PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: July 30, 2020
REVISED: December 14, 2020
ACCEPTED: December 21, 2020
PUBLISHED: February 8, 2021

Composite Dark Matter and a horizontal symmetry

Alexandre Carvunis, Diego Guadagnoli, Méril Reboud and Peter Stangl

Laboratoire d’Annecy-le-Vieur de Physique Théorique UMRS5108,

Université de Savoie Mont-Blanc et CNRS,

B.P. 110, F-74941, Annecy Cedex, France

E-mail: carvunis@lapth.cnrs.fr, diego.guadagnoli@lapth.cnrs.fr,
meril.reboud@tum.de, stangl@itp.unibe.ch

ABSTRACT: We present a model of composite Dark Matter (DM), in which a new QCD-like
confining “hypercolor” sector generates naturally stable hyperbaryons as DM candidates
and at the same time provides mass to new weakly coupled gauge bosons H that serve as
DM mediators, coupling the hyperbaryons to the Standard Model (SM) fermions. By an
appropriate choice of the H gauge symmetry as a horizontal SU(2);, SM flavor symmetry, we
show how the H gauge bosons can be identified with the horizontal gauge bosons recently
put forward as an explanation for discrepancies in rare B-meson decays. We find that the
mass scale of the H gauge bosons suggested by the DM phenomenology intriguingly agrees
with the one needed to explain the rare B-decay discrepancies.
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1 Introduction

New massive particles that only weakly interact with the Standard Model (SM) particles,
the so-called weakly interacting massive particles (WIMPs), are among the most promising
explanations of Dark Matter (DM) [1, 2]. One main challenge in constructing viable WIMP
models is the requirement that the DM candidate has to be stable on time scales of the
order of the age of the Universe. Quite generically, such stability requires the presence
of an approximately unbroken global symmetry, one famous example being R-parity in
supersymmetric DM models. In the SM, the only global symmetry that provides stability
to a heavy particle is the U(1)p baryon symmetry. It protects the lightest baryonic bound
state from decaying to leptons, thus providing the proton with a mean lifetime of more
than 10% years [3]. An immediate question is then whether in an extension of the SM, a
symmetry similar to the U(1) g baryon symmetry could provide stability to a DM candidate.
Such an extension can be given by a new QCD-like confining “hypercolor” (HC) sector, in
which hyperquarks are charged under an accidental U(1)gp hyperbaryon symmetry. These
hyperquarks form baryonic bound states, the hyperbaryons, which are rendered stable by
carrying non-zero U(1)yp charges and are thus potential DM candidates.!

1Several models with a composite DM made stable by a similar symmetry mechanism have been pro-
posed. Those we are aware of include [4-26]. For a review, see [27].



In addition to hyperbaryons, such a construction also leads to hypermeson bound
states formed by a hyperquark and an antihyperquark. Carrying zero U(1)yp charge, the
hypermesons are in general unstable. Furthermore, without an explicit breaking of the
hyperquarks’ chiral symmetry, the lightest hypermesons are massless Nambu-Goldstone
bosons (NGBs). The appearance of phenomenologically unacceptable massless scalars can
be avoided in two ways. Lagrangian terms that explicitly break the chiral symmetry can
generate a potential for the NGBs, turning them into massive pseudo NGBs (pNGBs) [28].
An example are the pions in QCD, which are massive because the quark mass terms
explicitly break the quarks’ chiral symmetry. The second possibility to avoid massless
NGBs is the gauging of an appropriate subgroup of the chiral symmetry. In this case, the
corresponding gauge bosons become massive due to the Higgs mechanism and the would-
be NGBs become the gauge bosons’ longitudinal degrees of freedom. Among these two
possibilities, the latter one is particularly interesting in the context of a DM model since
the gauging of a subgroup of the chiral symmetry implies that the corresponding gauge
bosons, which we denote by H, couple to the hyperbaryon DM candidates. If these H gauge
bosons also couple to some of the SM particles, they then not only solve the problem of
massless NGBs, but they could also serve as mediators to a dark sector naturally endowed
with a stability mechanism.

Interestingly, in this setup, the masses of the hyperbaryons X are related to those of
the gauge bosons H by

m, ~ 10vgC where vHaC = 2mp /g (1.1)

with g the H gauge coupling and vy the NGB decay constant associated to the dynamical
breaking of the chiral symmetry by a hyperquark condensate. Unitarity arguments suggest
that the mass of a thermal relic DM candidate cannot exceed 340 TeV [29]. Taking the
hyperbaryons X as DM candidates, eq. (1.1) then implies

vac S 34TeV . (1.2)

This puts the H gauge bosons in the mass range probed by flavor physics experiments.
Intriguingly, current data on rare B-meson decays shows deviations from the SM predictions
in several measurements, most notably in the theoretically clean lepton flavor universality
ratios Ry(+) [30-33], which hint at new physics (NP) at a scale well compatible with
eq. (1.2) [34]. The discrepancies in rare B decays can be explained by NP contributions to
the b — s¢f transition [35-40], which can be generated at tree level either by leptoquarks
or SM-neutral bosons. An immediate question is whether the H gauge bosons can play
the role of such tree-level mediators contributing to the b — s¢¢ transition. They could
be leptoquarks only if the chiral symmetries of the hyperquarks contained at least the SM
SU(3)¢ and U(1)y groups as subgroups. However, in this case the hyperbaryons would in
general not be SM-neutral DM candidates.? On the other hand, in the case of SM-neutral H

2In a model featuring a leptoquark that explains the B-discrepancies and gets its mass from a QCD-like
hypercolor sector, SM-neutral hyperbaryons could be formed e.g. from two types of hyperquarks transform-
ing in different representations of the HC gauge group [41].



gauge bosons, the hyperbaryons are naturally SM-neutral, thus allowing them to be viable
DM candidates. A main challenge for models explaining the b — sf¢ discrepancies in terms
of SM-neutral tree-level mediators are too large NP contributions to Bs-Bs mixing [44].
However, such large contributions can be avoided if the mediators are the gauge bosons
of a gauged horizontal SU(2);, flavor symmetry [45]. We are thus led to a well-motivated
model with the following features:

e A new QCD-like confining hypercolor sector generates baryonic bound states of hy-
perquarks, the hyperbaryons, which are SM-neutral and stable and are thus natural
DM candidates.

e Massless NGBs are avoided by gauging an appropriate subgroup of the hyperquarks’
chiral symmetry, resulting in massive gauge bosons H.

e The H gauge bosons are coupled to SM fields by identifying the H gauge group with
the diagonal subgroup of part of the hyperquarks’ chiral symmetry and a horizontal
SU(2);, flavor symmetry of SM fermions. This allows the H gauge bosons to address
the discrepancies in rare B-decays as proposed in [45].

e The H gauge bosons couplings to hyperquarks and SM fermions as described above
allows them to play the role of the DM mediators, opening the possibility of a fully
calculable DM freeze-out scenario with the hyperbaryons as DM candidates.

