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In this paper, we present a model which attempts to unify a new dark sector force with a local SU(3)
flavor symmetry. Dark matter (DM) and its potential interactions with the Standard Model (SM) continue to
present a rich framework for model building. In the case of thermal DM of a mass between a few MeV and a
few GeV, a compelling and much-explored framework is that of a dark photon/vector portal, which posits a
new U(1) “dark photon” which only couples to the SM via small kinetic mixing (KM) with the SM
hypercharge. This mixing can be mediated at the one-loop level by portal matter (PM) fields which are
charged under both the dark U(1) and the SM gauge group. In earlier work, one of the authors has noted
that models with appropriate portal matter content to produce finite and calculable kinetic mixing can arise
from nonminimal dark sectors, in which the dark U(1) is a subgroup of a larger gauge symmetry under
which SM particles might have nontrivial representations. We expand on this idea here by constructing a
model in which in which the dark U(1) is unified with another popular extension to the SM gauge group, a
local SU(3) flavor symmetry. The full dark/flavor symmetry group is SU(4)y x U(1), incorporating the
local SU(3) flavor symmetry with PM appearing as a vectorlike “fourth generation” to supplement the
three generations of the SM. To ensure finite contributions to KM, the SM gauge group is arranged into
Pati-Salam multiplets. The new extended dark gauge group presents a variety of interesting experimental
signatures, including nontrivial consequences of the flavor symmetry being unified with the dark sector.
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I. INTRODUCTION

In spite of composing roughly 80% of the matter in the
universe, the precise identity of dark matter (DM) remains
undetermined. Models to produce the appropriate abun-
dance of DM, however, strongly suggest that it is subject to
interactions other than gravity, and null results (thus far) in
searches for historically favored DM candidates such as
axions [1,2] and WIMPs [3] have led to a proliferation of
new ideas on the identity, production mechanisms, and
experimental signatures of DM [4,5]. In this work, we will
be exploring one of the more recently popular DM models,
that of a kinetic mixing/vector portal [6,7]. In these setups,
interaction between the Standard Model (SM) fields and the
DM is mediated by a massive vector dark photon Ap,
associated with a broken dark gauge group U(1),,. The DM
particle is uncharged under the SM gauge group, but
possesses nonzero U(1), charge, while the SM fields
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are just the opposite: Charged under the SM group, but
not under U(1),. Small couplings between the dark
photon and the SM fields occur due to kinetic mixing
(KM) between U(1),, and U(1)y, which after electroweak
symmetry breaking ultimately give every SM particle a
coupling to Ap of eeQ, where e is the electromagnetic
coupling constant, Q is the electric charge of a given
particle, and e is a small value which parametrizes the
strength of the kinetic mixing. The simplest realizations of
these models present a rich phenomenology with a
remarkably simple setup: The only parameters the DM
and dark photon masses (as well as potentially the mass of
a scalar associated with U(1), breaking), the U(1),
gauge coupling, and the KM parameter e. However, these
minimal setups leave little framework for addressing a
number of questions: What is the origin of the small KM
parameter €¢? Is U(1),, the only dark sector gauge group,
or is it embedded in some larger gauge symmetry? Could
the dark sector gauge forces be connected in some way to
other ongoing questions in particle physics?

In the region of parameter space where DM and the dark
photon have masses ranging between ~a few MeV to ~a
few GeV, the favored value of e generally lies in the range
of € ~ 10~G~%) [8,9], which can in turn suggest that the KM
can arise from a simple one-loop vacuum polarizationlike
diagram featuring “portal matter” fields charged under both
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U(1)y and U(1), [7]. The kinetic mixing parameter then
has the dependence
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where the sum over i denotes a sum over all fermions (a
nearly identical expression arising from complex scalar
loops also occurs, differing only in the omitted proportion-
ality constant in front of the sum), Qy denotes the
hypercharge of particle i, Qp. denotes its U(1),, charge,
and p is a renormalization scale. The sum in Eq. (1) is finite
and calculable when ), Qp Oy, = 0. In two previous
works by one of our authors [10,11], henceforth referred
to as I and II, respectively, the theory and phenomenology
of these portal matter fields was explored. In I, it was
argued that fermionic portal matter fields must be vectorlike
in order to avoid constraints due to gauge anomalies and
precision electroweak measurements. Additionally, in order
to ensure that the fields are unstable (and hence conform to
cosmological constraints), they should only appear in the
same representations under the SM gauge group as SM
particles. In short, portal matter fermions should be vector-
like copies of SM fields [12], a possibility rarely explored
in the literature [13]. The discussion in I limited itself to the
simplest possible constructions, in which a pair of such
vectorlike fermions, with opposite dark charges, generate
finite KM through a small mass splitting between them.
Although this setup provided for interesting phenomenol-
ogy, the inclusion of portal matter fields which satisfied the
condition ) ; Op,Qy, = 0 was ultimately ad hoc: In spite
of the critical importance that this cancellation had to the
model, it did not happen “naturally.” Furthermore, the
U(1), itself was still minimal—the potentially new effects
arising from a nonminimal set of dark gauge symmetries in
which U(1),, could be embedded, such as the possibility
that the SM fields were nontrivially charged under some
part of the extended gauge group orthogonal to U(1),
were not explored. II began the process of addressing both
of these questions. First, it was noted that the required
cancellation to render Eq. (1) finite would naturally occur
when the portal matter was placed in the vectorlike
representation 5+ 5 of SU(5), which would then be
broken down to the SM gauge group. Inspired by Eg
theories in which the 27 of Eg breaks down to a (5,2) +
(1,2) + (5,1) + (10,1) of SU(5) x SU(2) (allowing for
the complete SM to be contained in a 5+ 10, with a
vectorlike set of portal fields in 5 + 5), II then developed a
model based on a gauge group SU(5) x SU(2); x U(1)y,.
This setup exhibited a number of intriguing properties.
For example, the extended dark gauge sector led to new
heavy gauge bosons associated with the dark sector but
coupled to the SM, as well as nonstandard dark photon
couplings emerging from mass mixing with SM gauge

bosons (the latter a consequence of the dark group U(1),
itself only emerging as a combination of SU(2), and
U(1)y, generators). The model in II also exhibited poten-
tially interesting flavor physics behavior, including flavor-
changing neutral currents and flavor-dependent couplings
of new gauge bosons to SM fermions. However, the setup
as written had comparatively little underlying theoretical
structure for the shape and magnitudes that these effects
might take.

We wish now to expand on the work of II, and in
particular the flavor physics questions it raised, by con-
sidering the following: If the extended gauge group con-
taining U(1), can include groups under which the SM
particles are nontrivial representations, might we create a
model in which the dark photon gauge symmetry U(1),
might be unified, either partially or completely, with some
sort of flavor symmetry? With that goal in mind, we
develop a specific model: First, we extend the SM to a
Pati-Salam symmetry SU(4). x SU(2), x SU(2), [14],
which, as a semisimple group, we shall prove in Sec. Il A
will guarantee that KM from contributions of the form of
Eq. (1) will remain finite and calculable. For our “dark
sector,” in which the dark photon U(1), shall be
embedded, we choose the SU(4), x U(1) group. We
shall see that this group is large enough to contain both a
U(1), under which the SM fields can remain uncharged,
and an embedded SU(3), group describing quark flavor.
Multiplets containing the SM fields then are placed in
fundamental (and antifundamental) representations of the
SU(4), group, with the three SM generations forming
triplets (and antitriplets) under SU(3); and portal matter
fields representing a “fourth generation” that are singlets
under SU(3) . From this outline, we create a phenomeno-
logically realistic theory in which an SU(3). flavor
symmetry is partially unified with a vector portal for DM.

Our paper is laid out as follows: In Sec. II, we discuss the
field content of the model and the masses of any new exotic
particles we require. In addition to explicitly computing the
masses and mixings of all phenomenologically relevant
new fermions and gauge bosons, we comment qualitatively
on several important aspects of the scalar sector, since a
rigorous treatment of this sector of the model is complex
enough to lie beyond the scope of the present work. In this
section, we also note that while the UV model is enor-
mously complicated, containing a variety of new heavy
fermions, the overwhelming majority of the new particles
introduced will have a high enough mass scale to have very
little phenomenological relevance. As such, while we make
brief comments about the model at the high scale, we shall
focus the majority of the paper on the comparatively few
new particles which are light enough to have observable
effects in the present generation of experiments. In Sec. III,
we establish several important phenomenological tools
required for our later analysis: In particular, we explicitly
determine the couplings of the model’s fermions to both the
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new gauge bosons and to the SM gauge bosons and the
Higgs, and determine what a “natural” range for our model’s
parameters might be. In this section, we also explicitly
compute the magnitude of the KM effect, i.e., € in the model,
and comment briefly on how it constrains our parameter
space. In Sec. IV, we compute the phenomenologically
significant flavor-changing neutral currents appearing in the
model, and compare them with existing experimental con-
straints. In Sec. V, we offer a brief survey of the phenom-
enology of the new fields that may be produced at collider
experiments, in particular focusing on how our model here
differs from the results seen in I and II. Finally, Sec. VI
summarizes our results and discusses possible avenues with
which this work might be expounded upon.

II. MODEL SETUP

In this section, we shall outline the components of our
model and demonstrate how realistic flavor structure, at least
in the highly constrained quark sector, may be effected. It
should be noted that in order to attain the observed quark
masses and CKM mixings, the model presented here is
exceedingly complicated and requires prodigious fine-
tuning. However, this finely tuned sector of the model is
associated with the new SU(3), flavor symmetry, which
generally must be broken at multi-TeV scales. At energies
which may be probed experimentally, we shall find that the
model is mostly agnostic to the particulars of how the
SU(3), symmetry is broken. In the interest of completeness,
then, we present a construction of our model in which the
SU(3), symmetry is broken in a manner consistent with the
observed quark masses and CKM parameters, but we note
that the behavior of the model is in most cases insensitive to
the specifics of the model in the multi-TeV regime. When we
discuss the phenomenology of the model in later sections,
we shall explicitly note when the results may be sensitive to
modifications of the multi-TeV sector of the theory.

A. Fermion content

To begin our construction, it is useful to make several
assumptions. First, to ensure that our fermions will always
produce a finite and calculable kinetic mixing between SM
hypercharge and any new U(1)’s appearing in our model,
we will restrict our efforts to theories where the gauge
group can be written G x Gp, where G is an arbitrary gauge
group containing a dark U(1) symmetry, and G is some
semisimple group containing the SM. Our inclusion of the
condition that G is semisimple now guarantees that once G
is broken down to a group which includes U(1) factors, any
kinetic mixing between these U(1) factors and any U(1)
contained in Gp generated by one-loop contributions of the
form of Eq. (1) will be finite.

We can prove this claim of finiteness straightforwardly:
To start, we consider a field in the representation R x R,
of G x Gp. Then, consider an arbitrary U(1) embedded in

G, the generator for which we will call Ty, and an arbitrary
U(1) embedded in Gp, the generator for which we will
call Tp. We can demonstrate that for any representation
Ry xR, of GxGp, the loop-level contribution to the
kinetic mixing between the two U(1) groups is finite
and calculable. We know from Eq. (1) that this contribution
to the KM coefficient € will be finite and calculable as long
as the trace Tr[TyTp| = 0, where the generators Ty and T'p
are given for the representation R x R,. However, since
this representation is a direct product, this trace is simply
Tr[Ty] x Tr[Tp|. For a semisimple group, the trace Tr[Ty]
is always zero for any U(1) generator and any representa-
tion. As as a result, Tr[TyTp] = 0 x Tr[Tp| = 0, and the
contribution of any representation under G x Gp to KM will
always be finite and calculable for semisimple G.'

For our purposes, we shall select (as mentioned in
the Introduction) the Pati-Salam gauge group SU(4), x
SU(2); x SU(2)r as our semisimple group G [14]. To
ensure that any new exotic fermions occur in representa-
tions that will quickly decay into SM fields, we then
assume that all fermions in our model occur in the tradi-
tional Pati-Salam multiplets (4,2, 1) and (4, 1,2), or their
conjugate representations.2 As our work above for a general
G would suggest, it is straightforward to see that each of
these multiplets has Tr[Ygy] = 0, and hence, if we only
introduce new matter in these representations, then regard-
less of its transformation properties under Gp, the new
fermions will invariably produce a finite and calculable
kinetic mixing between the SM hypercharge and any new
U(1) € Gp. Dark matter, if we wish it to be fermionic, can
then be introduced as a Pati-Salam singlet (or collection
of such singlets) or as the SM singlet component of a
(4,1,2) multiplet, with some nontrivial charge under
U(1)p. For the sake of brevity, we shall employ some
further simplifying notation: We shall denote the groups
SUN), x SUM)px ...xU(1)c by NyMp...1¢, so that,
for example, Gpg = 4,.2;2x, and the SM gauge group
SU(3), x SU(2), x U(1)y is simply written 3.2, 1y.

