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ABSTRACT: We show how trinification models based on the gauge group SU(3)c xSU(3), x
SU(3) g realized near the TeV scale can provide naturally a variety of dark matter (DM)
candidates. These models contain a discrete 7' parity which may remain unbroken even
after spontaneous symmetry breaking. The lightest T-odd particle, which could be a
fermion, a scalar, or a gauge boson, can constitute the dark matter of the universe. This
framework naturally admits a doublet-singlet fermionic DM, a singlet scalar DM, or a
vector boson DM. Here we develop the vector boson DM scenario wherein the DM couples
off-diagonally with the usual fermions and vector-like fermions present in the theory. We
show consistency of this framework with dark matter relic abundance and direct detection
limits as well as LHC constraints. We derive upper limits of 900 GeV on the vector gauge
boson DM mass and 4.5 TeV on the vector-like quark masses. We also show the consistency
of spontaneous gauge symmetry breaking down to Standard Model times an extra U(1)
while preserving the T-parity.
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1 Introduction

Models based on the gauge symmetry SU(3)c x SU(3)r, x SU(3) g, termed trinification [1],
were proposed as grand unified theories where matter fields as well as the forces acting on
them are unified [1-5]. This is possible owing to the three identical SU(3) factor groups
by imposing a cyclic permutation symmetry among them. The three gauge couplings will
then all be equal at the scale where the trinification symmetry is realized. This scale turns
out to be of order 104 GeV in such a framework as can be inferred by extrapolating the
three gauge couplings of the Standard Model (SM) to higher energies.

The trinification gauge structure may be interesting in itself, without necessarily impos-
ing the cyclic permutation symmetry. In this scenario trinification can be realized around



the TeV scale, which would make it accessible directly to collider experiments [6-8]. Many
of the merits of the unified framework would be preserved in this setup, including the quan-
tization of electric charge (sine the gauge symmetry is non-Abelian), structure of matter
multiplets and inter-relations among fermion masses. These models are asymptotically free
and can be extrapolated all the way up to the Planck scale [6, 8], in contrast to the case
in the SM. Unlike unified theories based on simple groups such as SU(5), the trinification
symmetry group does not have gauge boson mediated proton decay, which facilitates its
realization near the TeV scale. It is this class of models with TeV scale realization that is
the focus of this paper.

The main goal of this paper is to show how a variety of dark matter candidates arises
naturally within the trinification framework, and develop the phenomenology of one such
scenario wherein the DM candidate is a vector gauge boson. Natural identification of
DM candidates is possible owing to a discrete trinification parity (7-parity) that remains
unbroken even after spontaneous symmetry breaking. The T parity is defined as

T = (—1)fstlnt?5 (1.1)

where Ig, and I3, are the charges (generalized isospins) under the diagonal generators Tgy,
of SU(3) and Tgr of SU(3)r and S is the spin of the particle. Previous studies of sym-
metry breaking in trinification models broke this 7" parity [2-7]. Here we show by explicit
construction how to consistently achieve symmetry breaking while preserving this T-parity.
The types of DM candidates that can arise within this framework are few and thus
predictive. The anomaly-free fermion representations of the theory contain new quarks and
leptons which transform chirally under the full symmetry group, but vectorially under the
SM gauge symmetry. These new vector-like fermions are T-odd, and the lightest neutral
particle among them may be identified as the DM candidate. The quantum numbers of
these fermions are fixed by the gauge structure, and thus the nature of such a fermionic DM
candidate is fully determined. It turns out that this candidate is a mixed doublet-singlet
fermion under the weak SU(2); symmetry. Unlike the usually discussed doublet-singlet
fermion DM models [9-12], here the DM mass is protected by a gauge symmetry. Such a
chiral fermion DM is more appealing [13-15]. Since this scenario has been well studied in
the literature, here we do not discuss it any detail, except to note that there would be some
differences in its phenomenology owing to couplings of the DM fermion with additional
particles (gauge bosons and Higgs bosons) that are present in the theory. In the next
section we identify this fermionic DM candidate and briefly comment on the correlation of
its mass with the mass of the right-handed neutrino involved in the seesaw mechanism.
The symmetry breaking sector, which we develop in detail here, also has T-odd scalars,
the lightest of which may be a dark matter candidate. These particles are either singlets,
doublets, or triplets of the weak SU(2); gauge group. This restriction arises since we
use only two types of Higgs fields for symmetry breaking with quantum numbers (1,3, 3)
and (1,6,6%). The first field is needed to generate quark and lepton masses, including the
vector-like fermion masses, and the second is needed to realize the seesaw mechanism. Thus
the DM candidate could be a linear combination of three multiplts — singlet, doublet and
triplet — of weak SU(2);. However, as we show by an explicit Higgs potential analysis,



among these scalars, only a T-odd singlet survives down to the TeV scale, if the trinification
symmetry breaks at a higher scale down to the SM times a U(1). There are also two T-even
singlet scalars at or below the TeV scale, into which this T-odd DM scalar can annihilate.
Thus this scenario is very similar to complex singlet DM models where a stable scalar
singlet annihilates into its unstable scalar partners [16, 17]. If the trinification symmetry
breaks down directly to the SM, a combination of scalar singlet, doublet and triplet may
be made light to serve the role of DM.

Fermionic or bosonic dark matter candidates which are naturally stable have been stud-
ied in the context of the SM with an extended particle spectrum [18], left-right symmetric
theories [19], and unified theories based on SO(10) [20, 21]. In these models, typically new
fields are introduced to serve the role of DM, with their stability ensured by remnants of
the gauge symmetry. In the trinification framework, these new particles are already present
within the minimal setup, along with the T" parity to stabilize them. This framework can
be embedded into Fjg unified theories while preserving the T parity [22, 23].

Our main focus here is however a T-odd gauge boson dark matter candidate that
is available in the theory. It is electrically neutral and also a singlet of the SM gauge
symmetry. It has the feature that it couples off-diagonally to fermions and scalars. For
example, it connects the T-even SM fermions with the T-odd vector-like fermions, and
similarly in the scalar sector. While the trinification symmetry group has several new
gauge bosons, the DM candidate we identify originates from the symmetry breaking chain

SU(3)C X SU(3)L X SU(3)R — SU(3)C X SU(Q)L X U(l)y X O(Z)R
— SUB)e x SU2)L, x U(L)y . (1.2)

Here at the first stage of symmetry breaking an O(2) symmetry is left unbroken, along with
the SM gauge symmetry. The gauge boson of this O(2) is the dark matter candidate that
we analyze in detail. Although the O(2) symmetry is isomorphic with a U(1), we denote it
as O(2) in order to emphasize the off-diagonal nature of its couplings to fermions. The first
stage of symmetry breaking in eq. (1.2) is achieved by a Higgs field transforming as (1, 6, 6*)
under the trinification gauge group. This Higgs multiplet also generates Majorana masses
for the right-handed neutrinos via renormalizable couplings. The second stage of symmetry
breaking is mediated via Higgs fields which transform as (1, 3, 3*) under trinification. These
fields are needed to also break the electroweak symmetry and to provide masses to quarks
and leptons. Our analysis shows that this vector boson DM candidate is consistent with
relic abundance constraints, direct detection limits, as well as LHC constraints. In fact, we
find an upper limit of 900 GeV on its mass, along with upper limits of 4.5 TeV and 6 TeV
on the vector-like quark and lepton masses of the model. The upper limits on vector-like
fermion masses arise from perturbative unitarity — their masses arise from the same Higgs
field that generates the vector boson DM candidate a mass. The entire parameter space of
the model would be probed by future colliders.

Vector boson DM candidates have been studied in several other contexts [24-29]. The
trinification DM differs from most models in this class in that the gauge interactions of the
DM in our framework is completely determined in terms of SU(2)7, x U(1)y gauge couplings.



This makes the model more constrained and predictive. The spectrum of particles at or
around the TeV scale in the model we analyze consists of the vector boson DM, three
families of vector-like quarks and leptons, a new Higgs boson h’ which is a remnant of the
O(2) g symmetry breaking, a T-odd scalar singlet H', and a T-even scalar singlet h as well
as a doubly charged T-even scalar 7. The last three particles in this list arise as a result
of consistency with symmetry breaking within the minimal setup.