The remaining parts of this paper analyzes the DM phenomenology of this construction.
The details of the model are discussed in section 2. In section 3 we investigate possible
bounds from DM direct detection. Our prediction for the DM relic density and a discussion
of the viable parameter space allowing for an explanation of the observed relic density are
presented in section 4. In section 5 we conclude.

2 Model

In order to illustrate the idea in our paper, let us start from a known example: two-
flavor QCD. In the absence of explicit mass terms, the left- and right-handed u and d
quarks transform as doublets, (ur,, d,)” and (ug, dg)”, under the global symmetry groups
SU(2)r and SU(2)g, respectively. The global chiral symmetry group is therefore G, =
SU(2)r x SU(2)g. This symmetry is spontaneously broken to Hy = SU(2)y by the quark
condensate (urupr + drdp + H.c.) # 0 at the scale f; ~ 93MeV. The consequence are
Goldstone bosons spanning the coset space G, /Hy, the known pions. As well known, the
SU(2)r, group is actually gauged, and this gauge symmetry is spontaneously broken also
by the Higgs vev v = 246 GeV. Because of the hierarchy f, < v, the pions contribute
negligibly to the longitudinal degrees of freedom of the SU(2) gauge bosons.

Pursuing the analogy, one may introduce two flavors of new massless vector-like
fermions, F5 and F3, charged under a new strong force, corresponding to the gauge group

Guc = SU(N)guc that will be denoted by hypercolor.> In order to be able to use known

3Following existing literature, this naming denotes vector-like confinement, or a new chiral-symmetric
QCD-like force, see in particular [46-50].



results from QCD for otherwise incalculable quantities (cf. section 4.1), we fix N = 3. Just
like in two-flavor QCD, these new fermions transform as doublets Ff, = (Far, F31)? and
Fr = (Far, F3r)T under the global symmetry groups SU(2)f and SU(2)§, respectively.
The chiral condensate* (ForFor + FarFag + H.c.) o UI?EIC breaks the chiral symmetry
group G7 = SU(2)] x SU(2)% to the diagonal SU(2){. Then, if either SU(2){ or SU(2)%
is gauged, this gauge symmetry, to be denoted by SU(2), is also spontaneously broken
by the chiral condensate. As a consequence, the SU(2), gauge bosons H}} acquire mass,
and the would-be Goldstone bosons of the spontaneously broken group supply the H}} lon-
gitudinal polarizations. One therefore ends up with a H}; boson triplet, whose transverse
polarizations are elementary, while their longitudinal ones are composite FF bound states.

Concretely, it is SU(2)% that we choose to gauge, and identify with SU(2), the hor-
izontal gauge symmetry introduced in ref. [45]. There, it is assumed that 2"d- and 3'd-
generation left-handed SM fermions transform as doublets under SU(2)y,

Q = (gh,g5)", L = (5157, (2.1)

with g5 3 and Iy 3 denoting the SM quark and lepton doublets of generation index 2,3.5
Such construction was advocated in ref. [45] to account for discrepancies in b — sf¢. More
quantitatively, the SU(2), x SU(2)7 symmetry-breaking scale vyc can be related to the
effective scale pointed to by the SM b — sf¢ Hamiltonian ’Hgﬁs. Such scale bounds the
ratio between the mass of the horizontal bosons m g, and the coupling gy of the horizontal
symmetry [45]. Using my = ggvnc/2, this translates into the indicative range

vpe € [10,30] TeV (2.2)

which is nicely compatible with the bound in eq. (1.2).

Due to the fact that LH SM fermions are charged under SU(2);, while RH SM fermions
are not, the usual Higgs Yukawa couplings are forbidden by gauge invariance and can only
arise after the spontaneous breaking of SU(2);. Two options to accomplish this are:

e The SM Higgs is part of a larger scalar multiplet that transforms non-trivially under
SU(2);, in such a way that it can have gauge-invariant Yukawa couplings with LH
and RH SM fermions. This option would lead to an enlarged Higgs sector.

e The SM fermions mix with new fermions that are vector-like (VL) under the SM
gauge group and transform non-trivially under SU(2), in such a way that gauge-
invariant Higgs Yukawa couplings between the new VL fermions and SM fermions
are possible. This option allows for a minimal Higgs sector but requires an enlarged
fermion sector.

In the following, we focus on the latter option since an enlarged fermion sector is required
also for another reason. In a model containing only the SM fermions and the hyperquarks

“Note that in QCD one has (Gu + dd) = —2 B f? ~ —167 f3.
5As we will discuss below, the prime denotes SM fields before EW-scale flavor mixing and also before
hypercolor-scale mixing with vector-like new fermions.



F, there would be an SU(2);, gauge anomaly in case of an SU(N)pc group with odd N [55],
in particular for our assumption N = 3. In this case, the SU(2); gauge anomaly has to
be canceled by an enlarged fermion sector containing an odd number of SU(2); doublets.
We therefore introduce new RH fermions ¥y with the same SM quantum numbers as one
generation of RH SM fermions but transforming as doublets under SU(2);. In addition, we
introduce two sets of new LH fermions \I”L with the same SM quantum numbers as W but
transforming trivially under SU(2);,. Furthermore, we assume the presence of an ‘extended’
hypercolor (EHC) sector that generates at least one of the four-fermion operators®

cij - o
L (U, UR)(FrFi) + hec.,

v (U4 W R)en(FLFr) + hec., (2.3)
EHC

Afme
which both generate a vector-like mass term for ¥ once the hyperquarks condense. Here,
€, is the anti-symmetric tensor of SU(2),. Some speculations about how the effective
interactions in egs. (2.3), as well as the Yukawa terms in eq. (2.4) below, may arise from a
UV-complete model are collected in appendix B.

All fermions in the model and their quantum numbers are collected in table 1. The
possible gauge invariant and renormalizable couplings between SM fermions, new fermions
W, and the Higgs field ¢ are given by

LD — Ak ghuiyhlh AR g ghlk AR get ok
—yh et —yk G odE — oy gk (2.4)
—yu QLEVE —yp QLo VE —yp L oV,

where the coefficients A denote mass-mixing terms between the ¥ and SM fields, and the
indices i € {2,3}, k € {1,2,3}.

By way of SM- and W-fermion field redefinitions in flavor space, the above mixing
Lagrangian leads to the ordinary SM Yukawa terms. The detailed derivation is presented
in the appendix. The DM phenomenology to follow depends on the Yukawa sector only
through the matrices leading from the primed basis to the mass eigenbasis for quarks. In
fact, quarks only communicate with the DM sector through the exchange of horizontal
bosons, i.e. through the interaction introduced explicitly in eq. (3.1).