"There are two caveats worth mentioning here: First, this
works equally well assuming Gp, rather than G, is semisimple,
however, given the large number of extensions of the SM gauge
group to a semisimple one (Pati-Salam, trinification, and all GUT
models), we have elected here to restrict our attention to the
scenario where G is semisimple. Second, we note that in the high-
energy theory, the absence of an independent U(1) factor in G
(since U(1) is not simple) means that KM arising from vacuum
polarization diagrams as described in the Introduction are
forbidden by gauge invariance. However, we note that these
terms still arise via effective operators featuring the insertion of
scalar vevs when these gauge symmetries are broken—we shall
argue in Sec. III C that this does not vitiate our KM calculation
there, at least for the purposes of evaluating the magnitude of the
mixing.

This is not strictly necessary, since there exist other Pati-
Salam representations that contain only fields with SM-like
quantum numbers. However, we shall stick to the familiar
canonical choices for simplicity.
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Our choice of Gp is then further restricted by our
requirement that the model incorporate three generations
of the usual SM fermion fields, all of which must be
uncharged under U(1),. A simple method of accomplishing
this is to assume that Gp contains an SU(3) flavor symmetry,
SU(3)p, the generators of which are orthogonal to the
generators of the U(1), symmetry. That is, we can decom-
pose Gp = SU(3)p x G'p, with G'p D U(1),. Then, if we
can find a model which gives the complete set of SM
fermions in fundamental or antifundamental representations
of SU(3), with zero charge under U(1),, we’ll have
recreated all three generations of the SM. The sole remaining
requirement is that all other additional fermions in the model
be vectorlike once G'p is broken down to U(1) 5, leaving the
SM as the only “light” chiral matter content.

Precisely this sort of construction can be arranged if we
take, e.g., Gp = SU(4); x U(1)y = 4p1p, and write the
matter content of our theory in terms of left-handed
multiplets (not to be confused with the SU(2), gauge
group) of the form 4,.2; 24515 as

(4,2,1,4,-1/4) + (41,24, +1/4) + (4.2,1,1, +1)
+ (4,1,2,1,-1). 2)

By breaking 4p1p — 3p1p1y = 3p1p, we can then
decompose this field content into

(4,2,1,3,0) + (4,1,2,3,0) + (4,2,1,1,-1)
+ (‘_‘7 2’7 17 17 +1) + (47 17 2’7 17 _1) + (Z"v 17 29 17 +1)a
(3)

where multiplets are now labeled according to 4,.2; 2,351 .
As is readily apparent from Eq. (3), all of our criteria are
satisfied: The SM is contained in a chiral SU(3), triplet
and an antitriplet, which only gain mass at the scale of
electroweak symmetry breaking, while all additional fields,
which might serve as portal matter to contribute to kinetic
mixing, are vectorlike and therefore able to obtain far larger
masses. Inspection of Eq. (2) also shows this model to be
anomaly-free.

In order to effect realistic flavor mixing within this
setup, we finally introduce additional vectorlike multiplets
to act as seesaw partners to the SM fermions, analogous to
the treatment of the charged leptons and quarks in the
model construction of [15]. Specifically, we find that
adding a vectorlike multiplet in the (4,1,2,4,-1/4) +
(é_l, 1,2,4,+1/ 4) representation to the matter content
of Eq. (2) allows us, with appropriate selections for the
model’s scalar content, to exhibit the observed mass hier-
archy for quarks and charged leptons, as well as the SM
CKM matrix. We also note that in order to ensure the
existence of light, SM-like fermions, certain mass terms will
have to be forbidden by imposing a discrete Z, symmetry on
our model, discussed in detail in Section IIC. Our final
matter content can then be written as

(4,2,1,4,—1/4) + (4,1,2,4,+1/4) + (4,2,1,1,+1)
+(4,1,2,1,—1) + (4,1,2,4,-1/4) + (4,1,2,4,+1/4).
(4)

For convenience, we have listed this matter content, labeled
by Pati-Salam and SM multiplets, in Table 1. We have also
labeled the various multiplets in Table I based on their SM
quantum numbers and their role in the theory: g, , d%, and u%
represent (up to small mass mixing with vectorlike fermions)
SU(2), doublet, downlike SU(2), singlet, and uplike
SU(2), singlet quarks, respectively, while /;, e%, and v
represent the same for SU(2), doublet leptons, charged
SU(2), singlet leptons, and sterile neutrinos respectively.

TABLE I. The fermion content of the model, grouped by their
representation under 4.2; 2z4r1p.

4.2, 2r4F1F SM

Fermion  multiplet label SU(3), Y/2 SU(3)r U(1),
¥, (4,2,1,4,-1/4) ¢, 3 +1/6 3 0
I, 1 -1/2 3 0
0o, 3 +1/6 1 -1
L, 1 -1/2 1 -1
¥,  4.211,+1) 0z 3 -1/6 1 +1
Ly 1 +1/2 1 +1
¥, (4,1,2,4,+1/4) dz 3 +1/3 3 0
up 3 -2/3 3 0
e% 1 +1 3 0
vy 1 0 3 0
D) 3 +1/3 1 +1
Uy 3 -2/3 1 +1
(E)g 1 +1 1 +1
(N 1 0 1 +1
¥, (4,1,2,1,-1) (D)), 3 -1/3 1 -1
(U), 3 +2/3 1 -1
(E), 1 -1 1 -1
(N, 1 0 1 -1
v, (4.1,2,4,-1/4) (D,), 3 -1/3 3 0
(Uy), 3 +2/3 3 0
(E,), 1 -1 3 0
(N,), 1 0 3 0
(Dy), 3 -1/3 1 -1
(Us), 3 +2/3 1 -1
(E5), 1 -1 1 -1
(N;), 1 0 1 -1
v, (4,1,2,4,+1/4) (D2); 3 +1/3 3 0
(U2)g 3 -2/3 3 0
(Ey)e 1 +1 3 0
(N)) 1 0 3 0
(D3), 3 +1/3 1 +1
(Us)e 3 -=2/3 1 +1
(E3) 1 +1 1 +1
(N3)e 1 0 1 +1
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The multiplets labeled by capitalized letters represent (again
up to small mass mixing) the new vectorlike particles in the
theory, which act as portal matter and serve as seesaw
partners to the SM states.

The addition of the new vectorlike states in Eq. (4),
however, raises two issues that warrant some discussion.
First, we note that these extra states vitiate any discrete left-
right symmetry that previously existed in the model, and
which is frequently assumed in Pati-Salam constructions.
Our selection here is ultimately one of convenience: The
additional vectorlike fields represent the minimal additions
we need to effect the observed SM flavor structure, at least
via the method outlined in Sec. II C. In principle, nothing
prevents us from adding a corresponding vectorlike SU(2),
multiplet to restore the left-right discrete symmetry. In
practice, however, the addition of these states significantly
complicates the numerical structure of the model, so for our
purposes here we simply include the extra SU(2), vector-
like multiplet. If we wish to maintain a left-right discrete
symmetry, we can assume that the particles of the corre-
sponding SU(2), vectorlike multiplet are significantly
more massive than those of the SU(2); multiplet, and
therefore do not have a significant numerical effect on the
theory at low energy. We also note that even if we were to
include an SU(2), multiplet with similar particle masses to
those of its SU(2), counterpart, the effect on low-energy
phenomenology would be minimal; we shall see in
Sec. IIC that the natural masses of the particles in the
extra vectorlike multiplets are so high that only one of these
vectorlike particles, acting as a seesaw partner to the top
quark, will be accessible at the LHC or any likely future
planned colliders. We therefore can determine that the
effect of adding an extra vectorlike multiplet to the theory
to restore left-right symmetry would, even if the masses of
the particles in the multiplet were comparable, likely only
result in the introduction of a single additional particle, a
vectorlike SU(2), doublet quark, at accessible energies.
Given the substantial increase in numerical complexity
coupled with relatively limited phenomenological impact,
we leave an exploration of the strict enforcement of discrete
left-right symmetry in this model to future work.

We also note that the fermion content of Eq. (4) pushes
us over the constraint for asymptotically free QCD: If the
Pati-Salam SU(4), symmetry is broken down to the SM
QCD at a higher scale than any of these fermions acquire
mass, then the theory has 18 flavors, while QCD only
remains asymptotically free for 16 or fewer flavors. While
we wish to focus our efforts on the low-energy implications
of this model, rather than the complexities associated with
its full UV completion, the abandonment of asymptotic
freedom does merit some justification. We might note that
as long as we do not introduce any further colored fermions
(as we would need to in order to, for example, enforce a
discrete left-right symmetry), the matter content of Eq. (4)
should result in a confined SU(4), theory (even accounting

for the existence of an SU(4), adjoint scalar to break this
symmetry). In fact, using the rough order-of-magnitude
estimates for the various fermionic masses in the theory
given in Sec. IIC, we find that a, remains comfortably
perturbative even if SU(4), is broken as high as the Planck
scale, due to the fact that a number of fermion fields must
have masses in the high multi-TeV range in order to recreate
the observed fermion mass hierarchy. Given that the Pati-
Salam symmetry is generally broken at significantly sub-
Planckian energies [16-18], we can safely assume that for
this construction, our abandonment of asymptotic freedom
does not present a severe difficulty. For more general cases,
we also note that it has been conjectured that it is not
unreasonable to abandon asymptotic freedom at some
intermediate scales, such as the TeV-scale, in exchange
for asymptotic safety, where a UV interacting fixed point is
reinstated by physics at some high energy before the Planck
scale [19]. As our discussion in this paper is limited to
physics well below the Planck scale, we will not conjecture
as to how this asymptotic freedom is restored, and only note
that such a restoration may be possible, even in setups with
an even greater number of excess fermions than the minimal
construction we employ here.

B. Scalar content

In order to break the gauge symmetry in our model from its
original GUT-scale 4,.2; 2p4r 1 to the SM gauge group, and
then down to 3.1.,, as well as generate the appropriate
spectrum for SM fermions, we must posit the existence of a
significant number of scalar fields. For simplicity, we shall
assume that the Pati-Salam symmetries SU(4),. and SU(2),
are broken at some exceedingly high scale (or scales). We
shall see that this is not in fact an unreasonable assumption—
if we were to assume a discrete left-right symmetry, for
example, renormalization group running of the SU(2), and
SU(2) in a minimal Pati-Salam model suggests symmetry
breaking around ~10'3~1* GeV [16-18], while the highest
scales we shall require for breaking the SU(4), x U(1)p
symmetry and reproducing the fermion spectra and mixings
will not exceed O(108° GeV). Assuming the Pati-Salam
symmetry is broken, then, we are now left with the need for
scalars which break the SU(4) x U(1); symmetry down to
adark U(1), which we shall call U(1) ;,, which is then broken
entirely at some low scale at roughly O(0.1-1 GeV), as well
as some scalar content to perform the role of the SM Higgs,
breaking 2; 1y — 1., To accomplish these tasks, we posit 5
Higgs scalars, given in the 4,.2;2p4 1 representations as

@, ~(1,1,1,15,0),

@y~ (1,1,3,15,0),

®s ~(1,1,1,1,0),

Dp~(1,1,1,4,+3/4),
H~(1,2,2,1,0). (5)
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TABLE II. The scalars introduced to break the 41 flavor symmetry and provide masses to the fermions. Here,
(A) and (B) are 3 x 3 Hermitian matrices, ¥, p p are 3-component complex vectors, and vp, vg, and vgy are simply
real vevs, with v =246 GeV being the SM Higgs vev. In the definition of ®3’s vev, o3 denotes the third Pauli

matrix.

Scalar SU(2), SU(2)g SU4)p U(l)p (@)

@, ! ! 15 0 (@) T ~ (970 GEV o151 o)
@5 1 3 15 0 3@ (% iy ~ (O ow ')
op 1 1 4 +3/4 (7p,vp) ~ (0.1-1 GeV, 103-10* GeV)
(o8 1 1 1 0 vg ~ 103-10* GeV

H 2 2 1 0 ﬁ (Cogﬁsigﬂ)

For convenience, we have listed these scalars, along with
rough orders of magnitude for their vacuum expectation
values necessary to achieve the observed SM quark mass
spectrum (which we shall derive in Sec. II C), in Table IL.
The scalar content that we have selected here can be easily
deduced from phenomenological considerations: The sca-
lars @4, ®p, g, and H are all immediately required for a
treatment of the quark masses analogous to that of [15],
generalized to treat our larger model. In [15], the masses
and mixings of the quarks and leptons are reproduced with
the aid of a traditional SM Higgs doublet, two SU(3),
adjoint scalars, and a singlet. To adapt the construction of
that work to the present scenario, we require that the
SU(3); adjoints in that work are promoted to SU(4),
adjoints, that one of the two SU(4), adjoints also be a
triplet of SU(2)g in order to effect the large discrepancy
between uplike and downlike quark masses (and the
nontrivial CKM matrix) without relying on renormaliza-
tion group evolution, and that the scalar H containing
the SM Higgs field is promoted to a bidoublet under
SU(2), x SU(2). Itis useful to note that the scalar content
of Eq. (5) does not contain any scalars that are charged
under both U(1), and U(1). Loop-level kinetic mixing
between these two U(1) symmetries, then, such as that
mediated by the fermion content in our model, does NOT
occur in the scalar sector. In the scalar content of Table II,
the addition of the singlet ®¢ may seem superfluous, and
so merits some further clarification. As we shall see in
Sec. II C, the most general set of Yukawa couplings that can
be written with the contents of Tables I and II does not
reproduce the fermion spectrum accurately. In order to
forbid undesirable Yukawa terms, the authors of [15]
impose a Z, parity under which certain fermion fields
are odd and others are even. However, in both this work and
[15], this Z, parity forbids one mass term that is still
necessary for the recreation of realistic fermion masses,
and so this term is reintroduced with the Z,-odd scalar ®@g.

