. For vq in the above mentioned range, the requirement
of the correct DM relic density is easily fulfilled with a DM mass between about 250 GeV
and 1.5 TeV, depending on the SU(2), representation, and on the vy value.

In short, we find our setup neatly compatible with the most accurate DM observations
— the relic density and the limits imposed by direct detection. Interestingly, while the
new particle in 4321 models that is mainly responsible for B-physics discrepancies is the
Uy LQ, it is the Z’ that plays the leading role in DM phenomenology.

It is also interesting that the model may be constrained by indirect-detection signals,
in particular by DM annihilations into two photons. A first look into this channel seems
to show a preference for the smallest possible SU(2);, DM representation — the singlet.
Clearly, a complete calculation, along with an accurate modeling of the astrophysical as-
pects of the problem, could offer a powerful and novel set of tests.

The study of this class of models thus warrants further scrutiny, especially if the B
anomalies will be consolidated by forthcoming measurements.
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A Fermions in 4321 models

The fermion sector of the model contains the SM fermions, the 1) and x, as well as other
heavy vector-like (VL) fermions that mix with the SM fermions. While the mixing of the
SM fermions with the heavy VL fermions is important for the couplings of the SM fermions
to Uy, Z', and G’, the VL fermions themselves are not relevant for the DM dynamics as
long as their masses are larger than M, + M, , which we assume in the following.

A.1 The SM fermions

Due to the mixing with the heavy VL fermions, the SM SU(2); doublets are in general
linear combinations of the fields W49 and Wy o shown in table 3, while the SM SU(2)y,
singlets are linear combinations of ¥4 and ¥y ;. To avoid large flavor violating effects, we
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Su@) | su@y | su@); U(l)x
Uy 4 1 2 0
v, o v, 1 301 2 +io—3
v, @ vy, 4 1 1 +io—3
(Ty, @ Ve )@ (VY & U5 ,) 1 331 1 +io-Ho e -1
b bl b b 3 3
UpM 4 1 N —|—%

Table 3. Quantum numbers of fermions in the model. Fields with the same quantum numbers as
the SM fermions are denoted by W;;, where I € {4,1} and J € {2,1} are the dimensions of the
SU(4) and SU(2)}, representations, respectively. Upy is the multiplet containing x and 1.

align the mixings between SM fermions and heavy VL fermions in the basis in which the

down-quark mass matrix is diagonal (cf. e.g. [47]) such that the mixings are flavor-diagonal
for the fields

. VEdd . I , . , .
¢ = ( JC;ZL L) 7 0= (i) , g, [ eq, Vg, (A.1)

where V is the CKM matrix. A misalignment between the quark and lepton components
of Wy 9 is implemented by embedding the components \I/Z’Q and \1151,2 that have a flavor-
diagonal mixing with \111{72 and \I/fQ, respectively, as

~ i .
) T 7 Vi ’ .
v, Wij W,

where W is a unitary matrix parameterizing the misalignment. For simplicity, no misalign-
ment but only a phase difference is introduced for the quark and lepton components (\I/il

and WY ,), and (¥, and ¥§ ) of ‘Pl,p and \Ilil, respectively, i.e.

gl = F4ar ) pk = TA ) A3
4,1 <€z¢'/i\1’ilz 4,1 €Z¢ei\I/ilZ ( )

Consequently, the SM fields can be expressed as

q' = cos b, (\p‘h)i + sin 0, (‘I’Z,z)iy

= cos by, (\Ilf2)i + sin 6y, (‘1’51,2)i7
uR = cos Oy, (‘Iﬂﬁ)l + sin by, (\Ilz,l)‘zv (A.4)

= cos by, (\I"l’{l)Z + sin O, (‘1’2,1)1,

e = cos b, (\I/fl)’ + sin 6, (\Ili,l)ia

Vi = cosf,, (T ,) +sind,, (‘I’Z,l)i'

)
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The couplings of the SM fermions to the new vector bosons are given by
Lo > =P 7, (& air"al, + € "l + €5 Dy

2v/6 cos 041
— 3 (6Tt + € Epren + & T vR) ),

, o . A5
Lo D os 943 G"’ </—£l ch“T"qZ + /{Z ﬂﬁv“T“u}z + Ky ZRVMTadﬂ;E), (A.5)
o, > LU (B2 + B il + B Th ) + e
where
fifl =sin?f,, —sin®fs3, K =sin?Gg, —sinO3, ki =sin’@,, —sin®f,3,
g =sin®0,, —sin®Oy, & =sin*0y,+2sin* 04, & =sin®0,, —4sin’0y, A6)

f@ =sin? Oy, —sin?0y;, 52 = sin? O, —2 sin 04, 55 =gin? Oy,

B e—smﬁ Wijsinby, ,Bde—sm0d sinf,. e“z’ez =sinf,, sinf,, e“i)”z.