The rest of the paper is organized as follows. In section 2 we describe the trinification
model and its symmetry breaking pattern. The gauge boson masses and the Higgs potential
are constructed here, with details of the Higggs spectrum delegated to an appendix. In
section 3 we analyze LHC constraints on vector-like leptons and quarks, with their signature
decays into leptons/quarks plus missing transverse energy. In section 4 we analyze the dark
matter relic abundance and identify parameter space consistent with direct detection and
LHC constraints. In section 5 we conclude.

2 TeV scale trinification model

The trinification model is based on the gauge symmetry SU(3)¢c x SU(3) x SU(3) g under
which quarks and leptons fields are assigned as

U U EY E- e~
QL (353*7 1) = d ) QR (37 153*) d ’ ¢L (1’373*) = E+ ECO v . (21)
D D e v¢ N
L R L

Here Dy, and Dp are new vector-like iso-singlet quarks under the SM, while (E°, ET) and
(E~, E?) are vector-like lepton doublets with hypercharge Y = +1/2 and —1/2 respec-
tively. v€ is the conjugate of the right-handed neutrino, while IV is a new neutral singlet
of the SM. The SU(2); and SU(2)z subgroups in eq. (2.1) respectively run vertically and
horizontally. Note that e® and e~ are grouped in the same gauge multiplet which implies
that lepton number is explicitly broken in the model.

To break the trinification symmetry spontaneously all the way down to SU(3)¢c x
U(1)em, we employ three copies of bi-triplet Higgs fields ®,, ~ (1,3,3*) and a bi-sextet
scalar field x ~ (1,6,6%). Three copies of the ® fields are used so that there are no obvious
relations among the fermion masses, which could potentially go wrong. The field content
of the ®,, is analogous to the lepton field in eq. (2.1). We denote its components as ®¢.
The bi-sextet field x is represented tensorially as X%ﬁ and its components can be identified
from the coupling ®®x* which is gauge invariant. The vacuum expectation values (VEVs)

of these Higgs fields are denoted as

Vun 0 0
@)= 0 vg 0 |, O3 =V, (G =W~ (2.2)
0 0 V,

We shall assume for simplicity in our analysis that these VEVs are real. Note that the (®3),
the VEV of the v°like scalar, see eq. (2.1), could be nonzero in general, but if it is zero,



an unbroken T parity can be realized. In models with multiple ®,, fields and no analog of
the y field, trinification symmetry breaking down to the SM would require some (®3) to
be nonzero, which would break the T-parity. With only the ®,, fields acquiring VEVs as in
eq. (2.2), trinification symmetry breaks down to SU(3)c xSU(2), x SU(2)gr x U(1), suggest-
ing the need for an additional scalar field. The bi-sextet field x serves this role. From the
field, (x33), the VEV of the (v°N) component, could be nonzero in general, but 7' parity can
be preserved if it is zero. Only the (v“v¢) and (N N) components of x acquire VEVs, but this
is sufficient for reducing the gauge symmetry down to the SM. This is the main difference
in our construction compared to other symmetry breaking patterns in trinification [1-6].

We note that the T parity of a general tensor representation Xg§7 is given by
(=) ittt A lat g+l 4425 where I; = 1 for i = 1,2 and I; = —2 for i = 3 are the Tg
eigenvalues. Under T-parity, all SM fermions are then even, including the v¢ field, while
the vector-like fermions Dy, Dg, (E°, EY) and (E~, E?) are odd. A similar classification
can be made for the scalar fields as well.

The VEVs of x, V,, and Vi, can be chosen to be equal and much larger than the VEVs
of @,. In this case we can identify the two stage symmetry breaking shown in eq. (1.2).
The identification Vi = V), is supported by the Higgs potential, as we show below. Once
the smaller ®,, VEVs develop, the equality Viy = V,, can no longer be preserved, owing
to an induced value of Vy — V,, which could be of order V,,, the smaller VEV. This is the
scenario that we investigate which yields a TeV scale vector boson dark matter candidate,
with all other gauge bosons being heavier than a few TeV.

2.1 Fermion mass generation

There are 27 Weyl fermions per generation of {Q ® Qr ® ¥} of which 15 are the usual
SM chiral fermions, the v¢ field is the singlet fermion involved in the seesaw mechanism,
and the remaining 10 fields are vector-like iso-singlet quarks and iso-doublet leptons. As
noted earlier, in order to generate the observed pattern of quark and lepton masses, three
copies of ®,, ~ (1,3,3*) Higgs fields and one x ~ (1,6,6%) field are introduced. The most
general Yukawa interactions of quark and leptons with these Higgs fields are given by

— Ly = YnQra(®0) Qg + Yo ¥ (@) easy +ye 00Xy + he,  (2.3)

where (i, 7, k) are SU(3), indices, (o, 3,7) are SU(3) g indices, and Yy, Yy, and y, are 3 x 3
Yukawa coupling matrices, with 3, being symmetric in family indices, which we have sup-
pressed here. Here a summation over n = 1,2, 3 is assumed. Expanding eq. (2.3) in compo-
nent form the mass matrices for up-type, down-type and vector-like quarks are found to be

M, = an Vun, Mg = an Van, Mp= Y'qn Vi . (2'4)

The need for multiple copies of ®,, fields is clear from here. With a single ® field all three
matrices would become proportional, resulting in no quark mixing. Even with two copies of
®, the vector-like quark mass matrix can be derived from those of the light quarks, which
does not support TeV scale realization of trinification [7]. The vector-like quark masses
would be hierarchical in this case, suggesting that trinification symmetry is broken at a



scale much larger than a few TeV. With three copies of ®,,, all fermion masses and mixings
can be accommodated, along with TeV scale symmetry breaking. One could, for example,
realize a scenario where the up-type quark masses arise from ®;, the down-type masses
from ®9, and the vector-like quark masses from ®3, which would allow for hierarchical
Yukawa couplings in the up- and down-type mass matrices, along with non-hierarchical
couplings in the vector-like quark mass matrix.

The mass matrices for the charged leptons are given by

Me = _Yén Vdn » MEi = _nn Vn (25)

Having three copies of ®, would give the flexibility to give independent masses to the
leptons and the vector-like leptons as well. In the neutral lepton sector the mass matrices
decouple into a 2N, x 2N, T-even matrix and a 3N, x 3N, T-odd matrix where N, is the

number of generations, which are given by

M, = ( 0 — Yo vun

YV 0 Yyova |- (26)
_Y_vaun ygvl, InVn InVdn

0 Yoo Vie  Yenvun
) ) M N —
Yinvun  YenUan YeVN

Here M, spans the basis (v,v¢) and My spans the basis (E°, E°, N). Note that in the
limit of electroweak symmetry, obtained by setting vy, and vg, to zero in eq. (2.6), the
field N decouples from the rest, while the masses of E? and E+ become degenerate, as
they form an SU(2); doublet. The light neutrino mass matrix can be obtained from the
matrix M, of eq. (2.6) by the seesaw formula with Yz, v, < y/V, as

m}/ight = _(anvun)(yévu)_l(yfnvun) . (2.7)

The mass matrix for the heavier state is simply y,V,. We shall set N, = 3 in our analysis.

The decoupling of the two matrices in eq. (2.6) is due to T" parity under which v and
v¢ are even, while (E°°, E°, N) are odd. The lightest of these T-odd states can be a dark
matter candidate. This is the doublet-singlet DM scenario studied extensively in the liter-
ature [9-12]. As already noted, one difference here is the chiral nature of the DM fermion
under the full trinification symmetry which protects its mass. Stability of the DM is guar-
anteed by a discrete gauge symmetry, the T parity of the model. Furthermore, the doublet-
singlet DM mass matrix is closely related to the neutrino mass matrix as seen from eq. (2.6).
Note in particular that the Majorana mass matrices of the v¢ and N fields are proportional.
Since we are interested in the case where Vy ~ V,, > V,,, from the T-odd neutral lepton
mass matrix it is possible to integrate out the N field, which would provide a small Majo-
rana mass correction to the nearly degenerate Dirac fermion doublet. Since this Majorana
mass should be of at least of order 100 keV to be consistent with DM direct detection limits,
we conclude that Viy cannot be many orders of magnitude larger than V,, in this realization.