It is helpful here to use the labeling of Table II to
illustrate the rough pattern of symmetry breaking from the
scale where the Pati-Salam group is broken down to the SM
group 3.2; 1y down to the scale where the dark photon

gauge symmetry U(1), is broken—or in other words, how
the SU(4), x U(1), symmetry is broken.

AB v 7
SU@)y x U 2201y, x U(1) -5 U(1) 4 Nothing.

(6)

In Eq. (6), we have simply listed how the various vev terms
from Table II break the SU(4), x U(1), symmetry down,
arranged by the rough scale at which each breaking occurs.
Consulting Table II, we can see that SU(4) is broken by
(A) and (B) down to U(1)} at a series of scales spanning
between ~10° GeV and 10° GeV (in practice, we shall that
this symmetry breaking usually completes at a substantially
higher scale than 10° GeV), while vp then breaks U(1)}, x
U(1)down to U(1),, at a scale of roughly 10°~* GeV, and
finally the small vevs y, 3 p break U(1),, entirely at a scale
of ~0.1-1 GeV. The contents of Table II highlights two
notable characteristics of our vev arrangements. First, there
exist substantial hierarchies between the various vev scales
in the model, the values of which span nine orders of
magnitude. As we will see in Sec. I C, these hierarchies are
necessary to recreate the observed hierarchy in SM quark
masses, as well as ensure that the dark photon remains
at roughly the scale of ~1 GeV. Due to the significant
complexity of the scalar sector here, with numerous
possible potential terms, a detailed exploration on the
naturalness of these hierarchies is beyond the scope of
this paper, however it is clear that any potential which
might produce these vevs is likely quite finely tuned.
The second notable characteristic of our vevs evinced in
Table II is that the vacuum expectation values of certain
components of the scalar fields are exceedingly large
(we remind the reader that even the largest scales here,
~10° GeV, are still well below what we can anticipate for
the breaking of the symmetries SU(4),. and SU(2), which
as noted before we assume to be ~1013-14 GeV). As a
result, we can anticipate (and, in Secs. I C and II D, prove)
that much of the new physics which shall arise in this model
appears at scales far in excess of what can be directly
probed in the foreseeable future. The task left to us is

015032-6



SU(4) FLAVORFUL PORTAL MATTER

PHYS. REV. D 105, 015032 (2022)

therefore identifying the elements of our model construction
that yield new physics at scales that we do expect to be
probed in the near future. As with the problem of quanti-
tatively evaluating the vev arrangement’s tuning, performing
this task in detail is far beyond the scope of the present work,
given the large number of multiplets and the resulting high
degree of complexity for the scalar potential.

We can, however, briefly comment on some of the
scalars that will likely be relevant at accessible energies.
First, we note that if the left-right symmetry breaking scale
is quite high (as we have already assumed), the SM Higgs
field is well-approximated as the sole element of the
bidoublet H that achieves a nonzero vev, so that

() ¢ v (cosfp 0
H‘(qﬁr —¢8*>’ <H>_ﬁ( 0 sinﬁ)’
hsm & ) cos f + ¢ sin . (7)

where hgy; denotes the real scalar identified with the SM
Higgs boson, and v =~ 246 GeV is the SM Higgs vev. In
immediate analogy with conventional left-right symmetric
models, additional physical scalars associated with the
bidoublet H will all have masses at approximately the scale
of SU(2) breaking [20-22], and hence given our assump-
tions be unobservable at present or immediately foreseeable
experiments. Finally, we note that to ensure perturbativity
for the Yukawa couplings of the heavy scalars arising from
the bidoublet, again in analogy with well-known left-right
symmetric model building principles, we must also require
that tan 8 < 0.8 [21].°

Apart from the SM Higgs, there is only one other scalar
that we shall consider here. Specifically, given the excep-
tionally low scale at which the symmetry U(1),, is broken
in comparison to the other scales of the theory, we
anticipate that some combination of the scalars described
in this section will emerge as a physical “dark Higgs”
boson of mass ~O(|yp 4 g|), as the physical counterpart to
the combination of Goldstone bosons which become the
longitudinal component of Ap- such a scalar appears in, for
example, the discussions of I and II. Because the precise
structure of the scalar sector is too complex to be able to
probe in detail in this work, we instead shall simply deduce
the contribution of this scalar to relevant processes (in
particular, in Secs. VA and V B when discussing the decay

3This specifically stems from the fact that the heavy doublet’s
Yukawa coupling to SM quarks is enhanced by sec(2f), so
having tan f# overly close to 1 will result in an unacceptably large
magnitude of heavy scalar couplings to the third-generation
quarks. In principle, one might accommodate this bound by
having tan > 1.2, but this is identical to simply choosing an
appropriate tanf < 0.8 and changing the Yukawa coupling
parameters, in particular the angle «, in the Yukawa action given
in Eq. (8).

processes of heavy exotic fermions) via the equivalence
theorem [23] where applicable, and comment briefly upon
the potential effect of these scalars where such a quanti-
tative treatment fails.

C. Fermion spectrum

In order to determine the structure of the model’s scalar
vevs, we turn to the CKM mixing matrix and the spectrum
of SM quark masses for guidance. In order to recreate the
observed flavor structure of the SM, we present a con-
struction based heavily on that of [15]. In the unbroken
theory, we shall write the Yukawa sector of the model as

Ly = =y cos a¥lio, HY, — yy sin a‘P}iazfl‘Pa
—Yp1 ‘Piidzd);‘l‘a — ypPlio,@p¥,y
- yALP;iazCI)A‘{’e - yBT;iGZCI)B‘Pe - M‘P}Ziaz‘{’e
—ysPlic, ¥, + H.c. (8)

Here, H = 0,H"*0,, 0, is the second Pauli matrix, a is an
arbitrary real angle between —z and 7, and M is an arbitrary
mass term not forbidden by any symmetries. For simplicity,
we assume that all Yukawa coupling parameters here are
real, as would be the case in a model with no explicit CP
violation. The expression in Eq. (8) is not, a priori, the
most general set of Yukawa couplings that can be written
with the scalar and fermion content of Tables I and II.
However as mentioned in Sec. II B, any additional terms
can be easily eliminated by imposing a discrete Z,
symmetry. Specifically, we outline our parity assignments
for the fermions and scalars in Table III.

Following the parity assignments of Table III, Eq. (8)
becomes the most general set of Yukawa couplings that we
can construct. We can now write the up- and downlike
quark mass matrices explicitly by referencing Tables I
and II. The mass terms for the up- and downlike quarks take
the form

l_]RJ\/luUL ’

Dy M,Dy, )
where
TABLE IIl.  The parity of the model’s fermion and scalar fields

under Z,, in order to ensure that Eq. (8) is the most general set of
Yukawa couplings that we can write.

Z, parity Fermions Scalars
+ Ta» \Pb’ lPe’ lI‘j Ha ®Pa ®A7 QB
- Y., Y, (o
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Ui = (iig. (U)gs Q%, (U1)gs (U3)g)s components in flavor space, in contrast to QZ”‘;?, (U1)r g
U, = (ug, (Uy),. 0%, (U)),. (U3),). and (Us), g, which each have only one. So, U,  and D, »
Do = (7. (L - _ are both 9-component vectors in flavor space, where we

R = (dg. (D2)g, Q- (D1)g. (D3)g). have grouped the SU(3) . triplets u;, g and (U,), » together
D, = (d;, (D,)., 0%, (D)., (D3),). (10) in the first 6 components, leaving the last 3 components for

the SU(3)y singlets. Notably, the SU(3) triplets are all
Here, QZ%) denotes the up(down)like component of the uncharged under U(1)p, while the SU (S)F' singlets all
SU(2), doublet Q; x. We also remind the reader that 1, , ~ POSSess a common nonzero charge under this symmetry.

and (U,); p are triplets of SU(3) ., and therefore have three The mass matrices M, 4 are then given by
|

03,3 Vsvslas 051 Ypobp 03,
y\}—; 13 M, +Mls3;5 05, 03 T
M, = yPlﬁ’ 013 Yp1Up 0 0 ’
0,3 01,3 0 yp2Up YsUs
0,3 7 % 0 ~Tr[M,] + M
03,3 Vsvslays 031 ypoYp 05,
%13x3 M, + M35 03 03 Ya
M, = )’mﬂ) 0,3 yYp1Up 0 0 >
0,3 01,3 0 Yyp2Up YsUs
0,3 772 ‘\/’g 0 -Tr[M,] + M
M, =ya(A) +y5(B),  My=ya(A) - yp(B),

Yu=Ya¥a + Y575 Ya = Ya¥a — YBVB-
Yu=ypcos(a—f),  yg=ygsin(a+p), (11)

where we remind the reader that v, 8, vg, vp, 7p 4 g, (A), and (B) are defined in Table II, while all remaining parameters here
appear in Eq. (8). In general, we can exploit SU(4)  gauge freedom to render M,, or M, diagonal, and eliminate either y,, (if
we diagonalize M) or 7, (if we diagonalize M ;). This corresponds to moving to a basis in which either the combination of
®, and @3 vevs which couple to the uplike or downlike quarks are diagonal. Although we shall find it most convenient to
work in a basis in which M,, is diagonal and ¥, = 0, for now we will make no such choice, so that our analytical results for
the uplike quarks will apply straightforwardly to the downlike sector as well. Continuing our analysis, the matrices M, and

M, can be bidiagonalized as usual to produce mass eigenstates. That is, there exist unitary matrices Z/IZ”’;!e such that

(UZ)%MZMJ/Z = (U%)TMMMZL% = diag(mil, miZ’miB’Mil’MiZ’MiS’ (m?n)z’ (mﬁgz)z’ (m733)2), (12)

where the m,,; denotes the mass of the ith-generation uplike SM quark, M ,; is the mass of the (also uncharged under U(1) )
heavy vectorlike partner to this quark, and mjp, , ; denote the masses of the three portal matter fields which are charged
under U(1),. An analogous expression holds for M a- As an example, we shall now determine the matrices U7 p, with a
completely analogous treatment holding for the determination of L{‘L’. R

We start by determining U/} . To begin, we find it useful to define

u=M, + Ml up = diag(uy, ur, u3) = WiuW,, X, =-Tr[M,] + M, (13)

where uy, is the diagonalized form of u and W, is a 3 x 3 unitary matrix. Then, we may write (dropping terms of O (73 ),
which shall be significantly smaller than the other mass scales occurring in the matrix)
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yavs

2 13><3 %u
‘\/% u u? + y5uslagg
T _ o o
MM, = y%l”PV; y\/;-)}’z
=i
0,3 Yp2YsvUsYp
%?; 772; ' (u+Xu13><3)

To derive expressions for the mass eigenvectors here, it is
easiest to split the problem into two basic parts. First, we
shall determine the unitary matrix ({4} ), which diagonal-
izes the matrix of Eq. (14) in the limit where all components
of ¥p, are zero, that is, in the absence of all mixing between
the fields with no charge under U(1), [namely, u;, and
(U,),, the first six rows/columns of Eq. (14)] and those
with nonvanishing U(1), charge (Q%.,(U,),, and (Us),,
the last three rows/columns). With this diagonalization
done, we can then determine the effects of 7p, as small
perturbations, in a rotation matrix (U} ),. The matrix which
diagonalizes Eq. (14) is then simply given as

Ui = U)oU), (15)
We now begin with our determination of ({/} ),. Since there
is no mixing between the U(1),-charged and U(1),-

uncharged fermions in this limit, we shall treat the two
|

y

)’1201 vp¥p 03, %’ Yu
}\/%J’:f ypaysvstp  (W+X,15,3) - 7,
2,2 )
Vi vp + 2 0 %Xu (14)
0 yﬁgv% Yp2UpYsUs
)\/23 X, Yp2UpYsUs y5vs + X;,

separately. We start with the mass matrix for the fermions
with no U(1), charge, which takes the form,

2,2 y

A 16
YuV 2 2,2 |° ( )
ﬁu u” + ygvy

We can break this matrix down into three 2 x 2 matrices via
rotation by the unitary block matrix