A further comment is in order. Although the horizontal symmetry involves only LH
fermions of the 2" and 3" generation, the field redefinitions necessary to obtain the fermion
mass eigenbasis will induce also contributions involving the first generation, as discussed
in ref. [45]. In turn, the latter induce potentially large shifts in meson-mixing observables
such as K° — K? and D® — D°.Specifically, in ref. [45] it is argued that flavour mixing
can be arranged to have all flavour-changing effects in the up sector, resulting in mixing
contributions to D® — D only. In such a scenario, the resulting new-physics contribution
to the mixing observable zp is a factor 10 above the measured value zp ~ 1072 [59)].
We remark however that the corresponding SM result for xp = Amp/I" suffers from very
large uncertainties, and could be several percent, because on the one hand yp = AI'/(2T) is

SHere we use the denomination ‘extended’ similarly as in extended technicolor [56, 57], namely to denote
dynamics designed to account for fermion masses.



Field | SUB3)uc | SU(2), | SUB). | SU2)r | U)y
Q) 1 2 3 2 +1/6
L, 1 2 2 —1/2
;! 1 1 3 2 +1/6
o} 1 1 1 2 —-1/2

uhy?? 1 1 3 1 +2/3

dpy? 1 1 3 1 ~1/3

e?? 1 1 1 1 -1
A 1 2 3 1 +2/3
yrd 1 2 3 1 -1/3
W 1 2 1 1 -1

AR 1 1 3 1 +2/3

gld%s 1 1 3 1 ~1/3

A 1 1 1 1 ~1
Fr 1 1 0

Fo 3 1 1 1 0

Table 1. Quantum numbers of SM-like fermions (first block), new vector-like fermions ¥ (second
block), and hyperquarks F (third block).

naturally of order few x 1072 (see e.g. [60]), and on the other hand Amp may be comparable
in magnitude to AT (see e.g. [61]). In this case, agreement with the measured zp as the
result of a cancellation between the SM and the new-physics contribution implies a mild
fine-tuning around 10. In a more general phenomenological analysis, where flavour mixing
is not necessarily aligned in the up-quark direction, one would have lesser effects in D° — D°
as well as non-zero effects in down-type mixing observables.” Such detailed flavour analysis
is well beyond the scope of the present paper. For our purposes, the working hypotheses
of an SU(2), horizontal plus an SU(3)uc symmetry need not be clearly ruled out by data.

2.1 NGBs and baryon Lagrangian: the DM sector

The SU(3)uc-charged Fr g fermions will form bound states. Interestingly for the DM
phenomenology to follow, and as discussed in the Introduction, among these states, the
lightest baryonic ones will be stable because of the accidentally conserved hyperbaryon

"These effects may be further tamed by increasing the SU(2),-symmetry scale, at the price of predicting
smaller discrepancies in b — s data [45].



quantum number. Having fixed the dimension N of the hypercolor space, N = 3, the
multiplicity of states is also fixed. It is easy to see that one obtains a quartet of spin-3/2
states, plus a doublet of spin-1/2 states, the latter being the lightest states.® In analogy
with the proton and the neutron of regular isospin, these two states will be

Xp ~ FoFoF3,  Xxn~ F2F3F3, (2.5)

where 2,3 label the flavor index. Scaling up the proton mass m, (see also discussion in
section 4.1), we assume m, = myvac/ fr, with fr =93 MeV.

Let us now turn to the discussion of mesonic states. F.F states are analogous to QCD’s
pions in the sense that they are the result of chiral SU(2)7 x SU(2)% symmetry breaking
at the scale vpc, while the pions are the result of SU(2);, x SU(2)r breaking at the scale
fr. Furthermore, the SU(2), appearing in two-flavor QCD and the SU(2)£ appearing in
the HC sector are both gauged. However, there is also an important difference between the
QCD pions and the hyperpions. The SU(2), gauge symmetry is actually also broken by the
Higgs vev at the scale v = 246 GeV. Both symmetry breakings generate NGBs, resulting
in three Higgs NGBs and three pion NGBs. A linear combination of the Higgs NGBs and
the pion NGBs forms the longitudinal polarizations of the SU(2), gauge bosons, while the
orthogonal linear combinations constitute the physical pions. The latter become massive
pPNGBs due to the quark masses that are generated by the Higgs vev. Since the scales v
and f, are vastly different and the mixing angle o between Higgs NGBs and pion NGBs
is given by the tiny tan o = f /v ~ 4 x 107, the longitudinal polarizations of the SU(2),
gauge bosons are essentially the Higgs NGBs and the physical pions are essentially the
pion NGBs. The situation is different in the HC sector, where the only symmetry breaking
of the gauged SU(2)% = SU(2),, is the chiral symmetry breaking. Consequently, there are
only the three hyperpion NGBs and they become exactly the longitudinal polarizations of
the SU(2);, gauge bosons.

We next discuss the Nambu-Goldstone boson (NGB) and baryon Lagrangian in detail.
Our aim is to determine the Y, , interactions with SM matter, that are necessary for the
DM phenomenology to follow. Apart from the differences mentioned above, the general
structure of the Lagrangian that describes the interactions between the x, , baryons, the
FF mesons and the SU(2);, bosons is largely analogous to the structure of the pion-nucleon
Lagrangian [63, 64]. We will follow the line of argument and normalization conventions
in ref. [65].

Given our chiral group G¥ = SU(2)7 x SU(2)%, one introduces the field

211
Q =exp (’L ) ; (2.6)
UHC

with IT the ‘hyperpion’ field IT = TI* 7% | and T'* = 7%/2 with the Pauli matrices 7%. Further
denoting the elements of the global SU(2)% and SU(2)% symmetries as L and R, one has

8Similarly as in Gell-Mann’s ‘eightfold way’, such multiplets are obtained by first taking the fully sym-
metric irrep under spin x flavor, in our case SU(2 x 2), which yields a 20, and then decomposing the latter
into a direct sum of irreps under SU(2) ® SU(2), which yields (2,2) + (4,4).



that  transforms as

Q- Q' =RQL'. (2.7)
The NGB Lagrangian at leading order in an expansion in derivatives is given by
2
Lxcs = ”I}TC tr[(DM Q) (D" Q)T] , (2.8)

where the covariant derivative reads

D,Q=0,Q—ir,Q+1Ql,. (2.9)
The currents [, and r, are in our case given by

l,=0, Ty =—gg H;T". (2.10)

Consequently, the NGB Lagrangian can be written as
V2 1 .
Lo = <1 tr [aﬂ Qo QT] 5 Hi H — im v tr [, (9" ) QT] , o (2.11)

where the first term is the pure NGB Lagrangian, the second terms yields a mass for the
vector bosons with my = %gH vic, and the third term leads to interactions between a
vector boson and the NGBs. Using the definition of 2, one can expand

P 2i 1/ 2i\?2 1/2i\°
@ = =9+ = (— ) [Lo"I)+ = ( — ) [ILILO*I] +... (2.12)
VHC 2! \ vge 3! \ vuc

such that the third term in eq. (2.11) becomes
a a 9H _abc rya 17b c
£NGBDmHHu8“H —76 HNH OFIIC+ ... . (2.13)