2.2 Hierarchy of vacuum expectation values

The three VEVs given on eq. (2.2), which are singlets of the SM, can all be of the same order,
or they can exhibit various hierarchies. If the three are all of the same order, trinification



symmetry breaks down directly to the SM. Such a scenario would be consistent with a
fermionic doublet-singlet DM candidate. Even if these VEVs are of order 10TeV, the
correct relic abundance of DM can be realized by choosing some of the Yukawa couplings
ye to be of order 0.1 in eq. (2.3), so that the DM mass would be of order 1 TeV. One could
also realize scalar DM candidate in this scenario, where a combination of SU(2);, singlet,
doublet and triplet scalars is taken to have mass of order few hundred GeV. This scenario
with non-hierarchical VEVs would however not support vector boson DM candidate, since
LHC limits on Wg and Zi masses would push the vector boson DM mass to above 4 TeV,
which would be incompatible with its relic abundance.

The VEV V,, of eq. (2.2) breaks SU(3), x SU(3)r down to SU(2), x SU(2)r x U(1), as
does the VEV V. On the other hand, the VEV V,, breaks the symmetry down to SU(2), x
SU(2)" x U(1) where the SU(2)" is a different subgroup. Jointly these VEVs break the
symmetry down to SU(2)r x U(1)y. In addition, when Vi = V,,, the surviving symmetry
is SU(2)r, x U(1)y x O(2)g. This allows for the following possible hierarchies in these
VEVs: (i) Vy > V,,,V,,, (i) V,, > VN, V,, (iii) V, > Vn, V,, and (iv) Viy =V, > V,,. The
first three cases are compatible with a fermionic doublet-singlet DM candidate, or a scalar
singlet-doublet-triplet DM candidate, but not a vector boson DM candidate for reasons
given in the previous paragraph. It is case (iv) that generates naturally a vector boson DM.

The Higgs potential analysis that we carry out is very general, and all these hierarchies
can be implemented in our results. As we focus on the vector boson DM candidate here,
the hierarchy (iv) will be our main focus. Note that none of the three SM singlet VEVs
can be set to zero. If V,, = 0, the vector-like fermion masses would become zero, and if
Vn = 0, the neutral fermion N would remain massless. And V,, # 0 is needed for com-
pleting the gauge symmetry breaking down to SU(2);, x U(1)y. Although the extremum
of the potential allows for these zero VEV solutions, see eq. (2.38), we shall discard them
for consistency of the framework.

2.3 Gauge boson sector

In this section, we examine the gauge boson sector and obtain all the mass eigenvalues and
eigenstates explicitly. In particular, we find that one of the 12 new gauge bosons can be
lighter than the rest and be a potential DM candidate.

At the scale of SU(3)r x SU(3)p unification the gauge couplings obey the boundary

condition

apt = Za;l — 104_1. (2.8)
Here af, = g7 /(47) and ag = g%/(4) are the SU(3) 1, and SU(3) g fine-structure constants,
while ay = ¢%/(47) is the fine-structure constant corresponding to hypercharge. The
value of oy is identical to that of g?/(4m) evaluated at the scale of trinification embedding.
The couplings ay, and apr at a given energy scale can be calculated from the measured
values of the low energy gauge couplings at u = mz. We take as input aepm(mz) =
1/127.940 and sin? Oy (my) = 0.23126, which give ar(mz) = 0.033798 and ay(myz) =
0.010675. Here ag,. = azl + a;l is used to obtain the value of ay. We then use one-
loop renormalization group equations to evaluate «; to higher energy scales, with the



beta function coefficients given by b; = 41/6 (—19/6) for ay () with contributions arising
only from the SM particles. With these, we find that the ratio of ar/ar = 0.49 with
L (5TeV) = 0.0355 and ay (5TeV) = 0.0103, leading to ar(5TeV) = 0.0174. In our
numerical studies we use these as input values.
The fields ®,, transform as ®,, — U, Lq)nUIT{ under gauge symmetry. The transformation
of the y field can be obtained from here in tensorial form. The covariant derivatives for
the Higgs fields can then be written as

gauge ZDM a + Z qu] zﬂ)a (29)

aBij

where

DH(®,)® = 9(®,)> — L (T k(@ —TW“ k 2.10
(@n);" = 0"(Pn)i" — =5 ( £)i (o) + ( R (Pn)i (2.10)

191, > gL

DIy = oG — S (T WENE NG = S5 (T W) X

iR ;7 <7 iR 7

+ 5 (T WR)S X7+ -5 (T WE xS (2.11)

We define the gauge boson multiplets in the (1,8,1)7, and (1, 1, 8)r representation as

W3+f V2wt 2vt
T-Wigp=| vVZW~ —Wy+ % 2v0 (2.12)

— 0* —2Ws
V2v V2V V3 LR

with the following definitions:

WEF WS e - WEFWE o _ W F VT
V2o V2 V2
Here (V#+,VH0) g form SU(2), g doublets, while (W}') g are singlets. Note that with
the choice of our VEV pattern given in eq. (2.2) which leads to T" parity conservation, there

WHH = (2.13)

is no mixing between W** and V#* fields which are even and odd respectively under 7.
The T-even charged gauge boson mass matrix reads, in the basis (Wer, Wng), as

M2 _ 1 (g%(v(%n =+ v%m) - 2ngRUdnvun ) ’ (214)

Wi 2 —2G1L,9RVnV gh(v2 402 +2V2)
nrun R\%dn un v
The mixing angle between ch and Wﬁ is strongly constrained to be < 4 x 1073 from
strangeness changing nonleptonic decays of hadrons [30], as well as from b — sy decay [31],
independent of the mass of the heavier W}% state. LHC experiments have set a lower limit
of about 4 TeV on VVRi mass from its production and subsequent decays into dijets, which
translates into a lower limit of V,, > 9 TeV within the model, which follows from eq. (2.14).
The T-odd charged gauge bosons mass matrix is given, in the basis (V}' * V]éfr), as

M2, ==
VL,R

1 (91(Wi, + V242 (VR +V}2)) — 29L,9RVun Vi
5 (2.15)

_2ngRvunVn g%z(vgm + an2 + 2 VJ%)



In the neutral gauge boson sector, the T-odd V}' % fields decouple from the T-even
neutral gauge bosons, with no mixing among its real and imaginary components defined in
eq. (2.13). The mass matrix for the real components in the basis (W¢;, W{y) reads as

2(,2 2 2 2
1 gL(Udn + Vn +2 (VN + Vl/ )) - 2ngRvngn
M%/GLR - ( . (2.16)

2 21 gRVan Vi GAW3 + V242 (Vi + V)2

The mass matrix for the imaginary components in the basis (W}, , Wi},) reads as

2 1 g%(vgn + Vn2 +2 (V]\2/ + VIJZ)) - 2gL.ngngn
Weir = 5 . (217)

_QQLQRvngn g%(v?ln + Vr? + 2 (VN - VV)Z)

As can be seen from these matrices, one of the eigenstates, identified approximately as
W#R, can be relatively light compared to all other gauge bosons. This is realized in the
limit Vy ~ V,, > V,,. This is the vector boson dark matter candidate in the model. We
define a parameter a as

(VN = V,) =aV, (2.18)

with a being a dimensionless parameter less than or of order unity, which we shall
see is consistent with the minimization of the Higgs potential (cf. egs. (2.36)—(2.38)
below). Choosing Vy = 9TeV, which is the lowest allowed value in this scheme
from Wpg mass limits, the masses of (WgﬁL,Vl’f +,Vg+,W€L,Wé‘R,W#L) are respectively
(3.96,8.0,3.96,8.0,7.92,8.0) TeV, with W#R being much lighter with its mass given by
grVn/a?2 +1/2. We shall see from the dark matter relic density constraints that this
mass should lie below 900 GeV, which can be realized by choosing V,, ~TeV, and a less
than or of order unity.