(o2 W)

where we recall that WZuWu = diag(u;, u,, u3). Then,
each 2 x 2 matrix can be easily diagonalized, yielding
(assuming that v < vg, u;)

03><3
W,

EN
3x3 (17)

03><3

)2 102

v

P, cos(py) sin(pf)\ [ o pui cos(p¥) —sin(p!)
diag(m;;, M3,;) = Y ] . A o .
—sin(ot) cos(ot) ) \nty, i 11203 \sinot)  eos(o)
1m2' M2~—y202 m.. M2.—y2112 1/2
cos(p)m ] ———w (w25 S, sin(p) & —sgn(y,u;) —= [ —4 =55 ) |
)1 =g () e
2 Nyﬁvz )’%7{29

m

ui ™

2 (uf +y503)°

Having diagonalized the mass matrix for the left-handed
quarks with no charge under U(1),, we next turn our
attention to the left-handed fields which are charged under
U(1)p. In the case of the uplike quark sector, these are QY ,
(Uy),, and (U3),. From Eq. (14), we see that the mass
matrix for these fields is

2,2 p
Vaivh+ 2 0 Vi Xu
0 Y%ﬂ% (ysvs)(Yp2vp)
%’Xu (vsvs)(ypavp)  y3U§+ X3

(19)

2 2, 2.2
M = u; + ysvg

(18)

|
In the absence of extreme fine-tuning, we shall see that
natural Yukawa couplings yield X, at roughly the scale
X, ~10°y4vg, so we can assume that vg, vp < X,. Any
mixing between the three fields of Eq. (19), then, is
exceedingly small and may be treated perturbatively.
Dropping terms of O(v3/X3%,v3/X2,v*/X2), the mass
matrix of Eq. (19) can be diagonalized by a rotation by
the matrix

L L
1 ap  apn
P _ L L
Wi=s|[-on 1 ay |, (20)
L L
—ap; —ay 1
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where
ol = (yuv)()’Svs)(ypsz) ol = Yu? ol = (ysﬂs)()’szp) (21)
12 \/EXu(y%l _ y%z)'l]% ’ 13 \/EXM ’ 23 XL2¢
In the end, we arrive at
2. 02 +y§”2 0 2l x
Yp1Vp 2 V2
. P
dlag((m}‘,l)z, (m?nz)z’ ("1553)2) = WLT 0 )’%2”120 (ysvs)(Yp2vp) WE’
%Xu (ysvs)(yp2vp) yivi + X
(’”1“31)2 = y%lv%” (m?ﬁz)z = )’%2”%)’ (mﬁ’;3)2 = X%- (22)

We can now apply the combined rotations of Egs. (17), (18), and (20) in order to arrive at the full rotation matrix (U4%),,.
The combined rotation matrix is

Wye, —Wusp 05 03, 03
WuSZ‘ WMCZ 03 03 03

Ui)o=| Oz 013 1 ab, aly |,
01,3 0.3 —ap 1 a5
0.3 0.3 =—ajy —aby 1
= diag(cos(pf). cos(p3). cos(p5)). = diag(sin(p{), sin(p3), sin(p%)). (23)

where we remind the reader that W, is defined in Eq. (13), p{, p5, and p4 are given in Eq. (18), and the variables a{-‘j are
defined in Eq. (21). The mass matrix of Eq. (14) then takes the form

UMM, (UE)o = diag(mi, mZ, m?, Mo, M2, M7, (m}))?, (migy)2, (mis3)?) + O(7.s 7). (24)

It is now straightforward to determine the perturbed eigenvectors of the matrix in Eq. (24) up to O(7,,7p). Once the dust
settles, we have

15,3 055  App Ak Apy
O3 Ly App Apyp Apy
Uuy), ~ —Ap, —App 1 0 o |, (25)
APzL APzL 0 1 0
AP3L APSL 0 0 1
where
= ((y%’IUPcZ - a’fz)’Pz}’svssz)WWP + (Q;’ S, — 011“3(% ¢, +ups, + XuSZ))Wm)
(APIL)[' = 2 2 s
Mpy — Mmy;
>y ((afzJ’%l”Pcz + ypzysvssz)wuyp + (alLZ }\);—Su - a%’%(\/— p T uDS + X8 p))Wzyu)t
(APZL)i = e — m2
P2 ui
(&u ) ((a%y%,w,;cﬁ + a§3yP2ySUSSz)WZ}_;P + (afs y\/— p t y\/— » tups, + Xusp)wuh)
P3L)i =
mP3 mii

(~U ), = ((_Y%’IUPSz_aleyPZyS”ScZ)WTuyP (\/— p af3(ch’—|-X c, y\/— p))wuh)
l (mPl) Mﬁi

015032-10



SU(4) FLAVORFUL PORTAL MATTER

PHYS. REV. D 105, 015032 (2022)

(&U ) ((—afyyp vpsp + ypz)’sUSCZ)WMVP + (af, {/ﬂ ¢ —aky(upeh + X, ¢h f ))Wﬂu)
P2L)i — s
l (mpy)* = My,
. ((—alsyp vps)y + a5 ypoysvsels) Wayp + (af; Yse, Hupey + X, ¢ —Nns) s YWi7.,);
(AP3L)i = (mu ) M2 ’ (26)
P3 ui
where up, is the diagonalized form of u discussed in Eq. (13).
|
The lengthy expressions of Eq. (26), while extremely  m,(1 TeV) = 1.07 MeV, M, ~ (2 x 10%)ygvg,
cumbersome in their full form, can be dramatically sim- -
plified by examining the numerical hierarchies between me(1 TeV) = 532 MeV, M, ~300ysvs,
various parameters, and dropping all but the numerically m,(1 TeV) = 144 GeV, M, ~ ysvyg,
dominant contributions to each expression. To get a better 4
. . . 1 TeV) =2.28 MeV, M, ~ 1 ,
sense of the numerics of the system, we begin by exploring ma(1 TeV) 8 Me a~ (8 x10%)ysvs
the SU(3) triplet sector, containing the SM quarks and ~ m(1 TeV) = 46.5 MeV, M ~ (4 x 10%)ysvs,
their heavy partners. Examining Eq. (18), we note that the my(1 TeV) = 2.40 GeV, M, ~70ygus. (27)

expressions for m,,; and M,,; only hold here up to O(v?/v}).
To maintain numerical accuracy, we then assume that
ysvg 2 1 TeV—given that v ~ 246 GeV, this will ensure
that the expressions given here are accurate to within a
few percent. This also ensures that there is a significant
hierarchy between m,; and M,;, as can be seen from the
relation  mZ; /M3 = 2mul/(y§0§yl2, ) (which holds
exactly in the limit that y, p — 0). If ygvg were much
smaller than 1 TeV, the heavy counterpart of the top quark
would have roughly the same mass as the SM top, and be
subject to extremely severe constraints from direct pro-
duction searches at the LHC and from modifications to
top quark couplings; the former limit the mass of such a
vectorlike quark to 21.3—1.5 TeV, due to null results in
searches for pair production [24]. We can also use the
relation M2, = (ysvg)?(yv,v)?/(2m2,), and its trivially
analogous expression for downlike quarks, to derive
approximate estimates of the masses of the various heavy
quark partners.

Assuming that we want to reproduce the SM quark
masses at the scale of ~1 TeV, roughly the scale at which
the lightest heavy partner quark, the top partner, will be
integrated out,” we arrive at

‘A technically more correct procedure (albeit one that still
ignores the running of the CKM matrix) would be for each SM
quark’s mass to be determined near the scale of the mass of its
specific partner, so the model would reproduce the mass m,, run
up to ~10° GeV, m, near ~10° GeV, m, near 1 TeV, etc.
However, due to the additional quarks in the model, this
computation would be substantially more complicated than our
treatment here, and the numerical changes to the results would be
minimal, especially given the fact that the most pronounced
discrepancies with our calculation would arise in the least certain
quark masses, m, and mg.

Given these estimates, and assuming ygvg = 1 TeV, only the
heavy partner to the top quark, with amass M, can reasonably
be expected to be experimentally directly observable in the
foreseeable future. We do, however, note that Eq. (27)
assumes that the uplike and downlike Yukawa couplings to
the SM Higgs, that is, yy cos(a — f3) and yy sin(a + f3) are
both roughly of O(1). While this may be expected from
naturalness, it is far from the only feasible scenario. If, for
example, yy sin(a + ) ~ O(1072), equivalent to a value
arising in a number of multi-Higgs doublet scenarios which
seek to explain the mass hierarchy between the top and b
quark, we might expect that M, ~ M,, and hence the heavy
partner of the b may also play a significant phenomenological
role. In this case, we would expect significant additional
constraints arising from both direct production of the b
partner at the LHC and possibly significant modifications
to the SM Zbb coupling. For the sake of simplicity, however,
we leave a detailed exploration of the effects of a lighter b
partner within this model to future work.

Meanwhile, in the mass matrix of Eq. (19), we note
that X, = —Tr[M,,] + M should, in the absence of extreme
fine tuning, be roughly the same order of magnitude as
the largest eigenvalue of the matrix u. We have established,
however, that this eigenvalue is approximately ~10° X ygvs.
The mass m}, ~ |X,| will naturally be extremely large, on
the order of ~10% GeV.

Our expressions in Eq. (26) can then be dramatically
simplified by merely assuming that the extremely heavy
particles (the fermion with mass =|X,| and the heavy
partners of the up and charm quarks) are virtually entirely
decoupled from the lower mass fields (the SM quarks, the
fermions with masses ~vp, and the heavy partner to the
top quark)—in practice, this involves taking the limits
where i ulup — o0 in the expressions of
Eq. (26). This permits us to write

015032-11



GEORGE N. WOJCIK and THOMAS G. RIZZO

PHYS. REV. D 105, 015032 (2022)

+o
Au ~ Wu]/P
PI1L ~ s
vp

m, (M? —y3v3)'/2 (Wizp)
—Sgn(yuys)’mu%)— 55 s
M, My vp
M7 — yiv3\ /2
A ~ sgn(y,u 735
( P1L)3 gn(y 3)M1< )’SUS )

« (mfél)z (WZ)7P)3
((mPl)z_Mtz) Up
YsUsMpy (WWP%

AY ~ sgn
( P2L)3 gn(yp) (m"f,z)z —Mzz vp

(Abar)s

. (28)

where the rest of the A terms are either negligibly small or
parametrize mixing between the extremely heavy states.
The expressions in Eq. (28) already provide some useful
information: In particular, in the limit where the super-
heavy states decouple the mixing of the phenomenologi-
cally accessible states is independent of y,,, the parameter
corresponding to the U(1),-breaking components of the
scalar vevs (®,) and (®p). Additionally, there exists a

suppression factor of m,/M, in front of (5;’32L)3 and

(&gm)3, corresponding to the mixing between the top
quark and the m¥, state, and the mixing between the heavy
top partner and the mY, state, respectively—these cou-
plings between SU(3) triplet and singlet states only arise
due to mixing between the top quark and its heavy partner,
and therefore vanish in the limit where the top partner
decouples from the SM.

Armed with Eq. (28), it is not difficult to extract a
complete expression for U, or at least the components
of this rotation matrix that are relevant for the

1 0 0 0
0 1 0 0
0 0 1 r%’l
Ut ~

- 0 0 —r 1

G _ () (7e); I
S "o T T (@)

0 0 gzl e

M2 ysvg\ /2 YsUs
r = sgn(y,us) <22SS) ) q= )
YsUs

where we have dropped terms of O(m

phenomenologically accessible particles. Taking the same
decoupling limit in the expression for the diagonalization
matrix (U} ), in Eq. (23) (which here corresponds to letting
Plas a{fj — 0), we can use Egs. (15), (23), (25), and (28) in
order to extract the approximate mass eigenvectors for each
left-handed uplike (and, through trivial generalization,
downlike) quark with a phenomenologically accessible
mass. Truncating our 9-dimensional flavor-space quark
vectors to omit the super-heavy particles, we can write
these vectors as

(Ur)aee = (@tr. T, Q. (U1)g).

(UL)dee = (ur, Tp. Qf . (Uy),),

(D)aec = (dr. Q. (D1)g).