We observe that this leads to an inconvenient term that is linear in both Hj and II* and
corresponds to a mixing between gauge bosons and NGBs. However, this term can be
removed by a gauge transformation. To this end, we fix the gauge by adding the gauge-
fixing Lagrangian

1
Lop = & tr[Gy Gr), where Gp = 0"H, + &g myl, (2.14)
which results in
1 1
Lop = _Ea“Hﬁa“Hl‘j—ifgm%]H“H“—mHHl‘j@“H“. (2.15)

The first term yields the gauge-fixing condition for Hj;, the second term is a {f-dependent
mass for the II* fields, and the third term exactly cancels the unwanted mixing term
in ﬁNGB-

We now turn to the matter field X = (xp, xn). The latter transforms linearly as the
fundamental irrep under the isospin subgroup SU(2){; with elements V. We can there-
fore write

XS VX. (2.16)



Having defined our dynamical fields 2 and X and their chiral-symmetry transformation
properties, we can now introduce the leading effective ‘hyperbaryon’ Lagrangian. First, we
introduce the X covariant derivative

iDX = (10, + i, + v X (2.17)
such that D, X transforms like X'. Here

iTy, = % [wT(c'?# —ir)w 4 w8, — il )w'| (2.18)
where the external gauge currents 7, and [, are given in eq. (2.10), and in our case v,(f) = 0.

The field w is defined such that w? = Q and it transforms as
w—w =RwK (LR w), (2.19)

with K an SU(2)-valued function of its arguments, in particular w(z)-dependent. In the
case of an isospin transformation R = L = V one has K(V,V,w) = V, namely the w
dependence drops. The most general Lagrangian describing pion-nucleon interactions with
the smallest number of derivatives takes the form

_ u
Ly =X (le —my +9ga 7“757M> X (2.20)

where u,, is the so-called vielbein defined as

7“ =3 [wT(f)u —iry)w — w(0y — zlu)wq . (2.21)

The above Lagrangian generates interactions between x and horizontal gauge bosons
H as well as FF mesons. Standard manipulations of the Lagrangian in eq. (2.20) lead to
the following interaction terms including one or two boson fields

¥ 1 14
Lyx D X[ g Y HZL <Ta _ R gabe 10 Tc) (31475>
(2.22)

+igHgA&fy5H+ 12 ,.)/ue,_:abc(aul—[a)Hch:|X7
M 2 Vo

where the parameters m, and g4 are the chiral limits of the X-multiplet mass and of the

axial vector coupling of the multiplet to the hyperpions.

From eq. (2.22) we can read off all the yx interactions that are necessary for the
phenomenology to follow, in particular horizontal-boson exchange — relevant to DM direct
detection — as well as one- or two-boson exchange — in principle relevant to the DM relic
abundance. As concerns the latter case — discussed in detail in section 4.1 — the problem
of estimating the relevant cross section resembles very closely the determination of baryon-
antibaryon annihilation close to threshold, for which we have abundant data. These data
actually suggest that the yy-annihilation amplitude that one can estimate perturbatively
from eq. (2.22) represents a sub-dominant contribution with respect to other contributions
that cannot be captured with the Lyx Lagrangian, and that will be estimated directly
from data.



3 Dark-Matter direct detection

Both the DM multiplet and quarks interact with horizontal bosons. Therefore DM can
scatter onto nuclei via the tree exchange of SU(2);, bosons, and DM direct-detection (DD)
data may in principle offer a separate probe of the vyc scale.

The DM-H; interaction relevant for such process may be read off from eq. (2.22). As
concerns (light) quark-H} interactions, also relevant for such process, the discussion in
appendix A yields the following Lagrangian terms

Loy = _9H<ﬂLU2HULuL +CZLDTLHDLdL
+ag ULUY YUY " Ugug + dg DLUS T U Dy dR) , (3.1)

where u,d denote up- and down-type quark fields in the mass eigenbasis. For ease of
notation, we will henceforth use the redefinitions

UL — UL, DL — DL,
UY"“Up = Up, UYDp — Dp . (3.2)

Since the momentum flowing through the H-boson propagator is way below its mass,
one can write the following local interaction Lagrangian

Leg =

2

g S ua (19475 - a N —
T, et (SR8 ) | (a2 RY) 4 > U DY

(3.3)

where in the first squared bracket 7% denote the SU(2);, generators, whereas in the second
squared bracket 7% are 3 x 3 matrices defined by

To = <O T@) . (3.4)

The quark bilinears in eq. (3.3) are to be evaluated between external nucleons. Under
the assumption (whose validity we will discuss below) that both initial- and final-state
nucleons are at rest, the required matrix elements may be parameterized as follows

(N dlN ) l=r=0 = F{™ (0) an ()" un (),
_ N\ =
(N @y 50N (0)) [p=pr=0 = 2™ (0) an (0 )y vsun () - (3.5)
The forward Fj 4 form factors can be parameterized as customary (see e.g. [66])

N
FIN(0) = nlY

FYN(0) = AqY (3.6)

counts the number of valence quarks ¢ within nucleon N (e.g. nk = 0). Besides

where nf]V

we use

AuP =0.90, AdP=-0.38, As’=-0.03, (3.7)
with Aq¢™ obtained by isospin exchange.

~10 -



The DM — N (with N = p,n) elastic cross section can then be written as

N M3
oV = I (Vy +3g5AN) , (3.8)
7T’UHC

where the two terms on the r.h.s. are usually denoted as spin-independent (SI) and respec-
tively spin-dependent (SD) in the literature. The constants Vy, Ay are defined as

1
VN = 52 |X€'N’2,

An = 5 S, (39)
with
Xty =ny (Ugr+U1) +n) (Dp+ DY),
X%y = AuN(UR - UT) + AdN (DR — DY) + As™ (8% — 57), (3.10)
and

Uin= (U xTUr) . Din=(DLaT"Drr) . Sip=(DLaT"DPrr),
(3.11)
A numerical survey of eq. (3.8) yields

10 Tev\*
o ~1.09 ( 0 ev) 1074 em? x [0, 3], (3.12)
VHC

where the last factor on the r.h.s. provides the range of values spanned by the Vi +3g4 An
factor in eq. (3.8) as the Uy r and Dy r matrices are scanned over with the constraint
U}DL = Vekw (and no other constraint, in particular from flavor 0bservables).9 ‘We remark
that, even for Vy + SQiAN as large as it gets, oV remains safely below (a naive high-mass
extrapolation of) the XenonlT bound [67], keeping in mind that for vgc > 10TeV, one
has M, > 100TeV.

As well known, the analytic approach leading to eq. (3.8) has a number of limita-
tions, that have been discussed in refs. [68-85]. Among them is the necessity to include
renormalization-group running effects from the scale of the effective interaction between
the DM and the quarks, down to the scale of the recoil energy that is measured in DM
direct-detection experiments. This effect may be estimated by the DirectDM [66, 84, 85]
code. Another potentially important effect is the departure of egs. (3.5) from the static
limit, whereby one introduces form factors depending on ¢2, with ¢ = p’ — p. This effect
may be quantified with the DMFormFactor [69-71] code.