Ul/

The above parameterization is general enough to recover the couplings between SM
fermions and the heavy vector bosons in several 4321 models in the literature. In par-
ticular, the following special cases can be considered.

e Traditional 4321 models. In “traditional” 4321 models [45, 47], all three generations
of left-handed SM fermions are each a mixture of a 4 and a 1 of SU(4), while all right-
handed SM fermions are purely singlets of SU(4). This corresponds to the choice

sinf,, = sinfy, = sinf,, =sinf,, =0, (A.7)

The misalignment matrix W is usually chosen to be CP-conserving and to mix only
the second and third generation, i.e.

1 0 0
W =10 cosfrg sinbrg | . (A.8)
0 —sinfrg cosfrg

Consequently, the only free parameters in the fermion sector are
9(11 ’ 9!12 ’ 0(13’ 051 ) 6@2 ) 9@3 ) eLQ . (Ag)

The number of parameters can be further reduced by the following phenomenolog-
ically motivated assumptions [47]:

— A U(2) symmetry in the quark sector, i.e. 65 = 0y, can be employed to
suppress tree-level FCNC in the up-quark sector that are mediated by the Z’
and G'. Without such a U(2) protection, excessive contributions to AC' = 2
observables would be possible.

— The first-generation lepton doublet can be taken to be purely a singlet of SU(4),
i.e. 0y, =0, to be safe from LFV due to U; couplings involving the electron.
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Making both of the two above assumptions and defining 6,,, = 6, = 04,, the only
free parameters in the fermion sector are

00120 Ogs5 Oty Ou, 0L (A.10)

If one further maximizes third generation couplings' by taking 045 = O3 = 5, the
set of parameters further reduces to

9(1127 GZQa HLQ- (A]_l)

e Flavored 4321 models. In “flavored” 4321 models [48-51], all third generation SM
fermions are fully unified into 4 representations of SU(4) and only the left-handed
first- and second-generation fermions are each a mixture of a 4 and a 1 of SU(4).
This corresponds to the choice

sinfy, =sinfy, =sinb,, =sinbdy, =sinb., =sinb,, =1,
sinf,, =sinb,, =sinfy, =sinfy, =sinb,, =sinb,, =sinb,, =sind,, =0, (A.12)

eiPes = —1.

The misalignment matrix W is usually chosen as in eq. (A.8). Consequently, the only
free parameters in the fermion sector are

0(117 0(127 9317 0[27 HLQ (A13)

Making the above described assumptions to reduce contributions to AC = 2 observ-
ables and LFV electron couplings, the set of free parameters in the fermion sector is
reduced to

0410, 0, OL0- (A.14)

A.2 The fermions in the DM sector

We consider a DM candidate x that, together with its coannihilation partner ¢, is part of
a vector-like 4 of SU(4) denoted by ¥pnm (cf. table 3). The couplings of x and ¢ to the
new vector bosons and the gluons are thus given by

g4 / - _
o> 7z mp — 3€ XMy )
N (&p vy" — 38 x"'x)

Lo D Ky GEYPyHT YY) |
¢ = cos 043 v G T (A.15)
L D gsGuiy"T Y,

94 + 7
£U1 D) EUM w’)/MX‘f' h.C.,

MMaximizing only the left-handed third-generation couplings, i.e. unifying the third-generation quark and

Lz

lepton doublets in a pure 4 of SU(4) while keeping the right-handed third-generation fermions pure singlets
of SU(4) might be problematic for generating the large Higgs Yukawa coupling in the third generation. In
such a case, a “flavored 4321” as described below might be preferable.
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where
@, =1—-14 SiIl2 941 ) fx =1 y /iw = COS2 943 . (Alﬁ)

While the above couplings are independent of the representation N of SU(2) under
which Wpy transforms, the couplings to the W and Z bosons are clearly different for
different representations. The coupling of Z to a field ¥y transforming as a N of SU(2),
and having hypercharge Y is given by

9
S@W

Lz D U (TR —sin? O Q)" U N Z,,, (A.17)
co

where T]?(, is the diagonal generator of SU(2) in the IN representation and the electric

charge is defined by Q =T ]3\, +Y. The coupling of W# to a field ¥y transforming as a N

of SU(2)y, is derived from the covariant derivative

UniD V" UN D Un (10, + gWITH) V" U
g = + — =

) E\IJN Wy Ty + W, TN (A.18)

_ 9

5 W:_ \i’N’Y“TJJ\r, YN + h.c

S5

where T3 = TA £ T%;.