In the 7T-even neutral gauge boson sector there are mixings among
(W4, W, W, ,WER) to produce the physical gauge bososn A, Z§, ZI,, and Z§,
states, We adopt the following convenient field definitions:

_ V3gr Wi + V39 Wi + gr WE + 91 Wi

"
A ey , (2.19)
7~ (9% +497) Wi —3gr.9r Wi — V395 Wi — V3g19r WiR 7 (2.20)

2\/(93 + 93) (493 + g3)
.~ =9 Wer +9n Wig. (2.21)
Vot + a2
2 —(91 + 9k) Wik + V3919 WL, + V391 Wil (2.22)

V(93 + 93) (493 + g3)

In this basis, the massless photon field A* decouples from the rest, leading to a 3 x 3 mass
matrix defined as
(M3, )ij = mij , (2.23)



with the elements m;; given by

297 (97 + 9%) (V3 + Vi)

—_— , (2.24
497 + g% !
2 2\ 2 .9
- 997 + 9%) (Van — Vun) : (2.25)
3 (497 + 97)
2 2 2 2
s — JLIR(IL +2QR)(U2dn + Vun) (2.26)
497 + 9%
1
M2z = oo (97 + 972 (0 + Vi + AUV + VD)) + 49k — 201)°V)], (227)
6(97 + 9%)
o 9R(9T + 9R)* (VE, = Vin) +49R(=801 + 20197 + 9R) VY 59
by = : (2.28)
2v3(g7 + 9%)\/ 491 + 9%
2(,.2 2 2 2 9 2 4 2 2 2
s — 9rYL + %) (Ve + Vun) + 9r(49r + 91)V0 . (2.29)

2(4g7 + g%) g3 + g%

In the limit of unbroken electroweak symmetry, the masses for the heavy neutral fields are
given by

1
My, 2= 5 (6 + gR)(Vi2 + 0% + V) F VA), (2.30)

where A = (g2 + g%)?[(4VE + V;2)2 + 16V;}] +4(297 — 893 9% — g1)(4VE + V.H)V2. In the
limit where Vi — V,, < Vi as defined in eq. (2.18) and to the zeroth order in V,, we have

4
My, 73 =5 VR |2091 +98) F | — 201 + gk - (2:31)

If we set here the experimental lower limit of about 5TeV on the Z’' mass from LHC
searches, we would find Vy > 5.7 TeV, which is less stringent than the limit Viy > 19 TeV
obtained from the Wx searches at the LHC. The masses of the gauge bosons (Z], Z5) when
VN =V, = 9TeV are found to be (7.92,13.8) TeV.

2.4 Higgs potential analysis

Here we construct and analyze the Higgs potential involving one copy of (1, 3, 3*), denoted
by ®¢ with ¢ and « being the SU(3), and SU(3) g indices and one copy of (1, 6,6*) field, de-
noted as X%'B . The field x obeys the symmetry properties X%ﬁ = X?f = Xf *. While the full
theory contains two additional copies of ®(1, 3, 3*) fields, here we note that only one combi-
nation of the three, defined as (V4 ®1+Va®o+V3®3)/4/ V2 + ViZ + V2, acquires a VEV along
the SM singlet direction, while the two orthogonal combinations to this state only acquire
electroweak scale VEVs. It is this field with the VEV along the SM singlet direction that
we keep in our analysis, which we denote simply as ®§. This should be an excellent approx-
imation, as we ignore electroweak symmetry breaking effects in our analysis. Certain scalar
fields will be found to have masses below Vy ~ V,,, which would be also maintained even
with the inclusion of two additional ® fields. The terms involving these additional ® fields
can mix the fields we keep, which would only lower the masses of the unmixed states further.
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The most general renormalizable potential for (x, ®) can be written as
V=V0)+V(o)+ V(X)) (2.32)

where

aB_ij aB_ o

V(x) = —m3} Xij Xap + 1k Xij X4 X e el

€ayp€psy + h.c.}

o " S
XX + X XXX + A XX I XM

N oo
A XSS + s X IR X X5 - (2.33)

Here we have used the notation ng = (X?jﬁ )*. The remaining parts of the potential are

given by!

V(®) = —mj OLDL + {pe PO D)Fenp + hc} + A BIDLPTD) + Ay DI TP
(2.34)
and

V(®,X) = {sox ®FOXT5+ hoe} + s BERLXTINE + Ao EDLX XL
o o Lo
+ Ao BFRLXGTIxE, + A BPRLETE 4+ { s BN X X e
A @Q@ﬁ@k 0y ijl A (I)-aq)ﬁ Yo, po _ikm _jln h 2.35
13 D RFPIXG € eaps + Ma BT R Xy Xinn €™ € €anp€pso + hocop . (2.35)

Note that the VEVs of eq. (2.2) can in general be complex. Here for simplicity we take
them to be real. This is achieved by assuming that the complex parameters in the Higgs
potential are all real. By inserting the VEV of eq. (2.2) in eq. (2.32), and by minimizing
the potential, mass matrices for the charged and neutral Higgs bosons can be constructed.
A complete analysis of the spectrum that includes electroweak symmetry breaking effects
is beyond the scope of the present work. However, in the electroweak symmetric limit, the
charged, scalar, and pseudoscalar mass matrices in the T-even and T-odd sectors of the
theory can be built from the Higgs potential of eq. (2.32). We show the consistency of
symmetry breaking and identify the light scalars that survive to scales below Vy ~ V,,.

By inserting the VEV (®3) = V,,, (x%3) = V,,, and (x33) = Viv, we obtain the following
condition for the potential to be extremum:

L Vit + Vv [ = m2 + 22V + NV,2 +2(A1 + As + M) V)] =0, (2.36)
Vi [—m2 4+ (Mo + As)Vi? + 2(A1 + A + M) VR + 2AV2] =0, (2.37)
Vol = m3 + 216 Vv + NV + (Mo + As) V2 +2(X6 + M)VZ] =0, (2.38)

where we have defined A\ = A\ + Xy + A3+ X+ X5 and X = Ag + Ag + Mg + M\i1. We
eliminate mi, m?b, and fi4, using these three conditions and keep the VEVs Vi, V,, and V,,
as independent parameters. As noted earlier, none of these VEVs can be set to zero for
consistency with fermion and gauge boson masses. The full spectrum for the masses of the
Higgs fields are given in detail in appendix A, where SM quantum number each component
has been properly identified. We have also identified the 12 Goldstone modes associated
with spontaneous breaking of SU(3)r x SU(3)g down to SU(2)r x U(1)y.

!Symmetry breaking by a single ® field has been analyzed in ref. [32].
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Parameter | \; A2 A3 A4 As A6 A7 As A9 A10 A11

BP-I 2.42 | -0.0061 | -0.49 | -1.7 | -0.0053 | 1.77 | 1.68 1.87 1.89 | -1.71 1.76

)\12 )\13 )\14 a Hx Mo VN MDM Mh’ MH’ M§++

-1.21 -0.64 | -1.06 | 0.68 0.18 -0.74 | -0.16 | 0.076 | 0.057 | 0.165 | 0.133

Parameter | \; A2 A3 A4 As X6 A7 s A9 Ao A1

BP-II 1.96 | -0.0061 | -0.18 | -1.42 | -0.0025 | 0.54 | 0.74 1.10 1.89 | -1.14 1.81

A12 A13 A4 a Vi o pe | Mpy | My | My | Myi+

-1.19 | -0.72 | -1.03 | 0.61 0.17 -0.32 | -0.41 | 0.069 | 0.095 | 0.187 | 0.118

Table 1. Values of the parameters that satisfies the necessary boundedness conditions defined in
egs. (2.42)—(2.46) and positivity of the square of mass matrices given in appendix A. Here all the
mass parameters are in units of the larger VEV Vi ~ V,,. Masses of the remaining scalar fields are
of order one (in units of V) and heavier than Mp. Their numerical values are given in appendix A.
The state h is somewhat light and has an intermediate scale mass given by M; = 0.65 (0.39) for
the BP-I (BP-II).