%In this scan we took g4 = 1.27, as in QCD. In doing so, we assume that QCD’s g4 at scales well below
QCD'’s confinement scale should be similar to HC’s ga at scales well below HC’s confinement scale. This
should be the case if Nuc = Ng, if the non-perturbative dynamics is in both cases dominated by the two
lightest (hyper)quarks, and if one can neglect (hyper)quark masses. We also note that Ay < Vn, hence
ga does not need to be fixed very precisely.
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In our context, where the analytic procedure yields a direct-detection signal safely
below experimental limits, the above effects would be relevant only if they enhanced the
signal by orders of magnitude. Ref. [86] found that actually the numerical estimate obtained
with the DirectDM plus DMFormFactor codes is lower with respect to the analytic result,
by a factor not exceeding 2 for M, < 1.5TeV and for the interaction strength considered in
that work. We extended that analysis to our case where the interaction strength is of order
1/v3c, with vge in the range in eq. (2.2), and where M, = 10vgc (see below eq. (2.5)).
We find again that aﬁlalytic > Jrﬁmerml, by a factor close to 4, i.e. even larger than in
ref. [86]. This fact is not surprising, because even if the DM approaches the nucleus with a
momentum of order M, v, with v ~ 1073, the recoil energy does not increase indefinitely as
M, increases, but instead it reaches the maximum value M v (2v)2/2, with My the mass
of the nucleus V.

4 Dark Matter relic density

We wish to estimate the relic density of our DM multiplet X at present time, Qgh?. The
first step towards this end is the determination of QA% at the ‘freeze-out’ temperature Ty.
In our case of a single, mass-degenerate, DM multiplet X', T is determined recursively
from the ‘matching’ relation [87, 88|

In 0.0389effMp1mX <0'eff'l)>

: (4.1)
P

Ty =

where x5 = m, /Ty, g* is the number of effectively relativistic d.o.f. at Ty and geg the
number of internal d.o.f. of the X, given in our case by

et = 20p (4.2)

and g, = gp is the number of internal d.o.f. of the x;, or x, particles.'?
The main dynamical quantity, in eq. (4.1) as well as in the other steps towards deter-
mining Qoh?, is (oegv). In our case of mass-degenerate y; [88]

1
Oeff = ZZO‘U, (4.3)
17]

where ;5 is the annihilation cross section of x; and x; and 7,5 € {p,n}.
The second step towards obtaining Qoh? is to estimate the post-freeze-out annihilation
efficiency J [88, 89

o0
JE/ <aefgv>dx, (4.4)
T
g
whence Qoh? can be estimated as'!
45 1 1.07 x 10°GeV 1
Qoh? =/ =20 = ~ T/2 EASI (4.5)
T Pe g " Mp1J g« “Mp1J

0Remembering the definitions in eq. (2.5), Xp.n although e.m.-neutral, cannot be Majorana fermions,
hence gp,n = 4.

"One can derive this relation by using H(T) = +/873¢./90 T?/Mp), s = 27°¢.T3/45 and p. =
3H3/(87G ), with H(Tp) = Ho = 100h km/ (s Mpc), as customary.
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4.1 Calculation of (o.gv) and J

For composite baryon-like objects like the y, the dominant processes contributing to yx
annihilation take place in the strongly coupled regime such that it is not straightforward
to calculate the cross section from first principles. In particular, as known from nucleon-
antinucleon annihilation (for reviews, see e.g. [90-93]), an important role is played by
processes in which quarks and antiquarks inside the baryon and antibaryon are rearranged
into mesons. In this case, even without an actual annihilation of the quarks, baryon and
antibaryon are “annihilated”. Other important processes are those in which some of the
quarks and antiquarks actually annihilate via the strong interaction. Given that these
processes happen in the strongly coupled regime, other weakly coupled interactions like
QED in the case of nucleon-antinucleon annihilation or the SU(2);, interactions in the case
of xx annihilation play a subdominant role.

Since our strongly coupled sector resembles two-flavor QCD and the x fields are very
similar to proton and neutron in QCD, we estimate the Y annihilation cross section by
scaling up experimental data on nucleon-antinucleon annihilation from the scale of the
proton mass m, to the scale m, (a similar assumption was adopted in ref. [17]). Before
doing so, it is worth pointing out the expected differences between the QCD and HC cases
that are not related to the overall scale. These differences — that are sources of potential
uncertainty — include the following:

e Nucleon-antinucleon annihilation data display a certain degree of isospin depen-
dence, but we are unable to determine whether the latter is significant. In fact,
in [94] neutron-antiproton annihilation is roughly a factor 0.75 smaller than proton-
antiproton annihilation. While this might be an effect mostly at low pp,, due to
electromagnetic attraction of p and p, we are not aware of any study that quantified
such effect. On the other hand, according to [91] the differences between the proton-
antiproton and neutron-antiproton annihilation cross section are not significant. As
detailed below, we perform our DM-phenomenology calculations with several differ-
ent fits, collected in table 2, and use the spread of the predictions obtained as an
estimation of this error.

e In nucleon-antinucleon annihilation, approximately 5% of the resulting mesons con-
tain strange quarks (see e.g. [91] and references therein), which are not present in
two-flavor QCD. Due to the absence of analogous annihilation channels in the case
of xx annihilation, we should, in principle, lower the scaled-up cross section by 5%,
and add a 5% one-sided uncertainty accounting for our naive treatment. In practice,
since the uncertainties inherent in our DM-phenomenology calculations, notably that
of the relic abundance, are not smaller than 10% [88], we neglect the above error.

e The masses of NGB final-state mesons are the consequence of Lagrangian terms that
explicitly break the global diagonal SU(Q)gC ) (hyper)isospin symmetry. In QCD,
isospin is explicitly broken by the quark masses, which leads to a ratio of the pion
mass and decay constant m,/fr ~ 1.35. Then, in nucleon-antinucleon annihilations

such effect distorts the zero-meson-mass result by terms that are expectedly of order
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(my/mn)? ~ 2%. In our setup, hyperisospin is broken by the gauging of SU(2)y,
such that the hyperpions become the longitudinal polarizations of the horizontal
gauge bosons. The ratio of their mass and the hyperpion decay constant vygc is
mp/viac = gi/2. Therefore, for large gp the effect might be similar in size to the
one in QCD, while for small gj; the effect might be smaller than in QCD. We conclude
that this effect may also be neglected.

e The masses of non-NGB final-state mesons like the vector mesons are non-zero also
in the chiral limit. Furthermore, for (hyper)quark masses that are small with respect
to the confinement scale, the masses of these mesons are essentially independent of
the (hyper)quark masses (see e.g. [95] for a lattice study of the mass decomposition).
In our setup, the masses and couplings of the vector hypermesons can slightly be
affected by an expected mixing with the SU(2); gauge bosons. However, we expect
that this mixing does not change the overall cross section significantly. We therefore
overlook this source of systematic difference.