B Mass splitting

In order to determine the one-loop mass splitting, we compute the pole masses of the
components of a VL fermion multiplet. It is possible to obtain these pole masses in a way
that is applicable to a large set of different spontaneously broken gauge groups. To this
end, we consider a gauge group G x H’ that is spontaneously broken to its subgroup H,

Gx H — H, (B.1)

where G has a subgroup HY C G that is isomorphic to both H’ and the unbroken H, i.e.
H' =~ H =~ H®, and H is the diagonal subgroup of H% x H'. We take G to be a simple
group and H' to be semi-simple and given by the direct product of simple groups H, as
H' = Hj x Hy x --- x H!.*> An analogous decomposition into simple groups H; and HY
applies to H and HS. We denote the gauge couplings of G, H!, and H; by gq, gu!, and
gH;, respectively, and we note that the gauge couplings of all simple group factors of H G
are equal to gg. It is convenient to define mixing angles 6; by

ci = cosb; = gHi, s; =sinb; = k; gHi, (B.2)

9H! e

where k; is a normalization factor relevant in case of an abelian group H; = U(1) and corre-
sponds to the normalization of the U(1) charges. For non-abelian H;, we set k; = 1. After
the spontaneous symmetry breaking G x H' — H, there are dim(H ) massless vector bosons

1511 case of a semi-simple G = G1 X G2 X - - - X G, One can treat each simple group factor G; separately.
The results given here for a simple group G can therefore be generalized easily to a semi-simple G.
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that are linear combinations of the H' and HS gauge bosons. The orthogonal linear combi-
nations constitute dim(H) massive vector bosons with masses Mp,. In addition, all vector
bosons associated with the coset G//H become massive and have the common mass Mg/ .

We find it illustrative to show how the above described spontaneously broken gauge
group is a generalization both of the EW group in the SM and of the 421 part in 4321
models.

e For EW symmetry breaking, G = SU(2)r, H = U(l)y, and H = U(1l)em. The
couplings are gg = g, gu' = gy, and gg = e. In this case, there is only a single mixing
angle that can be identified with the weak-mixing angle, § = fyy. Thereisdim(H) =1
massless vector boson, which can be identified with the photon, dim(H) = 1 massive
vector boson, which can be identified with the Z, and dim(G/H) = 2 massive coset
vector bosons that can be identified with W=*. If one defines the electric charge Q as
Q@ = T5+Y, where T3 is the diagonal generator of SU(2);, normalized as tr[T573] = 1/2
for the fundamental representation, then k = 1.

e For the 4321 breaking, G = SU(4), H; = U(1)x, H), = SU(3)’, H; = U(1)y, and
Hy = SU(3)c. The couplings are g = g4, gu; = 91, 9uy = 93, g, = gy, and
9gH, = gs. In this case, there are two mixing angles 61 = 64; and 03 = 6,43. There are
dim(H;) = 1 plus dim(H3) = 8 massless vector bosons, which can be identified with
the B and the gluons, dim(H;) = 1 plus dim(Hz) = 8 massive vector bosons, which
can be identified with Z’ and G’, and dim(G/H) = 6 massive coset vector bosons
that can be identified with colored U*. In order to be able to use the conventional
normalization of the electric charge defined by @ = T5+Y, one has to set k; = /2/3.

We now consider a VL fermion multiplet that transforms under a representation R
of G and under representations Ry, of the H/. Note that since the fermion multiplet is VL
under G x H’, all of its components transform under G and H’ in the same way. However,
the components transform differently under the subgroup HS and under the unbroken
group H. A given multiplet component £ transforms under representations TEG of the Hf
and under representations r%i of the H;. The one-loop pole mass can then be expressed
in terms of the quadratic Casimir invariants of the different groups and representations
involved. In particular, we denote them as follows:

e CY(Rg): quadratic Casimir of the R representation of G,

o Ofl( Rpy): quadratic Casimir of the Ry, representation of I},

HG
o Gy (qu_a

(3

): quadratic Casimir of the 7"2(; representation of HZG ,

° CQHi (T%,) quadratic Casimir of the rfqi representation of H;.