(Dp)gec = (dr, OF . (D1)y)- (29)

Notably, the above truncation in the uplike sector, in which
the top quark’s heavy partner is retained, is much easier in a
basis in which W, = 15,5. Otherwise, as we can see from
Eq. (10), the top partner will be represented by a nontrivial
combination of the elements of the SU(3) triplets (U,),
and (U,)g, which would require retaining rows and
columns of Uj , that correspond to heavy states until a
rotation into a basis in which W, = 15,3 could be
performed. Therefore, for the following expressions, we
have assumed that W, = 15,3; as we mentioned at the
beginning of this section, it is always possible to use
SU(4) freedom to work in such a basis from the beginning
of our analysis. Using Egs. (23) and (25), we can write the
truncated uplike quark rotation matrix as

(7o) 0
(7r)s 0
vp
() G\ my ()
(i) i %
Z m, (7r)s (7r)s
r(] PZIP]) M, }/UP q<1ilzzvz) J;P
my (7.0); 1 0
tr Up
)i 0 1

M
Zpy = sgn(yps) miut (30)

P1 P2

2/M?) and higher. Note that each of the variables r, ¢, zp;, and zp, are all O(1)

parameters, if we assume that the portal scale vp is close to the heavy top partner mass scale vg. The result for the downlike
quarks is dramatically simpler, since we assume that the heavy b quark partner, unlike the top partner, is too massive to be

phenomenologically relevant. In this case, we simply have
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Wd Z_I; 03><1
Z/{‘LI ~ _?pvﬂ 1 0 . (31)
0,3 O 1

Having determined the relevant components of the left-handed rotation matrix U/}, we can follow an analogous procedure
for the right-handed rotation matrix U} identified in Eq. (12). For the sake of brevity, we shall simply summarize the results
here. The right-handed fermion mass matrix is given (up to O(yp,)) by

MM =

yﬁvélm
Ystsu
01><3

Y%’z UPVTP

yS“S?Z

Ystsu
2,2
yl427’ + u2
Wby, ot
2 YP1rp

ys”sﬁ

03><1
Wby
aYpire
2,2
Yp1Up

0

772;(“ + X, 13,3) ):;;‘)yPIUP

)’%2 vpYp
Vs US?u
0
¥a0h + y30}

XuySUS

YsUstu
(u+X,15,3)7,
%)’PWP
X, ysvs

2,2
Yul 2
T+Xu

(32)

In the same framework as our treatment of 2%, we shall split the result into a matrix (%), which diagonalizes M, M,
in the limit where yp, — 0, and a matrix (U%), which provides the leading-order corrections due to the yp, terms.
For (U%),, we arrive at

-W,cysgn(ysy,up) —W,s)sgn(up) 03, 05, 05,
-W,sysgn(ysy,up)  W,eysgn(up) 03, 03, 05,
Uk)o = 0.3 0153 sgn(yp) absgn(yp)  afsgn(X,) |,
0,3 0.3 —afzsgn(ypl) sgn(yp2) a§3sgn(xu)
0,3 0.3 —a{%sgn(ypl) —a§3 sgn(yp2) sgn(X,,)

¢; = diag(cos(n{), cos(ny), cos(n3)), s, = diag(sin(n{), sin(n3). sin(n})),

M2, — )%U% 12 . YsUs
cos () = ( o sin0r) = =25 sen(uy).
M%i Mui '

o = Yt svs)(vpive) SR = b )’P1UP< R L
2 \/ZXM (y%’I _y%’Z)U%’ ' P \/EXu Xu (y%’I

2 > ) ;3 = sts (33)

_y%’2>UP X,

The sole nontrivial difference in the result of Eq. (33) and that of Eq. (23) is the introduction of sign flips (or rather, phase
rotations) of the right-handed quarks in order to ensure that the mass terms in the final action correspond to real positive
fermion masses—these rotations could have just as well been done in the left-handed sector, without altering the physical

results of the model. The leading perturbations to ({/% ), arising from the 7p , terms of the mass matrix of Eq. (32) are then
given by

13><3 03><3 &IMJIR &;"ZR &IM%R
03><3 13><3 &glR &gZR &g3R
(u%)yz _&?’-SR _&gE-R 1 0 0 , (34)
~Afhe —Apx 010
—Afy —Apy 0 0 1

where
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((:}—yms afz)’%z”PCZ)WWP (0’12)’SUSS +0‘13()’SUSC”+“DS +Xusq))wu7u)

(AIMJIR)I' = u
((mPl) - mui)sgn(yPlySyu i)
(&M ) —((a’fz%yms;; + y%oz”PCZ)WuYP + (ysvssy — afs(ysvser + upst + X, s ))Wu}’u)
P2R)i —
((mpz)2 —(m m))Sgn()’Pz)’S)’u“')
R YuV u R 2 u W*—’ Uy W
(&u ) —(((113 WyP]Sr] + a23yP27)Pc77) ulu + (aZ’inUSSn + ySch + llDS + X S ) Myu)
P3R)i — 2
((mipy)” = m J)sen(X,ysy,it;)
(&U ) (<y\/23 ypi€y + afzy%ZUPsZ)WZVP - (“12)’5”5‘% + afy (- VsUsSy +upcy + X,¢ n))Wuh)
PIR)i — 2 5 s
((mp,) — M;,;)sgn(ypu;)
(&U ) ((afz%J’Plc;‘; - )’%JzﬂPSZ)WZ?P + (ysvsey — afs(—ysvssy + upey + X C”))Wﬁu)
P2R)i — ) s
((mipy)” — m)Sgn()’qui)
~u ((afy %yPlc;'; - a§3Y%’2”PSZ)WIt77P + (afsysvsey — ysvssyy +upey + X,¢) YWi7.);
(APBR)i = . (35)

((m%)z - Mﬁi)sgn(xuui)

In the same manner as the left-handed eigenvectors, the expressions in Eq. (35) simplify dramatically in the limit where the
mp, quark and the heavy up and charm partners decouple from the theory. In this limit, we arrive at

U (WMYP)
A 9
( PlR)3 m?’l vp

’

M? 4—y vy 1/2 WW
(Bpar); ~ —sgn(yuysu,ypz)< e ) Wiz,

e mip,m, M2 ySvs 1/2 (WZ}_’)P)S
(R snln) B (M
s ! (m?’I)z - M7 )’s”s

Up

s

vp

> (m4,)?  (ysvs\ (WiFp)
(Ang)s ~ sgn(ypy) ( §2_ e If/I,S i 2, (36)

mp,) Up

with all other A terms for the right-handed quarks being either numerically negligible or parametrizing mixing between the
extremely heavy fermions. We can then insert the results of Eq. (36) into Eq. (34) in order to derive the rotation matrix
(U),» which when combined with (U} ), given in Eq. (33) will give us the mass eigenstates for the right-handed uplike
quarks in the model. As in the case of the left-handed diagonalization matrices, we shall restrict our attentions to the limit in
which only the SM quarks, the heavy top partner, and the two lighter portal matter fields mix among one another, with the
other much more massive additional fermions decoupled from the low-energy theory. Using the truncated flavor-space
vectors of Eq. (29), we can write

1 0 0 0 0 G2l
0 1 0 0 0 G2l
3 7 2,22 -
. 0 0 qr q rq (EPZ};) ﬁ',(yb? (1 i ij ) (rva)g .
v o B(ER)RE R
00 et (E)u 0
_(%)T - (CLP)Q —qr% - 1_22 (zp:; 0 1

N, =diag(1,1,1,sgn(y,ys), 1. 1), N, = diag(—sgn(u1ysy,), —sgn(uzysy,), =1, 1,sgn(yp1), sgn(ype2)), (37)
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up to O(m?/M?) corrections, where r, g, zp|, and zp, are
all defined as in Eq. (30). Considering the case of the
downlike quarks, where just as we did for ¢ we have
assumed that the heavy b partner has decoupled from the
theory, we arrive at

W, 0y, I
Z/{;’ez 0l><3 1 0
A
vp
—sgn(ysy.dp) 05, 05,
X 0,3 sgn(yp;) 0 . (38)
0,3 0 sgn(yp2)

At this point, we have determined the rotation matrices
U} and U} necessary to diagonalize the uplike quark mass
matrix, and by trivial generalization, these results will also
give us the rotation matrices U¢ , needed to diagonalize
the downlike quark mass matrices. With this knowledge,
we can now comment briefly on how to ensure that this
construction reproduces the observed CKM matrix.
Considering Eq. (23) and its downlike equivalent, we
can see that in the limit where 7p , ; — 0, the CKM matrix
(as defined by the coupling matrix to the SM W boson,
which couples to the left-handed SM quarks but not their
heavy partners) is approximately given by

Vekm = €t WiW el (39)

where we remind the reader that W,, and W, are the unitary
matrices which diagonalize the Hermitian matrices u and d
(as defined in Eq. (13) for u, with an analogous expression
for d) respectively. Since ¢4 ~cd~1 up to O(m3/M?%)
corrections (where ¢ = u, d, s, ¢, b, t), the CKM matrix can
be well-approximated as W;W,, or in other words, by
specifying u and d such that the clash of their diagonal-
ization matrices matches the observed CKM.

Our recipe for reconstructing the quark sector in this
construction is therefore compete, and it is useful at this
point to take stock of the parameters which we may freely
specify while still producing SM quark masses and mixings
consistent with observation. First, we recall that there are
two SU(4) adjoint scalars in the model, @, and ®p, with
vevs that we can write (®,) and 6,/2 ® (®g). Then, we
can use SU(4) freedom to work in a basis in which the
combination y,(®,) + yz(®p) is diagonal, which we can
see from the action in Eq. (8) results in y, =0 and
u = up = diag(u;, us, u3). Then, we have Vcgy = Wy,
that is, the rotation matrix to diagonalize d is uniquely
determined by the need to recreate the CKM matrix
(W, is, of course, simply the identity matrix in this basis).
Turning to quark masses, we note that if we specify
Yu =y cos(a—p) ~0(1), y;=ypysin(a+p)~0(1),

and ygvg ~ 1 TeV, Egs. (18) and (33) uniquely determine
the eigenvalues of u and d up to a sign, and therefore also
give us the masses of the heavy partner quarks and the
mixing angles PT:EI,S and 17’1‘_‘53. If we additionally specify
ypr~1, ypo~1, vp 2 1 TeV, and the mass term M [as
seen in Eqgs. (8), (11), and (13)], we can then specify the
masses and mixings of the portal matter fermions (that is,
those that consist primarily of fields with nonzero charge
under U(1)p). Notably, in our present construction, the
masses of the some of the portal matter fermions are
degenerate between the up- and down-quark sectors (spe-
cifically, m%, = m%, and m%, =m%,) up to radiative
corrections. In practice, we might expect such a relation
to not hold precisely, due to differing renormalization group
evolution of the Yukawa couplings yp;, to the up- and
downlike sectors, but for the purposes of our simple
numerical study we shall take this relation at face value.
The sole remaining parameters we may specify are the
U(1)p-breaking terms, in form of the complex vectors
Yr.a <1 GeV (recalling that in our basis, ¥, = 0), which in
turn give us the effects of mixing between states of different
U(1)p charge, as parametrized in Egs. (26) and (35).

In summary, then, we can generate a point in the model
parameter space that produces the observed quark masses
and mixings by specifying the O(1) real parameters yy,
Yp1, Yp2, as well as yqvg, the angles a and f, the real vevs
vp, vg 2 1 TeV, and the complex U(1),-breaking vevs 7
and 7,. Altogether, these selections generate a unique point
in parameter space up to the signs of the eigenvalues of the
matrices u and d.

Having addressed the quark sector, we move on to
discussing the lepton sector of the theory. Notably, because
none of the scalars introduced thus far break the group
SU(4).., the Yukawa couplings in Eq. (8) do not account
for any discrepancy between downlike quark and charged
lepton masses at tree level. However, because we have
already assumed that the scale for SU(4), breaking is
incredibly high (and indeed must be, due to constraints on
processes mediated by new SU(4), gauge bosons), we can
assume that discrepancies between the charged lepton and
downlike quark masses are due to significant renormaliza-
tion group effects. Specifically, we can posit differing
running of the couplings y,, v, and yy, as well as the
mass term M, for color triplets versus singlets. In practice,
the task of generating a specific numerical realization of the
leptonic Yukawa couplings necessary to reproduce the
observed charged lepton spectrum (consistent with the
vev structure necessary to reproduce the SM quark masses
and CKM matrix) is analytically onerous and not terribly
enlightening. However, we can expect that the effect of the
specific realization of the charged lepton sector is largely
phenomenologically irrelevant: Because the spectrum of
charged leptons resembles that of the downlike quarks
(at least in order of magnitude), it suffices here to point out
that such a realization is almost certainly achievable with
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choices of leptonic y,, vz, Yy, and M of roughly the
same order of magnitude as those for the downlike quark
sector, as would be consistent with RG evolution.
Phenomenologically, then, we would expect that the
SU(3) heavy partner leptons here are too heavy to be
realistically producible in existing and currently planned
collider experiments, like their counterparts in the downlike
quark sector. Therefore, the only potentially accessible new
fermions arising from the charged leptons would be the
SU(3) singlet portal matter fields, specifically those
which should have masses of O(TeV). However, due to
their lack of color charge, experimental constraints on their
production at the LHC are somewhat weaker than those of
the quark portal matter fields with comparable masses, so
we shall not address their phenomenology in detail here.