In the following, we will consider different fits to the nucleon-antinucleon annihilation cross
section, and scale them up from the nucleon to the m, mass scale. As we argued, the spread
across the predictions obtained from the different fits may provide a reasonable ‘envelope’
for the theoretical uncertainty associated with the differences between QCD and our HC
sector. Nucleon-antinucleon annihilation has been studied by many different experiments.
Several groups provide fits to experimental data on the annihilation cross section o,y using
the parameterization

1 m m2
O'ann:2<A+B p+C'2p>, (4.6)
my Plab Piap

where pj,p is the momentum of the antinucleon in the rest frame of the nucleon and m,, is
the proton mass. Fit results are shown in table 2. In most fits, the coefficient C' is set to
0. A non-zero C can provide a slightly better fit at pj,p, around 75 MeV [96], corresponding
to v ~ 1071, More generally, data used in the fits in table 2 span the velocity range [0.05,
0.9], which includes the velocities ~ 10~! relevant to our freeze-out dynamics.

We assume that the y;x; annihilation cross section o;; can be parameterized as in
eq. (4.6) with m, — m,, and that it is hyper-isospin independent, i.e. o;; = aann‘mp_)mx,
which, using eq. (4.3), yields
(4.7)

Oeff — Uann‘mp%mx .

In order to compute the thermally averaged cross section (oegv) and the post-freeze-out
annihilation efficiency J, an expansion at low velocity and large x = m, /T is commonly
employed [100]. However, the low-velocity expansion does not converge for a cross section
of the form as the one given in eq. (4.6). Therefore, in the following, we perform the
thermal averaging without such an expansion. To this end, we consider the definition of
(0egrv) in terms of the integral [101]

(0erv) = Kif) / Ty iy — 1) EKy(20v7) oen(y) (48)
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Fit # | Ref. | NN | plap [GeV] A B C
1 94] | pp | [0.26,0.47] 86 84 0
2 97 | pp | [0.40,0.60] | 66.5+4.1 | 77.142.2 0
3 98] | pp |[1.90,1.96] | 19.2+57 | 98.1+3.1 0
4 | [94,99] | np |[0.26,0.47] 63 63 0
5 [96] | N7 | [0.05,0.40] | 150.4+6.8 | 48.042.2 0
6 96] | N7 | [0.05,0.40] | 199.9+10.6 | 23.9+4.1 | 2.5+ 0.4

Table 2. Fit parameters describing experlmental data on nucleon-antinucleon annihilation param-
eterized as Ganny = (A +BI O

Plab lab
rest frame of the nucleon and m, is the proton mass. All dimensionful parameters in [94, 96-98] have

been expressed in units of m,, such that the coefficients A, B, and C used here are dimensionless.

) where pi,p is the momentum of the antinucleon in the

where K, is the modified Bessel function of the second kind of order «, and we introduce the
dimensionless variable y = s/(4 mi) with the Mandelstam variable s denoting the square of
the yx center-of-mass energy. Changing variables in eq. (4.6) using plap = 2my /4% — ¥,
the integral (4.8) can be expressed as

Afo(z) + B f-1(x) + C foa(2)

2
my

(OeffV) = (4.9)
where the functions f(x) can be given in terms of Meijer’s G functions and the subscript &
corresponds to the power of pia1, in eq. (4.6). Since (o.gv) is evaluated only for > ¢ = 30,
it is convenient to expand fi(z) in powers of 1/x, which yields

22tF (2 4 k/2) (k) cn
frlz) = 7 1+ Z (4.10)
where the first three coefficients ¢, (k) are given by!?
% 7 5
Cl(k)__TG—I_Zk—{—Ek’
1 171 4 2
o) = 205 1T, 34340 3905 2 g (4.11)

512 64 256 64 012
11 2
03(k):—8 ) 55k—6795k2—@k3— 375

2048 © 256 ° 1024 256 2048
Using these results, it is straightforward to determine the post-freeze-out annihilation effi-

ciency J from eq. (4.4). We express it as

Ago(xs)+Bg1(xy) +Cgalzy)

J = 4.12
i , (4.12)
where
2R T (24 K/2) _(348), N 3+k cn(k)
1 E . 4.13
9x(zs) = NACE * “3+k+2n a} (4.13)

12YWe verified that this series converges so quickly that terms beyond c¢1 provide corrections way below 1%.
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Figure 1. Left panel: present DM relic density as a function of vyc for the different fits in table 2
(see text for details). The thick horizontal gray line represents the measured value Q¢h? = 0.12.
Right panel: estimate (see text for details) of the velocity-averaged DM-DM annihilation cross
section into anything else, (oannv), as a function of the DM mass, for the same fits as the left panel.

4.2 Qoh? prediction

We can now use the thermally averaged cross section in eq. (4.9) to determine Qgh? via
egs. (4.1), (4.4) and (4.5). It is interesting to note that ours is basically a one-parameter
model, because the only quantity we can toggle is vgc — within the range in eq. (2.2), with
my ~ 10vgc, see below eq. (2.5). The Qoh? prediction as a function of vyc is presented
in figure 1 (left panel). The different lines correspond to a xx annihilation cross section
estimated from the different fits in table 2. Each line should be attached a theory error of
around 10% in the prediction of Qgh?, due to the analytic procedure we used to estimate
the relic density [88]. This error is not reported in the figure to avoid clutter. Quite
remarkably, the measured value Qph? = 0.12 is easily reproduced for vgc in the range of
eq. (2.2), for any of the fits in table 2. In particular, the Qoh? constraint tends to select
vge =~ 20TeV and the spread of actual values due to the different fits is no larger than
about 15%.

One further comment is in order. Since our model has naturally stable hyperbaryons,
one could speculate on the possibility of producing a hyperbaryon asymmetry as the mech-
anism behind the observed Dark-Matter abundance. This would lead to an ‘asymmetric
Dark Matter’ scenario (see [102] for a review, and refs. [4, 6, 103-111, 115-120] for pio-
neering work in this direction).'®> While we cannot exclude this possibility, translating it
into a prediction for € is a highly model-dependent question. In particular, such pos-
sibility would require the presence of hyperbaryon-number-violating interactions,® hence

13In the context of our specific model, a possibly workable construction may be in the spirit of
refs. [121-123].
' One simple example is the operator LoX /Afigy, with L = (I2,13)T, X = (xp, x») and ¢ the Higgs field.
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to hyperbaryon decay at potentially too large a rate. We emphasize, on the other hand,
that our scenario is an example of a baryon-DM scenario leading naturally to a fully calcu-
lable DM abundance, arising from well-understood freeze-out dynamics. We believe such
calculability to be a merit of our setup.