2.4.1 Necessary conditions for boundedness of the potential

The full set of necessary and sufficient conditions on the quartic couplings of the potential
to be bounded from below is not easily tractable in the model. However, certain necessary
conditions of phenomenological interest can be analyzed analytically. We focus only on the
neutral singlet fields ®3, x33, and x33. The quartic terms V3 (®, x) form a vector space
spanned by the real-valued vectors 7 = {V,2, V&, V,2} which can be written as

v = %m v, (2.39)
where
X6 + A7 N2 (A0 + Ag)/2
A= N /2 A AL+ A3+ ) | - (2.40)
(Ao +28)/2 (M1 + A3+ \g) A

Here A = A\ +Xo+ A3+ M+ A5 and N = A\g+ g+ A9+ 11, as defined earlier. The necessary
and sufficient conditions for the boundedness of this restricted potential can be derived from
the co-positivity of the real symmetric matrix A of eq. (2.40), which are [33, 34]:

X6+ A7 >0, (2.41)
A>0, (2.42)
N/2 > —/(X6 + A7), (2.43)
(A0 + As)/2 > —/(A6 + A7)A, (2.44)
(M +A3+ M) > =X, (2.45)
N2V + (A1 + A3 4+ M)V Ag + A7
+1/2(As + A10) VA 4+ /(X6 + A7)A2 > 0 or detA > 0. (2.46)
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In table 1, we show two benchmark points that satisfies the necessary boundedness con-
ditions defined in eqs. (2.42)—(2.46). The same parameter set also satisfies the positivity
criteria of the mass eigenvalues of all scalar fields given in appendix A. We have also shown
the masses of the lighter states in the theory in table 1. All states not shown in the table
have masses much larger, and we show their numerical values for the two benchmark points
in appendix A.

2.4.2 Light scalars in the model

In this subsection we discuss the light scalar fields that are present in the model. We
focus on the hierarchy Vi ~ V,, > V,,, which generates a light vector boson DM candidate
naturally. The light Higgs states in the model, in this approximation, are found to be

(6%, 0, H', h} (2.47)

which have masses of order V,,, the lower scale of O(2)r symmetry breaking. Here the A’
field can be identified as the remnant of this O(2) g breaking, while the others remain light
owing to the constraints arising from the Higgs potential. H' here is a T-odd field, which
makes it a possible candidate for scalar DM in the theory. The other fields in eq. (2.47)
are all T-even scalars.

The reason for the lightness of these scalar fields can be identified as follows. With
only the x field participating in symmetry breaking, the extremum Vy = V,, (which we
pursue) is a saddle point, and not a minimum. If we ignore the contribution to the masses
from the ® field, certain squared masses from x would be positive, while certain others
would be negative. It turns out that the potential with only the x field prefers to break the
SU(3)r x SU(3)g symmetry down to SU(2);, x SU(2)g x U(1)y by setting either V,, = 0
or Vy = 0. With the inclusion of the ® field, the situation changes. However, turning
the would-be negative mass-squared states into positive mass-squared states from x would
require certain quartic couplings, viz., Ao + As, to be of order V,?/ V]\Q,. This in turn causes
the states listed in eq. (2.47) to remain light with masses of order the smaller VEV V,,.

As can be seen from eq. (A.16), positivity of the squared mass of 67+ demands A\y+\5 <
0. However, the positivity condition of the squared mass of the state given in eq. (A.56)
would require Ao + A5 > 0, if we take the approximation Vy = V, and V,, = 0. This
contradiction can be avoided by making use of the condition of eq. (2.18) if we define
A2+ A5 = b (Mg + A1) V,2/V2, where b is of order unity. Thus, the masses of the doubly
charged scalar 6+ of eq. (A.16) and the T-odd singlet scalar H' given in eq. (A.56) become

Ms++ = /(Ao + A1) bV, (2.48)

My = \}Q V(L +2a2) (1+8) (Awr +Xo) Vi (2.49)

Thus these two states are lighter than the largest VEV in the theory V.

There are two more T-even weak-singlet neutral scalar fields that are light in the theory.
These are linear combinations of the fields (Re[x33], Re[x33], Re[®3]), and the mass-squared
terms are given in eqs. (A.18)—(A.22). We work in the limit of V,,/Vy < 1 and make a 45°
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Figure 1. Representative Feynman diagrams for vector-like lepton production and subsequent
decays at the LHC.

rotation among the first two states which decouples the heavier state. The resulting mass
matrix reads as

8V, (V,, + aVy) 0 0
M? = 0 T+ 8b)A V2 — 42 ab A V2 . (2.50)
0 —4V2ab A V2 (4% + ) — Qaetel ]2

where A = A1+ \g and = A1+ A3+ Ay, It is clear from the eq. (2.50) that two of the states
have masses proportional to V,, which will remain light. In our numerical study of DM
annihilation, for concreteness we work in the limit of ab < 1 so that these two light states
become pure states. We denote the second state as i and the third state as h’. Note that
if #/ and h are lighter than vector boson DM, it can annihilate into pairs of these states.

We briefly comment on the possibility of scalar DM within the theory. The state H’
is a SM singlet and T-odd. If it is the lightest T-odd particle, it would constitute the DM
of the universe. Unlike the scalar singlet DM model within the context of SM [35, 36],
here H' can annihilate into pairs of b’ and h, provided that these T-even scalars are lighter
than H’. This would allow for a significantly larger region of parameter space, analogous
to complex singlet DM [16, 17].

3 Collider implications

The model developed, with TeV scale trinification symmetry can be readily tested at the
Large Hadron Collider (LHC). The existence of vector-like quarks and leptons, in addition
to the vector boson dark matter candidate, results in a rich phenomenology for the LHC.
In this section, we explore the potential smoking gun signals associated with vector boson
dark matter and current LHC constraints.

Vector-like leptons will be dominantly pair-produced at the LHC through the s— chan-
nel Z/~ exchange (see figure 1), and then decay to leptons and vector boson dark matter,
yielding a promising pp — (1~ 4+ Fp signature. This will resemble the signals of super-
symmetric slepton searches [37-39] leading to dilepton and missing energy signatures. It is
worth noting that the pair-production rate of vector-like leptons (fermion) in our scenario
is substantially larger than the pair-production rate of slepton (scalar). Non-observation
of any new physics signal in the pp — [T~ + E1 channel [37, 38] imposes tight bounds on
the sub-TeV vector-like lepton masses. We recast the bounds on the vector-like leptons in

— 14 —



300 400 500
My, [GeV]

Figure 2. Current LHC limits on vector like leptons in our model. The shaded regions are excluded
by LHC searches of pp — (71~ + Fp with [ = e, p, 7.

Figure 3. Leading Feynman diagrams for vector-like quark production and subsequent decays at
the LHC.

our model using the most current selectron [38], smuon [38], and stau [37] search limits.
In order to do that, we implement our model file in the FeynRules package [40] and then
compute the signal cross sections using MadGraph5aMCONLO [41]. Then, assuming that the
cut efficiencies are identical in both scenarios, we compare the signal cross-sections to the
experimental upper bounds. We find that the selectron search [38] yields the most stringent
constraint on the vector-like lepton mass, with the exclusion region reaching ~ 630 GeV.
We summarize these current LHC limits on the vector-like leptons in figure 2.

Unlike vector-like lepton pair production, vector-like quark pair production at the LHC
will be dominated by gluon-gluon fusion processes. Representative Feynman diagrams
for the dominant production processes are shown in figure 3. The vector-like quark pair
production rate is exclusively dictated by the strong coupling and vector-like quark masses.
In our model, vector-like quarks decay to vector boson dark matter along with down-
type quarks. This will result in pp — jj + +Ep and pp — bb + +Ep signatures. In
supersymmetry, squark or gluino can lead to the identical final state signatures, and there
are specific experimental searches [42, 43] looking at pp — jj + +Fp and pp — bb + +Fr
signatures. It is worth noting that the rates of squark or gluino creation differ significantly
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Figure 4. Current LHC limits on vector-like quarks in the model. The shaded regions are excluded
by pp — jj + +F 1 searches. The inner shaded region corresponds to the jets identified as b-jets.

from the rates of vector-like quark pair formation. We compute the production rate using
MadGraph5aMC@ONLO [41] and recast the limit from supersymmetric squark searches [42] by
comparing the signal cross-sections to the experimental upper bounds on the cross-sections
assuming the cut efficiencies are identical in both scenarios. We find that the bound on
vector-like quarks leading to the pp — jj + +F signature is ~ 2 TeV, whereas the bound
on vector-like quarks leading to the pp — bb+ +E signature is 1.3 TeV. All these limits on
vector-like quarks are summarized in figure 4. It should be noted that vector-like quarks can
be created individually via quark-gluon fusion processes, resulting in a monojet signature
in conjunction with missing energy. The single production rate of vector-like quarks is
affected by both the gauge coupling gr and the strong coupling constant. We find that the
single production rate is significantly suppressed, and the limit from the pair-production
scenario is stronger than the single production case. It can be foreseen that the next collider
experiments like the HL-LHC, HE-LHC, and FCC-hh will provide ample opportunity to
test this vector-like fermion portal dark matter scenario in its complete range.