Meanwhile, the neutrino sector within this model
presents substantial additional challenges. In particular,
the tiny neutrino masses ~0.1 eV and near-maximal
neutrino flavor mixings are in general inconsistent with
any sort of high-energy degeneracy with the uplike quark
sector broken by renormalization group running, as the
Yukawa couplings in Eq. (8) suggest. However, there do
exist extensions of the model that can account for this
discrepancy. For example, including scalars in the repre-
sentations (15,1,1,15,0), (15,1,3,15,0), (15,1,1,1,0)
and/or (15,1, 3,1, 0) could allow for dramatically different
Yukawa couplings and mixings between the quark and
lepton sectors, at the expense of a yet larger scalar sector
and extreme fine-tuning to reproduce the tiny neutrino
masses. Alternatively, the introduction of a scalar in the
representation (10, 1,3, 10, —1/2) with the appropriate vev
would permit the inclusion of a large Majorana mass for the
right-handed SU(3) triplet neutrinos, which would in turn
suppress the SM neutrino masses via a seesaw mechanism.
In both of these scenarios, the extension of the scalar sector
would also result in substantial additional contributions to
the masses of the new SU(3), gauge bosons—given the
fact that the SM neutrino masses are so small, its even
probable that given these setups the vevs of some of these
scalars would dominate the mass terms of the gauge
bosons. Given the model-building ambiguity here and
the substantial complexity that such considerations would
introduce, however, we determine that a full exploration of
potential ways to realize the neutrino mass spectrum and
mixing within this framework is beyond the scope of our
present work. In our discussion of the gauge boson masses
in Sec. II D, however, we shall note that even in the absence
of any additional mass terms which might arise from added
scalar content to the model, the new gauge bosons
associated with the SU(3), symmetry will be extremely
heavy, with only one of these bosons approaching a low
enough mass scale to have a potentially observable
effect even in highly constrained measurements of flavor-
changing neutral currents. As a result, we can expect that
any modifications to the model setup that must be made to

accommodate the neutrino masses and mixings should have
a minimal effect on the experimentally observable new
physics in the model considered here.

D. Gauge boson spectrum

Having selected our scalar vacuum expectation values
such that the SM quark masses and mixings can be
faithfully recreated, we now turn to how these selections
will generate masses for the new gauge bosons in the
theory. As noted in Sec. II B, we shall assume for the sake
of simplicity that the Pati-Salam symmetry group,
SU4).x SU(2), x SU(2)g, is broken down to the SM
gauge group SU(3), x SU(2), x U(1)y at a significantly
higher energy scale than any of the symmetry breakings of
the group SU(4) x U(1),. While this is certainly feasible,
we do also note that even if that assumption is dropped, the
SU(2), symmetry must still be broken at a scale much
higher than is presently observable, due to the vev of the
field ®z ~ (1,1,3,15,0), which we can estimate from our
results in Sec. II C will break this symmetry at a scale of
roughly ~10% GeV. Assuming that the new gauge bosons
associated with the Pati-Salam extension to the SM are too
heavy to be relevant, we turn to the mass matrices of the
gauge bosons corresponding to the SU(4), x U(1), gen-
erators. In this case, the squared mass matrix of the 16
gauge bosons here takes the form,

M — < gﬁlz/lsu(zx) %9491MSU(4)><U(1))
%9491M§U(4)xy(1) %9%|<‘DP>|2
(Msy));; = =2(Tr[[t', (@4)][t/, (Pa)]]
+ e[, (@p)][1. (@)]])
+(@p) {1V} (@),
(MSU(4)><U(1))1' = (Op) 1 (Dp), (40)

where g4 and g, are the SU(4), and U(1), coupling
constants respectively, [A, B] denotes the commutator of A
and B, {A, B} denotes the anticommutator, and ¢ denotes
the ith generator matrix for the fundamental representation
of the group SU(4), in the basis described in the Appendix.
Note that here, Mgy 4) is a 15 x 15 real symmetric matrix,

while M su)xu(1) 18 @ 15-component real vector, and both
of these terms have dimensions of mass squared.

Referring to Eq. (40), our first task to determine the mass
eigenstates of SU(4) x U(1) gauge bosons is to determine
what the vevs (®,) and (®p) are, given our requirements
that the SM quark masses and mixing matrices are properly
reproduced. To that end, we consider the combinations of
@, and @ that are coupled to the up- and downlike quarks,
referring to Eq. (11) and several useful variable definitions
in Eq. (13). Comparing these to the vevs of ®, and @y as
given in Table II, we arrive at
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<‘:f3 05(11) N yA<<%> —Tf[/zAH) +y3<<;§> —Tf[iB)]) + Mo,

<VEKM;§VCKM ;> _“<<%> —Tf[A<A>]> ‘y3<<7? —TZ?BH

) +M14><4’ (41)

where we remind the reader that we can use SU(4) gauge freedom to work in a basis where u is diagonal and 7, = 0, as we
have done in Sec. Il C, and that V gy is the CKM matrix. We recall that in that section, the procedure we developed to
produce a point in parameter space that recreates the SM quark masses and mixings already leaves us with up, dp, and M
specified. Then, simply selecting the Yukawa couplings y, and y here will allow us to uniquely determine the matrices (A)
and (B), as well as the vectors ¥, and y. Specifically, we have

1
2yp

- | S 1
YA =7 "Vds VB:—Z—Vd- (42)

1 .
(A) = =—(up + VigmdpVexm —2M),  (B) 5
YA YB

=, (up = Vegmdn Verm),
Hence, given a construction which generates the SM quark masses and mixings, we now can readily determine the
necessary vevs (®,) and (D) by only specifying two additional parameters, the Yukawa couplings y, and yg. With this
information, we can now discuss the spectrum of the gauge bosons which results. In general, the eigenvalues of the mass
matrix in Eq. (40) are highly complicated expressions and difficult to present in a compact closed form. However, we
can avail ourselves of the hierarchies present between eigenvalues of up and d, as well as the nearly diagonal form of the
CKM matrix, in order to dramatically simplify matters. Specifically, we will employ the Wolfenstein parametrization of the
CKM matrix,

1-4£-4 A AR (p—in)
-1 -4 —(14+4A%)% A2 .
“Alp+in=1)2 -A@+5Qp+in-1) 14
2=022453, A=0836, p=0122, 5=0.355, (43)

and note that, numerically, the eigenvalues of uy, and d
(uy_3 and d,_5, respectively) satisfy u, ~ A*uy, usy ~ A8u,
d, ~ A*d,, and d; ~ A*d, for values of these parameters that
reproduce the SM quark masses. By rewriting Eq. (40)
using the identities in Eq. (42), and making the substitu-
tions u, — A*v,, uz — ABv3, dy — A%5,, and dy — 1*8;,
where u; ~d; ~v, ~ 8, ~03 ~ 3, we can determine an
approximate hierarchy between gauge boson mass eigen-
values by expanding in the parameter 4. To start, we note
that 13 of the gauge bosons acquire masses that are
generally in excess of any currently observable energy
scale. In particular, we find that 10 gauge bosons possess
masses that are of O(u;, d;) ~ 108 GeV, while three more
have masses of O(%u;,A*d,) ~ 107 GeV. Even more
conveniently, the gauge bosons which acquire masses at
these scales correspond to the operators facilitating the
most constrained flavor-changing effects, those involving
light quarks: These gauge bosons in fact must develop high
masses, because the scales of the scalar vevs which
contribute to these operators are ultimately set by the
masses of the light quarks’ seesaw partners, which dictate
how we constructed our scalar vevs. As we have seen in
Sec. I C, these masses are enormous, and therefore in our

construction the masses of the gauge bosons which couple
to the light quarks must be similarly large.

For particles at the scale of these heavy bosons (around
10’-8 GeV), the only even remotely observable effects
stem from the imaginary part of effective 4-quark operators
that facilitate K — K° mixing [25,26]. However, from the 1
expansions outlined above, it can be seen that effects which
give a nontrivial phase to the coefficients of these 4-quark
operators only appear at the O(1?) level or higher. Since the
masses of the potentially offending gauge bosons are
already near the limit of the sensitivity of this tree-level
probe, this essentially rules out any observable effect from
the heavy bosons. Given that any observable signatures of
these bosons are likely well outside the sensitivity of any
experiment, we can shift our attention to the three remain-
ing gauge bosons that acquire mass at a far lower scale.

The first of these, which we shall refer to as Zy (the
“flavor Z”), consists almost entirely of a combination of the
generators of the SU(3), group embedded in SU(4),
[corresponding to the first eight # generators, and the
first eight rows/columns of the mass matrix in Eq. (40)], up
to numerically negligible corrections due to 7, p terms.
There does not exist a compact numerically accurate
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approximation for the mass of Zp. However, expanding
in the Wolfenstein parameter A as above yields the result
that mz_~ O(A*d;, 2*u;) ~ 10° GeV. While this initially
seems quite large, we note that a boson of this mass may
still mediate observable tree-level flavor-changing neutral
currents [15,26,27]. As such, it behooves us to determine
how Zr couples to the quarks, and crucially what flavor-
changing interactions it can mediate. Expanding Eq. (40) in
the Wolfenstein parameter A offers an appealing approxi-
mate expression for the relevant combinations of generators
corresponding to this state. Specifically, up to O(4?),
the SU(4), generator combination corresponding to Zp
becomes

oAt + 02 + 001 + O(P)* + O(P)P
+V3AR(p — 1)1® +\VB3Apt 4 8. (44)

Consulting the explicit form of the generator matrices # in
Appendix, we see that Z; only mediates significant flavor-
changing neutral currents between the second and third
generations—in both the up- and downlike sectors, flavor-
changing neutral currents featuring the first generation of
quarks only appear at the O(4%) ~ 10~ level, at most. Our
chief phenomenological concern regarding Zp, then, is the
constraint arising from tree-level flavor-changing neutral
currents that it mediates between the second and third
generation of quarks. We shall discuss phenomenological
constraints arising from this type of interaction in Sec. IV B 2.

The next two light gauge bosons we consider will arise
from the generators that are left unbroken by (®,) and
(®p), at least in the approximation where 7, — 0. In
particular, we see that in the limit where 7, p — 0, (®,)
and (®p) break SU(4); x U(1), down to U(1)% x U(1),
where the generator for U(1)} is given by the matrix #'5.
In the limit where 7p — 0, the scalar (®p) = (¥p, vp)
breaks U(1)p x U(1)p down to U(l), at the scale
vp ~ 1-10 TeV. The 7, and yp terms then finally break
the U(1), symmetry at ~0.1-1 GeV. The two mass
eigenstates we consider here, then, will be well-approxi-
mated as combinations of the U(1), and U(1)} bosons,
with one achieving a mass of O(vp) ~ 1-10 TeV, the scale

at which U(1) x U(1), breaks down to U(1),, and the|

other achieving mass only at the scale where U(1),, is
broken, at approximately 0.1-1 GeV. Referring to Eq. (40),
we see that in the limit where 7, p — 0, the squared mass
matrix for the eventual mass eigenstates, Zp and Aj, (i.e.,
the dark photon), becomes

(B B)

3g30 33049105
z V2 s | /B
. (45)
/330910 9913 B

27 4 8

where B and B’ refer to the U(l), and U(l)}, gauge
bosons, respectively. It is convenient to define an angle 8p

such that g, = /2/3g,tan@p. Then, we may write the

mass squared matrix as
—tan6 B’
) P) ( ) (46)
tan“@p B

The mass eigenstates for these gauge bosons can then be
easily determined, up to O(¥3 ,/v3) ~ 10~ corrections.
Given the definition of 8, we have provided, we see that the
eigenstates are simply

4 —tan @p

Ap ~ B'sp + Bcp, Zp~B'cp—Bsp, (47)
where A, refers to the dark photon, with a mass of
~0.1-1 GeV, while Zp refers to the heavier gauge boson,
a dark “portal Z,” with O(vp) mass. Here we have also used
the abbreviations ¢p = cos@p and sp = sinp, which for
simplicity we shall also employ going forward.

The masses of Ap and Zp can also be straightforwardly
determined. In the case of Zp, we can directly extract the
mass from the mass matrix of Eq. (46), arriving at

3g50%
mép ~ 42;, (48)

which is accurate up to numerically negligible O(¥% ,/v3)
corrections. Meanwhile, the mass of the dark photon can be
given up to O(4%) ~ O(1072) corrections by

zg S by k2 A -
mi, R (8 (7p - 7p) + 11" (m-m)Jrﬂle(Vd)lIZ),

'[,{AD — 4(4M - M1)2
b yAldy =) + yi(dy A ug - 8M)

= 16M(d, — uy) (va(dy — ) (=3M + uy) + y((—4M + u,)* = Mu, +d,(=3M + uy)))
=

i(dy —up)* + y3(dy + uy — 8M)(dy + uy —4M))* + 16y3yFM

(dl - Ml)z ’ 49)

where to arrive at this expression, we have exploited the fact that dy, u; > d, 3, u, 3, vp. At this point, we have obtained the
masses and eigenvectors for the three new gauge bosons that may be phenomenologically relevant—namely, the SU(3)
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boson Z with a mass of O(10° GeV), the “portal Z” field
Zp with a mass roughly of O(1 TeV), and the dark photon
field Ap, with a mass of O(0.1-1 GeV).