4.3 Comments on Dark-Matter indirect detection

The annihilation cross section in eq. (4.6) may also be used to place conservative upper
bounds on the distortions in the measured cosmic-ray fluxes that our DM candidate may
give rise to when annihilating. Limits on the cross section o(yx — X) for DM-pair
annihilation to a given final state X are usually given as (o(xx — X)v), see e.g. [124].
We have

(o(xx = X)v Z o(xx = X)v) = (Tann¥) & Oann X U, (4.14)

where in the last step we take v ~ 10_3 (see e.g. [125]). In figure 1 (right panel) we show the
r.h.s. of eq. (4.14) as a function of the DM mass, where we set pja, = 1073 m,. We see that,
with one exception, all the fits produce a velocity-averaged DM-DM annihilation (total)
cross section below 3 x 10725 em? /s for m, > 70 TeV (corresponding to vgc > 7 TeV). This
cross section is safely below the bounds in e.g. refs. [126, 127] for the same DM mass, while
for higher DM masses the bounds are expected to be weaker and the prediction smaller. The
one exception is fit 6, whose prediction is a factor between about 30 and 50 larger than the
other fits’. However, none of the fits takes into account data for relative nucleon velocities
as low as 1073, which corresponds to pip, = 1MeV. In fit 6, the lowest data points are
given for a [50,100] MeV bin. More recent data is available from an experiment measuring
p-nucleus annihilation at pj,, = 15 MeV [128]. Under the assumption aé\fﬁ’; x ZAY3 valid
at very low energies for the p-nucleus interaction [129, 130], this data can be rescaled
to the pp case. Doing so, one finds that fit 6 clearly overshoots this data already at
Plab = 15 MeV, indicating that it may give much larger values for even smaller momenta.
Given also the conservative nature of our estimate via eq. (4.14), i.e. the actual annihilation
cross section in a given channel can be orders of magnitudes smaller than our estimated
total annihilation cross section, we may conclude that our model is on the safe side of
indirect-detection bounds.

This discussion underlines the importance of obtaining nucleon-antinucleon data at
Plab as small as 1 MeV, even though this might be very challenging. In fact, such data
would provide very useful information for baryon-like DM scenarios.

5 Conclusions

We extend the SM by two flavors of massless vector-like fermions F charged under a new,
‘hypercolor’ (HC), strong force. An automatic outcome of this setup is the fact that the F
fermions are endowed with an accidentally conserved hyperbaryon number, which makes
the lightest hyperbaryons stable, and as such potential candidates for Dark Matter (DM).

The UV completions in appendix B do not generate such terms since they conserve hyperbaryon number.
It may however be interesting to relate the scale Agpyv with the size of the DM asymmetry.
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We then gauge the SU(2); diagonal subgroup of two global SU(2) symmetries, one in the
HC sector and the other one in the SM. The former is the chiral symmetry SU(2)£ of right-
handed hyperquarks, while the latter is the horizontal flavor symmetry of the two heavier
generations of left-handed SM fermions. This gauging has several desired consequences:

e A mass term for the SU(2),, gauge bosons is generated by the chiral symmetry break-
ing in the HC sector and the corresponding NGBs become the longitudinal polariza-
tions of the SU(2);, gauge bosons.

e The SU(2);, gauge bosons couple to the SM fermions in such a way that they can ad-
dress experimental hints for lepton universality violation in b — s data, as advocated
in [45].

e The SU(2), gauge bosons connect the baryon-like DM candidates in the HC sector
to the SM fields, thereby playing the role of the DM mediator.

In order to generate the SM Higgs Yukawa couplings in the presence of the chiral SU(2)
gauge group, additional fermions W are introduced. These fermions are vector-like under
the SM gauge group but their right-handed components are charged under SU(2);. They
obtain masses from an ‘extended hypercolor’ mechanism as the F fermions condense, they
mix with the right-handed SM fermions, and they have a Higgs Yukawa coupling together
with the left-handed SM fermions. The final SM-like Higgs Yukawa couplings are then
obtained from the mixing of right-handed SM fermions and ¥ fermions. All masses of
beyond-the-SM fields only depend on one single scale, the SU(2),-symmetry breaking scale
vac, which is set by the F-fermion condensate. It is expected to lie in the [10,30] TeV
range by the mentioned b — s discrepancies.

We study the phenomenology of the hyperbaryon DM, in particular its relic density,
expected to be produced by a mechanism of thermal freeze-out, and its direct-detection
signals. Because our model has, basically, one single scale, our DM phenomenology predic-
tions are functions of this one parameter. We find remarkable that the vic range mentioned
above yields the correct relic density for the lightest F hyperbaryons. In particular, the
relic-density constraint selects vpc ~ 20 TeV, corresponding to a DM mass m, ~ 10 vgc =~
200 TeV. The stringent bounds from direct detection are quite comfortably satisfied. So our
setup yields a composite DM candidate lying in the upper end of the mass range usually
assumed for WIMP DM.

Taking advantage of nucleon-antinucleon annihilation data, we also provide a conser-
vative estimate of indirect-detection signals of our scenario. In this context, we underline
the importance of nucleon-antinucleon data at pj,;, as small as 1 MeV, as they would offer
important insights on baryon-like DM scenarios.

In conclusion, within our setup the DM in the Universe is generated by an inherently
flavorful mechanism, a horizontal symmetry, and the DM mass scale is unambiguously
related to the horizontal symmetry breaking scale. Flavor discrepancies provide a two-sided
bound for this scale, and quite interestingly this very range produces a DM phenomenology
in accord with observations. Although our setup is inspired by the current anomalies in
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b — s data,'® the underlying idea may be easily adaptable to other collider discrepancies
pointing to the tree-level exchange of a new gauge interaction with a symmetry-breaking
scale in the tens-of-TeV range.
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A Mixing between SM and VL fermions
For each f € {u,d, e}, the 2x3 matrices Ay in eq. (2.4) can be singular-value decomposed as
Ap=UMTA USRS (A.1)

A A . . . N
where U Fand U Rf are 2 X 2 and 3 x 3 unitary matrices, respectively, and Ay is a 2 x 3
rectangular diagonal matrix with two non-zero positive entries. Without loss of generality,
one can perform the redefinition

A rk A kr
fH = (UR”) T (URf) : (A.2)
which entails that the mixing terms can be written as
Lo-AT W/ T (A.3)

where now 4,5 € {2,3}, i.e. with a slight abuse of notation, Ay can be restricted to be a

2 X 2 matrix given by
Ay = UffT Afv (A.4)

where A ¢ is accordingly a 2 x 2 diagonal matrix.
Once the hyperquarks F form the condensate

1
(FRFL) = =5 BF Vi 6aj ~ —47 viic daj » (#.5)

where « is an index of the gauged SU(2);, and j is an index of the global SU(2)7, the
four-fermion operators in eq. (2.3) yield the mass terms

lia (0 ria. _ Cia + Cia UIQ-IC
—myg® (VL ¥%) +hec., where mg” = Br ——. (A.6)
2 AEHC

Consequently, for each f € {u,d, e} there is a 2 x 4 mass-mixing matrix

My = (&g mly, ), (A7)

5For other studies of a possible connection between DM and current B-physics discrepancies
see [86, 131-159].
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such that
!
Lo -9/ M ( i}%) . (A.8)
R

The singular value decomposition of the matrix M } yields

e 24
My = (0 mys ) = UL 2} (gg,ff ggm) , (A.9)
R R
where Uy, is a 2 X 2 unitary matrix, the Ur are 2 x 2 submatrices of a 4 x 4 unitary matrix,
and mys is a 2 x 2 diagonal matrix with real positive entries. Using these unitary matrices
to transform the fields to the mass eigenbasis (before EW symmetry breaking), the SM
Yukawa matrices read

1 2 .3 f'f
yv— [ Y (yf yf)\IijUR ‘ (A.10)
O2x1 Yr UR !