4 Vector boson dark matter phenomenology
In this section we analyze the allowed parameter space of the vector boson DM by numeri-
cally evaluating the relic abundance using the software MicrOmegas [44, 45]. The model is

implemented in CalcHEP [46] by using LanHEP [47]. In the limit of (Viy —V},) = aV,,, with
V., < Vn and a being of order one, the mass of dark matter Wrg from eq. (2.17) reads as

1
Mw,,, = Mpn ~ —2gRVn V1+2a?. (4.1)

Moreover, since the DM mass and vector-like fermion masses are controlled by the same
O(2)g breaking VEV V,,, one can obtain theoretical limit on the ratio of DM mass and
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Figure 6. A typical Feynman diagram that contribute to co-annihilation of DM. There is an
additional diagram with exotic charged lepton E replaced by E®’ and SM charged lepton replaced
by neutrinos.

vector-like fermion mass. Using eq. (4.1), together with eq. (2.4) (and similarly eq. (2.5))
and demanding Yukawa Y, < 1.5 (which is the perturbative unitarity limit on the quark

Yukawa coupling), one obtains
SMpnr

Mve= A

This sets a strong theoretical bound in the model parameters, making the model very

(4.2)

predictive, as discussed below. It is important to stress that to avoid the DM decay into
exotic plus a SM fermions, the mass of the DM should obey Mpy < My g, My i, where
VLQ (VLL) stands for vector-like quarks (leptons).

4.1 Annihilation cross section and relic abundance

The relic density of DM is achieved though standard thermal freeze-out mechanism. Pairs
of dark matter can annihilate through the three point and four point couplings shown in
figure 5 mediated by an off- or on-shell scalar bosons or vector-like fermions. The relevant
gauge interactions of DM with the light degrees that are used for annihilation are given by

£ TE Wy [i(E e + 0B +dpDp + he) + (WO,H' — H'9,H)]

2

+ “%RW#RWmM (W + H'H') . (4.3)
As already mentioned, the scalar fields that can be light in the framework are T-even
neutral scalars b’ and h, a doubly charged scalar §*+, and T-odd neutral scalar H', whose
masses are given in eq. (A.20), eq. (A.16), and eq. (A.56) respectively. For simplicity, we
take masses of h, H' and 7 heavier than the vector boson DM. Such a choice is consistent
within our model as shown by the benchmark points in table. 1. With this simplification, a
pair of DM can annihilate to (i) SM fermion pair (dd, ee, vi7) via the exchange of vector-like

fermions (Dg, E~, E?) through t—channel graph as shown in figure 5 (a), (ii) a pair of /’/

17 -



QA% = 0.12 £ 0.005 o My =My 1 Qh? = 0.120 £ 0.005
800 1 Myp = 0.3Myg Mypqg=21TeV

My = 0.25My 1

7

/C;: ] ./G’ 400 \\\$~‘\\' ~~" Theoretical boun
O 600 @) B
] ~. S
< = 300 1 &
Q S o
= 400 1 =

100 Mp; = Mg

E HC13 (Selectron)
200

T T T T T T T T T T T T T T
1000 1500 2000 2500 200 300 400 500 600 700

A’[VLQ [Ge\'] Myir [G(‘\"‘r]
(a) (b)

Figure 7. Allowed regions in the mass of dark matter Mpj); and mass of vector-like fermion
Mv g(My 1) plane that satisfy relic abundance requirement. The T-even A’ and T-odd H’ scalar
masses are taken much heavier than the mass of vector-like fermions here, so that only ¢-channel

T
500

process as shown in figure 5 (a) contributes. The gray and purple shaded regions are respectively
from kinematically disallowed (Mpar > My q) region and theoretical bound (Myrg > 5Mpas). In
the left panel (blue, green, red) shades respectively represents allowed parameter space that satisfies
the relic abundance for the choice My /My g = (1,0.3,0.25). Dark (light) brown corresponds
to the exclusion region from pp — jj(bb) + Fr obtained by recasting the supersymmetric squark
(sbottom) searches. The black segment along the abundance curve is excluded from direct detection
constraints [49]. In the right panel the green band corresponds to the allowed parameter space that
satisfies the relic abundance for a fixed VLQ mass 2.1 TeV. The red band is the exclusion region
from pp — It1~ + F signature obtained by recasting supersymmetric slepton searches at the LHC.

via the exchange of H', h and through four point contact term as shown in figure 5 (b)-(d),
and (iii) pairs of SM particles through the mixing between h’ and SM Higgs h. The mixing
between h' and SM Higgs is heavily constrained by DM direct detection constraints [48-51].
Here we turn off such couplings and avoid the constraint from direct detection. It is also
important to note that if 7" parity odd vector-like fermion mass is close to the DM mass, it
can contribute to co-annihilation, which would have strong impact on the relic abundance
in the model. A typical graph for co-annihilation is shown in figure 6.

All the relevant couplings for the annihilation are determined by the gauge coupling
gr appearing in eq. (4.3), except for the diagram in figure 5 (d), where the vertices are

given by %(Wmeh’ ) and V2 Vi (h'3). The VEV V,, can be traded off for the mass
of DM given in eq. (4.1), whereas the quartic coupling A/ is given in eq. (A.24). Thus the

effective parameters that characterizes the relic abundance of DM in the model are:
{Mpy, Myrg, Myrr, My}, (4.4)

where we take the masses for all three fermion families to be equal. Note that the gauge
coupling gr at energy scale 2 TeV is determined to be gr = 0.445. The running of g in the
range pu = (0.5 —5) TeV is not significant, and does not effect the phenomenology by much.
To explore the parameter space, we adopt two scenarios: (i) My > Mpys, so that only
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Figure 8. Allowed regions in the mass of dark matter Mpj; and mass of vector-like quark plane that
satisfies relic abundance. The T-even h’ scalar mass is kept at fixed value such that when Mpys >
My, all the annihilation modes of in figure 5 are relevant. Light (dark) blue band corresponds to
allowed parameter space with My 1, = My Lo that satisfies relic density for M}, = 300 (500) GeV,
whereas light (dark) green region corresponds to My 1, = 0.3 My g for M, = 300 (500) GeV. The
black segment along the abundance curve is excluded from direct detection constraints [49].

the t-channel graph via the exchange of vector-like fermions in figure 5 (a) contributes to
DM annihilation, and (ii) M}, fixed at a particular value such that when Mpys > My new
annihilation modes open up as shown in figure 5 (b)-(d). It is important to point out that
there are no allowed parameter space while only considering annihilation mode to a pair
of h/, as one cannot take the mass of vector-like fermion much larger than the DM mass.

For the first case with ¢-channel annihilation of DM via vector-like fermions into SM
fermions, the relevant parameters are {Mpyy, Myrg, My r1}. Here we explore two sce-
narios: (i) taking the ratio of VLQ and VLL fixed and varying mass of DM and VLQ,
depicted in figure 7 (a), and (ii) fixing My g = 2.1TeV so that the collider bounds are
satisfied and varying in the plane of DM mass and VLL mass, which is depicted in fig-
ure 7 (b). The color shaded regions are excluded regions in figure 7. The gray and purple
shaded regions are excluded respectively from kinematics (Mpy > My rg) and theoret-
ical bound (Myrg > 5Mpnr), which follows from eq. (4.2) with the optimum value of
a = 0. In figure 7 (a), (blue, green, red) regions respectively represent allowed parameter
space that satisfies the relic abundance Qh? = 0.12 £ 0.005 for the choice of ratio of mass
of Myrr/Myvrg = (1,0.3,0.25). Dark (light) brown shaded regions are the exclusion re-
gion from pp — 5j(bb) + 7 obtained by recasting the supersymmetric squark (sbottom)
searches. Note that choosing other ratios such as My, > Myrg (Myrr S 0.2My 1) is
excluded by squark searches and theoretical limits. Thus, a very narrow parameter space is
allowed which could be probed/excluded by future colliders such as HL-LHC and FCC-hh.
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Similarly in figure 7 (b), the green band corresponds to the allowed parameter space
that satisfies the relic abundance constraint. We fix the VLQ mass at 2.1 TeV, which
satisfies the LHC limits. Heavier VLQ masses would only make the theoretical constraint
stronger, reducing the allowed parameter space. Here all the vector-like lepton masses
are taken to be degenerate. The red band is the exclusion region from pp — [T~ + Frp
signature obtained by recasting supersymmetric slepton searches. We find that DM mass
from 400 — 550 GeV is allowed in this scenario. The thin band where DM mass is close
to vector-like fermion mass in both the figures corresponds to the contribution coming
dominantly from co-annihilation.