III. COUPLINGS, KINETIC MIXING, AND
LOW-ENERGY PARAMETERS

Before computing the observable experimental signa-
tures of this setup, it is useful to explicitly determine the
couplings between various phenomenologically relevant
particles in the model. In particular, in light of our
discussion of the fermion spectrum in Sec. II C, we shall
focus on the SM and new physics gauge boson and scalar
couplings of the SM fermions, the portal matter fermions,
and the heavy top partner.

A. SU(4); x U(1); gauge bosons

We begin our discussion by deriving the couplings of the
new gauge bosons that arise in our setup due to our
SU(4)p x U(1) extension of the SM gauge group. In
Sec. II D, we have determined that only three of the new
gauge bosons are sufficiently light so as to have observable
phenomenological effects: A (comparatively) light SU(3)
boson that we have dubbed Z;, with a mass of roughly
O(10° GeV), a portal Z field with a mass of O(1-10 TeV),
which we denote as Zp, and a dark photon, A, with a mass
of approximately O(0.1-1 GeV).

To start, we consider the couplings of the dark photon Ap,
to the fermions of the theory before KM takes place. In the
limit where yp ;, — 0, the dark photon is given as a simple
combination of two U(1) bosons, described in Eq. (47). In
fact, the results of Eq. (47) are exceedingly numerically
accurate, even once contributions from yp, terms are
included: Mixing between Ap, the gauge boson Zp, and
the gauge bosons corresponding to the SU(3), embedded
in SU(4) only occurs at second order in the quantities 7p 4,
and is hence numerically negligible, while mixing between
Ap and the gauge bosons corresponding to the other
SU(4)p generators is suppressed by the latter’s enormous
masses—in Sec. IID, we found these to be of
O(107-3%) GeV. Thus, we can use the combinations given
in Eq. (47) to derive the couplings of A and Zp without
concerning ourselves with any additional complicating

effects. Noting that the B’ boson corresponds to the 15th
generator of SU(4) (t'3, as listed in Appendix), and B is
simply the U(1)% boson, we can straightforwardly find a
coupling matrix by writing the fermions as 9-dimensional
vectors in flavor space, as in Eq. (10). We find that for
uplike and downlike quarks, charged leptons, and neutrinos
(at least ignoring any extra structure the model may need to
accommodate neutrino flavor phenomenology), the dark
photon couplings are given by

2
94 \/;SP(CZZLM)L,R
2
==Y \/;SPUZ’%&W

where we have used the fact that the U(1), coupling
constant, g;, is given in terms of the SU(4), coupling
constant by the relation g; = \/2/3g,tan8p. The overall
negative sign in this expression is simply an artifact of the
sign conventions we have selected for the definitions of
U(1)r and U(1),. At this point, we have omitted the
additional couplings arising from kinetic mixing with the
SM hypercharge field as noted earlier—these will introduce
shifts of eeQ1g,q to the above expression, where e is the
proton charge, ¢ is the kinetic mixing parameter and Q is
the electric charge of the given field. While these shifts are
obviously significant in dark matter phenomenology, since
they encapsulate the means by which, for example, a dark
matter field might annihilate to form SM particles, they are
of less importance to us when considering other constraints
here: Because the ecQ shift is always proportional to the
identity matrix for a given fermion electric charge, it does
not facilitate flavor-changing neutral currents or portal
matter decay to SM particles. Restricting our attention to
only fermions which are light enough to be phenomeno-
logically relevant, namely the SM quarks, the heavy top
partner, and the lightest two portal matter fields in each
sector, we can rewrite the coupling matrices using the
truncated flavor vectors of Eq. (29). In the uplike quark
sector, we arrive at the truncated coupling matrices

03><3 03><3 03><3
03,3 05,5 03,3 UZ’%M’ (50)

03><3 03><3 13><3
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0 _ (@e) 0
P
u \SM (7p)
(CAD)L 0 = 0
Cu ~ 7 7 s
( AD)L 0 0 0 0 _ (]_rzz )}"7/1[_1(:)3 lq_Zszz (V7R
p1) Mo Up P VP
(7p) (#p) (7r)3 o m @)
- vpl - UPZ v,,3 (l—zf,l)Mf v,,3 1 0
0 0 ql"szﬂM Lipp (7[)—); 0 1
M, vp l—zf,2 vp
0 0 (72,
i 0 0 2
C4 )r=N e 2 N,,
( AD)R ‘o 0 0 0 - (1—121)?',(7:3 - 1—22% ’
0 0 —Zp1 %’, <;PP)§ - (1?5211) %’, (ipf 1 0
(}7{!’)7 (7r)s gr (7r); - q 7e); 0 1
vp vp vp —Zpy Up
|(;7,,7)1|2 (7p)157p)§ (7P)]£7P>‘5
. ® i - PﬁP ) ) P i ZPA
(M = (7p g 7e) =] @ )Zéy ) \(J/s[)’zl qr”")vém‘ ’ (51)
P
r (71’)35}71“)7 r (71’)35}71“); q2r2 ‘(7*\2)3‘2
vp vp vp

where ¢, 7, zp;, and zp, are defined as in Eq. (30), and N, is
defined as in Eq. (37). The downlike quark sector, mean-
while, has its truncated coupling matrices given by

(Wi7p)®(7, W) W7

v T Top 03><1
(CZD)L ~ _ﬂ;}% 1 0 5
0,3 0 1
(Wi7p)®(FnW,) 0 _ Wi7p
L% 3x1 vp
(CfxD)R ~ 01,3 1 0 ) (52)
7pW.
- Pvpd 0 1

where we remind the reader that W, is the unitary matrix
first described in Eq. (13), and that in the SU(4) basis we
have chosen, W, is equal to the CKM matrix. The
corresponding coupling matrix for the charged leptons
can be given in complete analogy to Eq. (52), with the
sole exception that the matrix W, must be replaced by the
appropriate rotation matrix given the lepton couplings to
the scalars ®, and .

In T and II, it was seen that in the event that the
portal matter mixes with electrons, there exists a parity-
violating interaction of the right-handed electrons with
the dark photon field. Consulting Eq. (52), we observe
that the analogous terms emerge at the O(7%/v3) level,
however, they occur identically for the right- and left-
handed fields (at least up to corrections due to the super-
heavy fermions that we have omitted from our truncated
coupling matrices). As a result, no such parity-violating
interaction occurs in this model, in contrast to those of I
and II. Generically, this can be expected to be the case
due to the more left-right symmetric form of the model:
The left-handed electrons receive a chiral correction
from their coupling from the SU(2); doublet portal
matter, while the right-handed ones receive the same
correction from SU(2), singlet portal matter. The cou-
plings in the neutrino sector may be qualitatively similar
to those that we have already explored, however, we note
that the recreation of light neutrino masses and the
observed mixing matrix will likely require significant
modifications to the neutrino mass matrix, which are
beyond the scope of this paper. Notably, we have
retained O(y%/v3) terms in the components of
Egs. (51) and (52) which correspond to mixing among
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the SM quarks.5 In spite of their minute magnitude, with
7p/vp ~ 1073 we have kept them here because they
facilitate highly constrained flavor-changing neutral cur-
rents mediated by the extremely light A, boson. In
Sec. IVA, we shall in fact derive significant nontrivial
constraints on the model parameter space from these
interactions. We do note in passing that similar O(y%/v3)
terms exist elsewhere in Eqs. (51) and (52), however, we
have omitted them here since they have a negligible effect
on any observable physics.

Apart from the flavor-changing interactions we observe in
the SM, the dark photon also facilitates O(yp/vp) inter-
actions between the portal matter fermion fields and those
uncharged under U(1),, namely the SM quarks and the
heavy top partner. In practice, due to A, ’s tiny mass compared
to other gauge bosons in the theory, these interactions make
meaningful contributions to a number of interesting proc-
esses; most notably, they dominate the decay of portal matter
to an SM quark, or the decay of a top partner to portal matter
(or vice versa, depending on which process is kinematically

light dark photon field can substantially simplify our later
discussions of the couplings of heavier gauge bosons:
From the equivalence theorem [23], and the fact that
[7p| ~my, ~0.1-1 GeV, we would anticipate that the over-
all strength of the Ap-facilitated interaction between portal
and nonportal matter would undergo a substantial enhance-
ment over what the ¥p/vp suppression in its coupling would
suggest, since this suppression would be canceled by m,  (at
least for the longitudinal mode of Aj). Since obviously such
an enhancement does not exist for ¥p/vp-suppressed cou-
plings for heavier gauge bosons, which in turn mediate the
same U(1),-breaking couplings as we see emerging from
Ap, we therefore can omit a detailed evaluation of O(7p/vp)-
suppressed effects in the couplings of Zp, Zp, the SM
electroweak gauge bosons and the SM-like Higgs; in all
cases we consider, these effects are overwhelmed by those
arising from Ap.

We next turn to the couplings for the “portal Z” boson,
Zp. Again referencing Eq. (47), this time to get the
approximate mass eigenvector for Zp, we arrive at the

allowed). The presence of these couplings for the extremely
|

coupling matrices

16><6 06><1 06><1 06><1
_ 94 u,d.eyv _ uu Jd.e vt 01X6 1- 46% 0 0 uu Jd.eyv
( L= ) ,
2V6¢p 2{ 6¢p 0.6 0 4s% 0
0,6 O 0 1-4c3
16><6 06><1 06><1 06><1
01><6 4S%:- 0 0
Cu Jd.eyv — uu Jd.e vt uu,d,e,y' 33
2fcp( Jx 2fc,, 0ie O 1-4c2 0 R (53)
01><6 0 0 1- 46%

We can then determine what the couplings are for the quarks that are light enough to remain phenomenologically relevant,
as we have already done for A, by inserting our results for Z/{Z“[IlQ from Egs. (30), (31), (37), and (38) into Eq. (53). In fact, up

to O(yp/vp) corrections, which we note are negligible compared to similar interactions arising from Ap, we find that we
can write the truncated coupling matrices as

(CY,)p ~diag(1,1,1,1,1 —4cp, 4s3),

(C4 Vg ~diag(1,1,1,1,4s3, 1 — 4c3),

(CZ9), ~diag(1,1,1,1 —4c}. 4s3),

(ce ‘g~ diag(1, 1, 1,453, 1 —4cp), (54)

where we have noted that in the absence of corrections due to mixing with heavy partner states and ¥ terms, the coupling
matrix for charged leptons here is the same as that for downlike quarks. We shall not explicitly determine the coupling
matrices in the neutrino sector in this work. As noted at the end of Sec. II C, a realistic neutrino mass matrix in this model

’In spite of the fact that our expressions for U} , and for Ap’s mass eigenvector are only valid up to O(¥p/vp), these expressions (at
least for flavor-changing interactions, which are of phenomenological interest here) are numerically valid, because the O(y%/v3)
corrections to the matrices U , do not contribute to the O(¥%/v3) flavor-changing couplings in the SM, and we shall see that the gauge
boson Zp, which may mix with Aj, at the O(¥%/v3%) level, has SM flavor-universal couplings up to O(7p/vp) corrections.
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would likely involve vacuum expectation values of still
more additional SU(4), x U(1)p scalars, which would
complicate the already highly intricate structure of the
model while remaining unlikely to influence most of the
new physics at an experimentally observable scale.

We finally address couplings which arise from the gauge
boson Zp, the “flavor Z” that represents the only gauge
boson from the SU(3) flavor symmetry which possesses a
low enough mass to have some phenomenological impact.
Consulting Eq. (44), we see that the coupling matrix for this
gauge boson may be written,

505 €
Aziz 033 033
= ;\};—Uﬁe“} (03><3 Azxz 033 UZ’ffée’”,
053 033 033
1 0 0
A=1]0 1 3A%(p—in—1) |, (55)
0 3A2(p+in—1) -2

where we remind the reader that A, A, p, and 5 are the
Wolfenstein parameters. Notably, Z couples to SM fields
and their heavy partners equivalently, and as such does not
facilitate any couplings between them. However, we see
that this gauge boson can produce flavor-changing neutral
currents in the SM quark sector. Focusing on this possibil-
ity, we consider what the coupling matrices for the SM
quarks look like in our setup, arriving at

(T3 — Os3)13.3
05,3
Ci(cudev) WuudevT 0,
01,3
01,3
—0Os3 13,3 03,3
03,3 —0Os3 13,3
SC e = U 0 O
0153 0153
013 013

(CL )% =A.
1 0 0
(Cd )LR—WAWdN 0 1 3A2%(p—in) |.

0 3A2%(p+in) -2

(56)

where to derive the expression for (C4 )?", we have used

the fact that W, is simply given by the CKM matrix, and
used the Wolfenstein parametrization of the CKM given in
Eq. (43), keeping terms up to O(4%). Note that in spite of its
appearance (and explicit dependence on Wolfenstein param-
eters), the coupling of Eq. (56) is not simply an artifact of our
choice of SU(4), gauge: Effecting an SU(4), transforma-
tion here to a frame which, for example, W, is equal to the
identity matrix and W, is nontrivial should correspondingly
alter the gauge boson mass matrix so that the resulting
coupling is preserved. We do, however, note that the right-
handed coupling expressions in Eq. (56) ignore the sign flips
(phase rotations) of various right-handed quark fields
observed in Egs. (37) and (38). Since they cancel in any
phenomenological results we shall discuss, we have omitted
them above for the sake of brevity.