B Possible UV completions

The non-renormalizable four-fermion operators in eq. (2.3) are assumed to be generated
from a (renormalizable) EHC sector. In this appendix, we demonstrate how such an EHC
sector could be constructed and can serve as a consistent UV completion of the necessary
non-renormalizable operators. To this end, we provide two examples:

e An extension in terms of a single heavy scalar field that, once integrated out, can
generate both operators in eq. (2.3). This very minimal construction is analogous to
bosonic technicolor [160].

e An extension of the gauge sector that results in new heavy vector bosons X, that
generate the first operator in eq. (2.3). In this case, additional four-fermion operators
are generated by the vector bosons accompanying the X, fields. Not all terms in
eq. (2.4) are invariant under the extended gauge symmetry and are only generated
once it is spontaneously broken. In order to generate the terms in the last line of
eq. (2.4), new vector-like fermions are introduced.

The field content and possible renormalizable couplings in these two UV completions are de-
scribed in the following. We note explicitly that both constructions preserve hyperbaryon-
number conservation.

B.1 Scalar extension

A new complex scalar field ® with quantum numbers (1,2,1,1,0) under SU(3)uc X
SU(2)5, x SU(3). x SU(2)r x U(1)y is introduced.'® This scalar has the Yukawa couplings

LD (e O + G ) FLFr — (Ysy ®F + Gy @) Ui UR + hec., (B.1)

Qur discussion focuses on the most straightforward viable example. Other, more complicated, scalar
sectors may be possible for the same purpose. E.g., given that ® has zero hypercharge, one may consider
a pseudoreal scalar instead. Also, our main discussion focuses on a hypercolor-neutral ®, but one could
likewise consider the possibility of complex scalars that are 3 of SU(3)uc.
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where €, is the anti-symmetric tensor of SU(2);,. At energy scales below the ® mass mg,
they lead to the effective four-fermion operators

You Yor + Uy Jor

2 (‘I’iL‘I’R)(ﬁR}-{) +h.c.. (B.2)
mg
and ' 4
Jow Yor T You Tor g ~j
-y (VLY R)en(F7FR) + hec.. (B.3)
®

B.2 Gauge extension

The ¥ and F fields are replaced by the unified multiplets ¢z, ~ (¢7,¢%, (%, ¢6)T and
Cr~ (Ch,CY, C]d{, ¢%)T, which are both fundamental 10 representations of an SU(10) unified
gauge group. In order to generate all necessary Yukawa couplings, also new vector-like
fermions &™“%¢ are introduced. The full gauge symmetry in the UV is SU(10) x SU(2), x
SU(3) x SU(2)r x U(1) with quantum numbers of all fermion and scalar fields shown
in table 3 and table 4, respectively. We note that the scalar sector in table 4 breaks
SU(10) x SU(3)" x U(1) to SU(3)uc x SU(3). x U(1)y. This can be achieved by the
subgroup embedding SU(10) D SU(3)uc x SU(7), for which the fundamental SU(10) splits
into a (3,1), corresponding to the hyperquarks F, and a (1, 7), corresponding to the unified
multiplet (¢%, (%, ¢¢)T. One further has SU(7) D SU(3)7 x U(1)7, for which the 7 splits into
(3, +%) @ (3, —%) @ (1, —1), corresponding to ¢%, ¢?, and (¢, respectively. With the above
notation for the subgroups, the QCD and hypercharge gauge groups can be identified with
the diagonal subgroups SU(3). = (SU(3)7 x SU(3)")diag and U(1)y = (U(1)7 x U(1)’)diag-
The fermion fields have the Yukawa couplings and mass terms

25— X G0l uff - N G whaf — G ol
- 5\u E/Lu @, Cr — 5\d g,Ld Q4 CR - 5\6 g/Le D, CR
~ A Q&R —Ap QLwlr —Ap L ¢ &x (B.4)
e €€ — i 16 - i €5 ¢
— Y 4 PUR —ya 4 wdi —ye I pel
as well as their Hermitian conjugates. The last line is present also in the IR theory, while

the first four lines generate the first and third line of eq. (2.4) at energy scales below the
scalar vevs (®, 4.). In particular, one finds

Alde = Mude (Pude) s Yu,p,E=AuD,E sinbyde, (B.5)
and d d d d d
u,a,e _ +lu,d,e u,d,e . uw,a,e _ #lu,d,e
gR = gR COs eu,d,e + CR s eu,d,e ) £L = £L )
1u,d,e u,d,e lu,d,e . lu,de _ ru,d.e
\IIR = CR COos Gu,d,e - €R Sin Hu,d,e ) \IIL - CL ) (BG)
F F
Fr= CR s JFL = CL ’
where the fermion mixing angles 6, 4. and the { masses mgu,a. are defined by
S\U d,e <¢)u d e> 3
: _ Uy sy _ 2 2
R \/ X2 g (Pude)? +m2 (B.7)
€u,d,e
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Field | SU(10) | SU(2);, | SU(3)" | SU(2)r | U(1)
Q) 1 2 3 2 | +1/6
L, 1 2 1 2 | —1/2
;! 1 1 3 2 +1/6
ot 1 1 1 2 —-1/2

T | 1 3 1| +2/3

dg®* | 1 1 3 1 | -1/3

A | 1 1 1 ~1

En 1 2 3 1 | +2/3

1% 1 2 3 1 -1/3
R 1 2 1 1 ~1
CR 10 2 1 1 0
P 10 1 1 1 0

Table 3. Quantum numbers of SM-like fermions (first block), new heavy vector-like fermions &
(second block), and unified fields ¢ ~ (¢F,¢%, ¢%, ¢)T (third block).

Field | SU(10) | SU(2), | SU3) | SU(2), | U(1)
0 1 1 1 2 | +1/2
D, 10 1 3 1| +2/3
D, 10 1 3 1 | -1/3
D, 10 1 1 1 ~1

Table 4. Quantum numbers of SM-like Higgs scalar (first block) and new scalars (second block)
that break SU(10) x SU(3)’ x U(1)" — SU(3), x U(1)y.

The heavy gauge bosons that receive their masses from the scalar vevs (®, q.) generate
the four-fermion operators

2(3059“"1*6‘/;,]@ i madie s =
TV @ @y IR T e (B8)

where the matrices V,, 4. denote the SU(Q){/T isospin misalignment between the \I//Li“’d’6 and
FI fields.
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