The parameter space discussed above can be slightly improved by including all the
annihilation modes of figure 5. We fix the mass of the T-even SM singlet Higgs field h’ at
(0.3,0.5) TeV such that when Mpys > My, pairs of DM can annihilate into pairs of h' (we
keep h field to be heavy here). Figure 8 shows the allowed parameter space that satisfies
relic density including various theoretical and experimental bounds discussed earlier. The
dark (light) blue band corresponds to the case when My = My g for the choice of
My, = 0.5 (0.3) TeV. As is clear from the figure, the allowed range of the DM mass is
increased to ~ 0.9 TeV compared to ~ 0.8 TeV from figure 7. Similarly, by taking the ratio
of My rr/Myrg = 0.3, an improvement on DM mass from 550 GeV to 670 GeV is achieved
as shown by the green band in figure 8. We have verified that each of these numerical
solutions is consistent with an approximate analytical solution for the relic density given
in ref. [52] for real vector DM at low relative velocity. We conclude that vector boson
DM is consistent within the trinification model when its mass is less than 900 GeV. This
corresponds to a theoretical bound on the vector-like quarks of about 4.5 TeV. The unitarity
limit on vector-like lepton Yukawa coupling is slightly weaker, which would allow its mass
to be as high as about 6 TeV.

Spin-independent direct DM-nucleon cross-section for [27, 53, 54] can in principle give
a stringent constraint on the parameter space of the vector boson DM model. The ¢-channel
diagrams which can potentially give large contributions to direct detection cross section are
subdominant in the limit of tiny mixing between the SM Higgs and singlet Higgs h'. Tree-
level diagrams involving vector-like quark exchange can generate interactions of vector
boson dark matter with quarks which can constrain the parameter space of the model.
However, we find that the cross sections are far below the exclusion limit for almost all the
parameter space, except in the s-channel when Mpy; ~ My 1q. This exclusion is depicted
as a black band overlayed on top of relic density plot in figure 7 and figure 8. Note that the
loop contributions to direct detection amplitudes via penguin diagram with the exchange of
7/~ and vector boson dark matter coupling to gluons via box diagrams can be important,
which we have not included in the present work.

5 Conclusion

We have developed in this paper plausible dark matter candidates arising from TeV scale
trinification theories. Symmetry breaking can be achieved while preserving a trinification
parity (7-parity). Under this parity, the SM fermions are all even, while the vector-like
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quarks and leptons present in the theory are odd. Among the new gauge bosons some are
T-even while some are T-odd. This setup admits doublet-singlet fermionic DM candidate,
as well as a scalar singlet DM candidate.

The main focus of the paper has been the identification of a T-odd vector boson
as the DM candidate. It has off-diagonal couplings connecting SM fermions and vector-
like fermions. We have analyzed the DM phenomenology of this setup. LHC searches for
dilptons with missing energy as well as dijet with missing energy provide strong constraints
on the model parameters. We have shown consistent parameter space which satisfies these
limits while being also consistent with relic abundance and direct DM detection limits. The
model predicts the vector boson DM mass to be below 900 GeV, along with upper limits of
4.5 TeV on the vector-like quark masses. The entire parameter space of the model should
be explored in future collider experiments.
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A Scalar masses

Here we work out explicitly the scalar spectrum of the model in the electroweak symmetry
preserving limit as discussed in section 2.4. There are 36 complex components in the qujﬁ
field which decompose into 6 triplets, 6 doublets, and 6 singlets fields under the weak
SU(2)r, whereas ® decomposes into 3 doublets and 3 singlet fields. These fields are
identified and their mass matrices worked out here.

A.1 T parity even fields
A.1.1 Weak-triplet T-even scalars
The T parity even weak triplets defined in eq. (1.1) have the field composition given by

X33 Xit* Xit*
XEE (17 3, 1) = X% > XEE« (17 3, 1) = X%%* ) Xev (17 3, 1) = X:{’%* . (Al)
Xit X33" X35

These states mix to form a 3 x 3 matrix. The elements of the mass-squared matrix M;;
read as

My = —/\10Vn2 —2(A3 + /\4)V137 —2(A2 + A3+ Aa+ )‘5)VV2

My = =X10V;? —2(A3 + M)V — 2(A\a + As) V)

Mas = (A9 — Mo)ViZ +2(X2 — M)V — 2(Aa + A3 + A + A5) V7

Mis = 2014V,2 + 611, Viy

Mz =6u,V,

Mg = 223V V,, (A.2)
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For the benchmark values given in table 1, these squared masses are all positive and the
masses in units of Vy are respectively {3.62,2.80,0.96} and {2.86,2.42,1.70} for BP-I and
BP-IT.

A.1.2 Weak-doublet T-even scalars

The four T parity even doublets have the composition given as follows:

X33 Xi3"
XEN (17 27 1/2) = 13 ) XE<N (17 23 1/2) = 23 ) (A3)
X13 X23
@2* q)l
o5* oy

These states mix to form a 4 x 4 matrix. The elements of the squared mass matrix, in the
basis (xgN, XEeN; PEEe, PEE), denoted as Mij, read as

~ 1
M11 = Z(_Q)\lo + )\11 + 2)\9)‘/;? + ()\2 - 2)\3 - )\4 + )\5)V]\2[
— (202 + 2X3 + Mg+ 2X5) V2 (A.5)
~ 1
M22 = Z —2)\10 —+ )\11 —+ 2A9)V,12 + ()\2 - 2A3 - )‘4 + )\5)V]\2/
— (Ao +2X3+ M\ + )\5)VV2 (A.6)
Mgg = —2/\7Vn2 + (—/\10 + M1+ /\g)ngf + (—A10 + /\9)V1,2
4
+ W()\z + )V (Vi = VD) (A7)
My = =20V2 = Ao(VE2 + V) + V21 + Ao (A.8)
4
+ anQ()\z +X5) (VR = V,2)]
~ 1
Mo = —5/\12VnVN (A.9)
Mz = —A\i3Vi2 — A2V (A.10)
- 1 2
My = =5 VaVi = AVaViy = 7o + )V (VE = V) (A.11)
~ 1 2
Moz = _5)\11VnVN — AV Vy — 7(/\2 + X)W (Vi — V)2 (A.12)
Moy = —A13V2 + Ao(=V2 + V) (A.13)
Mzy = =V (pig + 2X13V) - (A.14)

The mass-squared values of these T-even doublets are all positive and the masses normalized
to Viy for benchmark BP-I and BP-II are {2.86,2.53,2.21,2.02} and {2.72,2.36, 1.83,1.64},
respectively.

A.1.3 Weak-singlet T-even scalars
There are five T-even SU(2), singlet fields identified as

xas (L,1,2), X33 (1,1,1), 33 (1,1,0), 33 (1,1,0), @3 (1,1,0).  (A.15)
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The first two in this list are doubly charged and singly charged scalars, while the rest are
neutral. The singly charged field x33 is a Goldstone mode. The mass of the doubly charged
xi3 field is given by
Mi;’é = —2VZ2(\a + X5). (A.16)

Notice that (A2+A5) < 0is required for this mass parameter to be positive, which is satisfied
in the two benchmark points which correspond to mass eigenvalues of 0.133 Vy (0.118 Vi)
for BP-I (BP-II).