Each multiplet component £ receives contributions to its pole mass from three different
kinds of one-loop diagrams.
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1. From the massive vector bosons that transform in the adjoint representation of H
and have masses Mpg,,

2 2
Si H’ S: H;, & ]\4[{1 ~
+ 55 C5 (R ) — 5 O = K(M
-t ( 2 O (R =505 ) [ (S ) + L)
(B.3)
2. From the massless vector bosons that transform in the adjoint representation of H,

g M
16 72 k2

0= S o 0%, ) KO, ) (B.4)

3. From the massive vector bosons that correspond to the G/H coset and have mass

MG/H?

Sesm - %62 (02 A ) (P e k| @)

In the above expressions, K (M , i) is a divergent term that depends only on the VL fermion
mass and on the renormalization scale p, while f(r) is a finite loop function given by

(ct. [58])

fr)y=r*lnr—r24 - \/ 4(r’+2) In <g g 7«2—4—1> . (B6)
The £ pole mass M can then be written as
M¢=M — Sy — S — Sa/p - (B.7)

It is interesting to note that the contributions from the massless vector bosons, eq. (B.4),

exactly cancel the divergent and scale-dependent terms in eq. (B.3) that are proportional
to C’H (r H, ). Similarly, the divergent and scale-dependent terms proportional to C HE (r%c)
cancel between eq. (B.3) and eq. (B.5). All remaining divergent and scale-dependent terms
are either proportional to C§'(Rg) or C’;I l{(RHZ(), i.e. these terms are the same for any
multiplet component and therefore cancel in the mass differences. Consequently, the £ pole

mass can be written as

e S g [ () (52)] o ()

(B.8)
where I collects all terms that are the same for each multiplet component and is given by

o) o (5 o]
(B.9)
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Using the result for the one-loop pole mass, we find a generic expression for the relative
mass splitting between the components £ and 1 of a VL fermion multiplet,

= M0 5 (el 08B ) [ (M) - ()]

+55 (fhus -l 1))f<Mf“>}, (B.10)

M

which is finite and scale-independent at one-loop.
Given the generic result, it is straight forward to consider the special cases of the EW
gauge group and of the 4321 models.

e For the EW gauge group, the unbroken group is abelian. Thus, the quadratic Casimir
invariants are simply given in terms of squares of U(1) charges. This yields

Y =mT=(Q-Y)?, i =@, (B.11)

and we find
2

@@y [ () -1 (57))]
phe@-@r () ),

which coincides with the well-known result (cf. e.g. [58]).

A&n =

e For the 43(2)1 gauge group, the unbroken group contains one abelian and one non-
abelian factor. The quadratic Casimir invariants are

CflG:T15T15:g(Y—X)2, ci = y?, -
B.13
G
052 _ CQSU(3)4 , CQHQ _ CQSU(?’)L- 7

i.e. the Casimir invariants of the abelian groups can be expressed by the U(1) charges
Y and X, while those of the non-abelian factors are SU(3) Casimir invariants.

For our DM candidate y and its co-annihilation partner v, the Casimir invariants
are given by

HE 3 HS
Gr=5, G'0=0, G*()=0, G*(x)=0,
(i [ 1 g 1 4 (B.14)
2 (w)—ﬁ7 2 (¢>_§’ 2 (w)_gv 2 (w)—§>
such that the ¥ — x mass splitting is
2 2
97 1 3 My My 357 4 My
167 24 8 M M 2 9 M (B.15)

()5 (5)) s ()

which can be simplified to

2
sl () oo () i (3)).

— 30 —



C Cross-sections of processes entering the estimation of the relic density

Due to the dependence of the cross-sections on the fourth power of the couplings, contri-

butions to the effective cross-section eq. (3.14) boils down to those involving new heavy

gauge bosons and gluons. The contribution of the latter being additionally suppressed by
the mass of the DM candidate, we found

o i s (2M7 +s)
512%031 \/8% — 4sM>% (5 — M%,)2
(C.1)

3
x ) (217 + 1€l + [€al + 32l& + l&e” + 1€4P)
=1

7

XY~ gi ((My — My)? = 5) ((My + My)* + 25)
576 2
W\/s2 — 25 (M2 + M2) + (M2 — M2)? (s — M2) o
3 3 3 (C2)
74 v
x |2 IBEP+DIBFP+D 18P |
i,j=1 i=1 i=1
40, 12 s(2M2+ s) 3
Vb~ Jaliyl D@L+ |k + K - (C.3)

3247 cly m (s — M&)* io
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