There is mixing among the fields {Re[x33], Re[x33], Re[®3]} with the mass matrix ele-
ments given by

My1 = 4(M\ 4+ Ao + A3 + My + A5) V2 (
Mas = (M1 4 Ao)V,2 + 2[2X1 + 3 + 2(\3 + Ag) + 3Xs] V2 (
Msz = 4(Xg + A7) V2 (A.19
Mz =4(M + X3+ X)) VAV, (
Mz = 2(Ao + A) Vi Vi (
Mas = 2(A1o + As) Vi Vv — 4“//N (

n

(A2 +Xs) (Vi — V7).

The eigenvalues of the above 3 x 3 mass matrix are positive and the masses normalized to
Vv are given as {1.30,0.65,0.057} and {1.60,0.39,0.095} for BP-I and BP-II, respectively.
The lightest field is identified as A/, relevant for DM analysis. In the limit Re[®3] mixing
with Re[x33], Re[x33] small, the mass of the h/ = Re[®3] is simply given as

Mh' ~ 2\/ )\h/ Vn, (A23)

where Ay = A\g + A7. This allows the quartic coupling of the interaction % (h')*, essential
for DM pair annihilation into pairs of A/, to be written as (cf. eq. (4.1))

g% Mj (1+24°)

Ay =
L M2,

(A.24)

The neutral field Im[y23] is a Goldstone modes. There is mixing among the neutral
field {Im[x33], Im[®3} yielding one Goldstone and one physics state:

2VnIm[x33] + V,, Im[®3]

G = (A.25)
V2 +4VE
V2 +4VE
with the mass of the physical field given by
2 L o2 2 2 2 2
MX//O = W(Vn + 4VN) |:<)\11 + Alg)Vn + Q(AQ + )\5)(VN - VI/ )] . (A27)

The mass-squared corresponding to eq. (A.27) is positive and its mass is 3.75 V for BP-I
and 3.80 Vy for BP-I1.
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A.2 T parity odd fields
A.2.1 Weak-triplet T-odd scalars
There are three T' parity odd SU(2)y, triplet fields identified as follows:

Xit* Xit* Xit*
XEe (1737 1) = X%g* ) X,E‘E (17370) = X%%* ) X/EV (17370) = X%%* . (A'28)
. & .

Here the first triplet carries a hypercharge, and does not mix with the other two fields
which have Y = 0. The mass-squared for the Y =1 triplet x g, is given by

1
M, =500 =200V, + (A2 = 20 + M)V = (o + 200 + A+ 25))V . (A.29)

The Y = 0 triplets are complex fields. Its neutral components yi3 and 13 have the
following masses:

M(QReJm)[X}g]:(—A10+2A14)V,fiﬁuva—2(A3+A4)vﬁ—(A2+2(A3+A4+A5))v3, (A.30)
1
M(ZReJm)[Xg]:5()\9—2)\10)Vfi6uXV,,+(>\2—2(>\3+>\4))V]%—2(>\2+>\3+)\4+)\5)VV2. (A.31)

The fields {x1%*, x33} and {x13*, x33} mix to form 2 x 2 matrices. The eigenstates corre-
sponding to these matrices are

1 *
Xe = —=(x £ X119 (A.32)

-

XL = —(as £t A.33

+ \/§(X22 Xi1) ( )
The masses corresponding to the physical state X+ and X% are respectively
given by egs. (A.30) and (A.31). For the benchmark values given in ta-
ble 1, the mass-squared values are positive and the masses for the fields
{Myp., Mgepiz;, Mygpz), Mpepiz), Mgz} noramalized to Vi are respectively
{2.80,1.81,3.50,1.98,3.43} and {2.42,1.96,2.77,2.03,2.75} for BP-I and BP-II.

A.2.2 Weak-doublet T-odd scalars

There is one (1,2,3/2) multiplet that is 7" odd, as well as four (1,2,1/2) multiplets. The
Y = 3/2 doublet is identified as

X33
e (1,2,3/2) = (2 (A.34)
X13
with its mass given by
1
M, . = _5/\10Vn2 — (203 + M) VR — (2A2 + 203 + Ay + 2X5) V)2 (A.35)
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This squared mass is positive and the mass eigenvalue is 2.19 Vy for BP-I and 1.80 Vy for
BP-II. The four T parity odd doublets with ¥ = 1/2 that mix with each other are

X33 XT3
xeve (1,2,1/2) = [ 2] xpewe (1,2,1/2) = (720 ], (A.36)
X13 X23
33 (1)3*
Xev (1,2,1/2) = (X33 ) o, (1,2,1/2) = | - | . (A.37)
X33* (133*
23 2
The elements of this mass matrix, in the basis (X’,c, Xge e, Xon, @), denoted as M;j, are
given by
N 1
~ )\
Ny = =22072 _9(\g + A VR (A.39)
- V2
Ms3 = 7”(—)\10 + A1+ 209) + 2(A2 + )\5)V1% —(2X2+2X\3+ M\ + 2/\5)V1,2 (A.40)
My = —Mo(VE+VH +VE M1 42X + — e (>\ + 24 X5)(VE - VD) (A.41)
5 A12
My = ——2=V,V, (A.42)
V2"
M3 =0 (A.43)
Mg = Ai2V;} (A.44)
Moz = (2X3 + A1)V Vi, (A.45)
- A10
Moy = —=V,,V, A.46
N (A.46)
- VoV
My = TN[MO — A1 — 2Xg — W()\Q +X) (VR = V). (A.47)

There are two Goldstone modes associated with the doublets fields given in eq. (A.36)
and eq. (A.37):
V2Vxd3 + V2V Xy + Vo
V2208 +1V2)
V2V x33 + V2Vnx33 + Va ‘1)3
V2 +2VR +1V2)

G+

(A.48)

GO

(A.49)
The masses of the remaining 7" parity odd (1,2, 1/2) fields are {2.93,2.21,2.10}V for BP-I
and {2.78,1.83,1.71}Vy for BP-II, with all eigenvalues being positive.

A.2.3 Weak-singlet T-odd scalars

There are four complex T-odd singlet fields, which are identified as

X33 (1 1 1) X33 (1’ 170) (I)é (17 17 1)7 (I)g (17 1)0) : (A5O)
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The singly charged singlet fields {xi3, @3} mix to give one physical state and a Goldstone

mode:
13 Pl
G = Y2VNXd + Vo) (A.51)
V2+2V2
_ 13 Pl
XM — VX33 + V2V (A.52)
V2 +2V2
The mass of the physical state X’T is given by
My = — (V2 4 2V2) (A1 + M) V2 400 + As)(VE — V2) (A.53)
X+ = 2Vn2 n N 11 9)Vn 2 5 N IR .

This mass is 1.84 V (1.88 V) for BP-I (BP-II).
The neutral singlet fields {Re[x23], Re[®3]} mix to give one Goldstone mode and one
physical state:
GO — ﬂ(VN - VV)Re[ng] + VnRe[CI)%] (A54)
VVZ 2]V =V, 2
— [V = Vo [VaRe[x3]] + v2[Viy — Vi [Re[®3]
JVE+ 2V~ P

X/OT —

. (A.55)

The mass of the physical state X’ is given by

1
2V2

M3 = V242V — Vi) [(A1 4 M) V2 + 4V + A5)(Vy + V3)] . (A.56)

As noted earlier, from the doubly charged scalar mass, Ay + A5 < 0 is required, which
forces the choice Ao + A5 = b (A9 + A\11) V;2/VZ for the positivity of the mass term in
eq. (A.56), with b being order one or smaller. The mass of the neutral T-odd field (= H' ~
(1,1,0)) is 0.165 Vi for BP-I and 0.187 Vi for BP-II with positive eigenvalue. Similarly,
the neutral fields {Im[x33], Im[®3]} mix to give one Goldstone mode and one physical state:

V2(Vy + V,)Im([x33] + V;,Im|[®3]
VVZ+2[Vy + V2
—|Vy + V| VaIm[x33] + V2|V + V, |Im[®F]
VVZ 1 2[Vy + V, 2

G = (A.57)

X/Oi —

. (A.58)

The mass of the physical state is given by

1

2
MXIOi - 2V2
n

(V2 +2(V + V)2 [(A11 + M) V2 + 4N + X)WV (Vy — V)] . (A.59)

The squared mass corresponding to eq. (A.59) is positive with the mass being 3.51 Vi for
BP-I and 3.60 V) for BP-I1I.
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