B. SM gauge bosons and the Higgs

Having discussed the couplings of the fermions to new
gauge bosons in the theory, we now address the coupling
matrices for usual SM fields, namely the Z and W gauge
bosons and the light SM-like Higgs doublet embedded in
the bidoublet H. We begin our discussion with the Z boson.
Writing the fermions as 9-component vectors in flavor
space as outlined in Eq. (10), we can write the coupling
matrix of the Z as

05,3 05, 05 039
—0Os3 13,3 05, 05, 039
01,3 (T3 - ngv) 0 0 uudwv
013 0 —0s;, 0
01,3 0 0 —0Os;,
05, 051 03
05, 05 05
(T =0s3) 0 0 fug”, (57)
0 -0s?, 0
0 0 —-0s?,

up to O(e) corrections due to kinetic mixing, which will not be phenomenologically significant here, since they will only
represent a uniform small correction to the couplings of the three portal matter states, arising from mixing with the dark
photon Ap,. Here, T'5; refers to the left-handed isospin of the SM fermion species and Q refers to its electric charge. We can
then find the coupling matrices for the phenomenologically relevant mass eigenstates by simply truncating the above
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matrices to exclude the extremely heavy states and rotating by the approximate diagonalization matrices given in
Egs. (30), (31), (37), and (38). Up to numerically negligible O(y7p/vp) terms, we arrive at

122 0 0 0 0 0
0 1-22 0 0 0 0
0 0 l-22 mo 0
(CY)L ~ r;n, 2 tz ’
O O Eﬁl —§SW 0 0
0 0 0 0 1-22 o0
0 0 0 0 0 —%sgv
22 0 0 0 0 0
0o -2 0 0 0 0
- 0 0 =22 0 0 0 58)
PETL 0 0 00 =220 o |
0 0 0 0 1-22 o0
0 0 0 0 0 -2s

where we remind the reader that the variable r is defined in Eq. (30). We see that at this level of approximation, the sole
new coupling for the Z boson (other than its diagonal couplings to the new fermions, which directly follow their SU(2), x
U(1), quantum numbers) is between the top quark and its vectorlike partner, which can be quite large—the suppression
ratio m,/M, for this coupling can be as high as ~0.1, for top partner masses near 1 TeV. We note that there do exist
O(m?/M?) corrections to the Z#t coupling, however, since these corrections would be at most on the order of a few percent,
they are well within current constraints for modifications of the top-Z coupling [28]. Of course, such small variations in the
top quark couplings to the Z may be probed by precision measurements made at future e e~ colliders. In the downlike
and charged lepton sectors, we have an analogous result to Eq. (58), however, assuming that the b and 7 partners are too
massive to influence the low-energy phenomenology of the theory, we find no significant departures from the SM behavior
of the Z and diagonal coupling matrices.

Next, we address the W boson couplings, restricting our attentions to the quark sector in order to avoid ambiguities
arising in the neutrino sector in this model. We may write our coupling matrices here as

L3z 0303 031 03 035

053 033 03 03 035

(CW)L:iZ/{Z+ 03 03 1 0 0 |ud,

03 03 O 0 0

03 03 O 0 0

053 033 03 030 035

055 055 03 03 03

7(CW)R:\/i§u7: 03 03 1 0 0 |u. (59)
03 03 O 0 0

03 03 O 0 0

®As an aside, we note that even in the event of a much lighter b partner, brought about by a percent-level tuning of the Higgs Yukawa
coupling to the down quarks, which might then have a mass comparable to the top partner mass M, ~ 1 TeV, we would not observe a
measurable effect in the tightly constrained Zbb coupling, since this would still be suppressed by O(m?/M3) ~ 107, assuming
M, ~ M,, which is several orders of magnitude below present constraints [29].
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Up to numerically insignificant O(y¥p/vp) corrections, we can derive the coupling matrix for the left-handed
phenomenologically relevant fermions using Eqs. (30) and (31) once again, yielding a coupling matrix (and hence the

CKM matrix) of

(Wai (Wa) 1o (Wa)i3 0 0
(Wa) (Wa)a (Wa)as 0 0
(1-52) W (1-52) W, (1-52)(Wa)y 0 0
(Cw), ~ ’ ‘ ’ : (60)
rit (Wa)si rit (Wa)s rit (Wa)ss 0 0
0 0 0 1 0
0 0 0 0 0

where r remains as defined in Eq. (30). Note, at least to this
order, that the first row of this coupling matrix remains
unitary when restricted to the SM quarks. Here, we
emphasize that in the truncated coupling matrix, only five
downlike quarks remain physically relevant (the three SM
quarks and two portal matter quarks), while six uplike
quarks do (the three SM quarks, the top partner, and two
portal matter quarks), as can be seen from the original
definition of the truncated flavor-space vectors in Eq. (29).
We also note that, unlike elsewhere in this work, we have
retained the O(m?/M?) terms in the coupling matrix here;
we shall see that terms of this order represent the leading
contribution of the top partner’s loop-induced correction to
neutral meson mixing, and as such, we must retain these
terms for numerical consistency. The right-handed coupling
matrix (Cy)g is substantially less phenomenologically
interesting—since the only right-handed fermions which
couple to the W boson are portal matter fields, and they do
so diagonally (at least in the limit, which holds to O(107)
as discussed in Sec. II C, that mixing between the portal
matter states is numerically negligible), the W does not
exhibit numerically significant couplings to the right-
handed SM quarks, nor does it facilitate decays of any
of the new fermions in the model.

We conclude our exploration of the couplings in our
model by considering the SM Higgs field, or rather the

combination of elements of the bidoublet scalar H that|

corresponds to such a field. As noted in Sec. II B, we can
estimate the scalar eigenstate corresponding to the SM
Higgs field as in Eq. (7), which in turn allows us, with
reference to the Yukawa action of Eq. (8), to write the Higgs
coupling matrices to the quarks as

03><3 03><3> 03><1 03><l 03><1

13><3 03><3 03><1 03><l 03><1
u,d u,dt u,d
YudCH" =Yuag 0,3 0,3 O 0 0 Ju”,
0l><3 0l><3 0 0 0
0l><3 0l><3 1 0 0
(61)

where the constants y,, are given in Eq. (11). An
analogous matrix for the charged leptons should be
identical to that of the downlike quarks, up to radiative
corrections to the parameter y,. Rather than relying on our
truncated rotation matrices here, which by removing the
heavy partners of the up and charm quarks, omits the
seesaw mechanism by which these SM quarks acquire
mass, it is more instructive here to simply work in the limit
where 7p 4 — 0 using the rotation matrices of Eqgs. (23) and
(33). Doing this, and then truncating the matrix to remove
the extremely heavy fermions as earlier yields the coupling
matrix

m, 0 0 0 0 0
0 m, 0 0 0 0
Ao oo m, mtﬁ(M{V 20 0

Yu ?INT M?>—y202\ 1/2 m, [(M?>=y2v% ’ (62)
00 senln)m (M) mg (M) 0 0
0 0 0 0 0
0 0 0 0 0

where the complete coupling is given by this matrix plus that generated by its Hermitian conjugate. Notably, among the SM
quarks the Higgs coupling matrix is simply given by the normal SM Higgs coupling matrix—this conclusion holds up to
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O(m?/M?) ~ O(1072) corrections to the H#t coupling.
There are, however, additional couplings between the top
partner and the top quark itself—the largest of these terms is,
in fact O(1). In practice, these couplings will contribute
significantly to the decay of the top partner to the top quark,
as is often the case in models with additional vectorlike
quarks mixed with the third generation [30]. In the downlike
quark and charged lepton sectors, the results are analogous,
however, given the fact that the heavy b and 7 partners are
likely too massive to be observed, the approximate Higgs
couplings in these sectors precisely matches the SM result,
up to insignificant numerical corrections.

C. Kinetic mixing

Having addressed the fermion and gauge boson spectra
here, it is useful at this point to comment on the magnitude
and effects of the kinetic mixing between U (1), and U(1)y
that will arise from the one-loop contributions of the
model’s fermion fields. For simplicity, we shall assume
that kinetic mixing vanishes until the scale at which the
Pati-Salam group is broken down to the SM and the dark/
flavor group remains SU(4) x U(1),. At this scale, the
only Abelian groups which may enjoy kinetic mixing are
the U(1)p and U ( )y groups, so we shall compute this
mixing here.” As in II, we note that both SM and portal
matter fields will contribute to the kinetic mixing via
vacuum polarizationlike diagrams at one loop. In the

|

original basis, the SM hypercharge boson B will mix with
the U(1), boson By via a term of the form,

€ N

Ly = B, BY. (63)

2CwCP

where c,, is the familiar Weinberg angle and ¢p = cos 0p is
the cosine of the angle 6 described directly above Eq. (46),
and B,, and B} are the field strength tensors of the U(1),
and U(1), fields, respectively. Given this normalization
convention, the kinetic mixing term e here becomes

2 (g5w)(9a5p) \~ (i m;
e_\gi%r;‘ £ Z(E)Qflogﬂ—z, (64)

where s, and sp are simply the sines of the same angles
referenced in c,, and cp, gis the SU(2), coupling constant,
and g, is the SU(4) coupling constant. The sum over i is
performed over all the fermions in the theory, Y;/2 is the
SM hypercharge of fermion i, Qf is its charge under U(1)
m; is its mass, and u is an arbitrary mass scale which will
cancel out of the final calculation. Ignoring the mixing
between various states of different representations under
U(1)y or U(1)p, the effects of which are numerically
negligible anyway, gives

e d d 4 e
e~ (4.2 % 10_4)( 4SP) [logm—fl—l—log L 2log—22 My M) _10gm53
9Sw mp Pl Mipy Mipy 5 mpy 5 T mpy
4 My, 4. M,
lo +=lo L+ -1 N, 65
+Z< mu +5 gmm gMLti+5 Ong'>:| ( )

where here we have used the same mass labeling con-
vention as Eq. (12), with the sub/superscripts u referring
to the uplike quark sector, d to the downlike quark sector,
e to the charged lepton sector, and v to the neutrino sector
(of course, since the model’s neutrino sector remains
incomplete, the contributions from it to this mixing are
somewhat suspect; we include them here for the sake of

7As was noted in Sec. II A, in the UV theory as written (with
all SM gauge symmetries are contained in the non-Abelian Pati-
Salam group factors), kinetic mixing mediated by a vacuum
polarizationlike diagram is forbidden. However, higher-order
operators stemming from insertions of scalar vevs will still
generate kinetic mixing here, and a truly concerned reader can
assume that the U(1), is unified with either the SU(4), or
SU(2)g, the two Pati-Salam groups which contain the U(1),
symmetry, at some higher scale, and some form of symmetry
breaking at this scale breaks the resulting theory down to the SM
gauge group by U(1).

|

completeness). We note that some of the logarithms of
ratios of the exotic particles’ masses may have either sign.
In the absence of significant hierarchies, we would antici-
pate that ¢ would be of O(107%) if g4sp were approximately
equal to gsy, however, we note that there exist several mass
ratios in Eq. (65) that are necessarily quite hierarchical. For
example, if we assume that each SM neutrino possesses a
mass of approximately 0.1 eV and that the masses of the

portal matter fields mj; sy », are close to degenerate (that

is, m; ~mé, ~m%, ~mb, for i = 1, 2, 3, at least for the
purposes of computing the logs of their ratios), then we can
estimate the magnitude of Eq. (65) by noting that
log(my; oi/my;) ~ —1og(My; .i/M,;), which holds as long
as there are no significant hierarchies between the cou-
plings to the scalar H among the charged leptons, uplike
quarks, and downlike quarks. We then arrive at a rough
numerical estimate of
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_ gasSp
~(3x 1073 == 66
‘ ( * )<gsw>, ( )

which is in fact an order of magnitude larger than the
numerical coefficient in front of Eq. (65) might suggest.
While this level of kinetic mixing is still not unfeasible if
gaSp > gs,, = e, it does suggest that this coupling is
unlikely to be much greater than this, and that to produce
smaller O(10~*) values for the kinetic mixing parameter,
the coupling combination g,sp should likely be somewhat
smaller, perhaps closer to ~0.1e.

With € computed, the treatment of kinetic mixing is
ultimately entirely analogous to that of I and II (albeit with
no additional mixing due to scalars charged under both the
dark and SM gauge groups, which occur in II but not here),
with dark photon couplings to SM fields of eeQ, where e is
the proton charge and Q is the electromagnetic charge of a
given fermion. As these results are well known, we do not
reproduce them here.

D. Low-energy parameters from the high-energy model

With the field content, mass spectra, and coupling terms
for the model now determined, we have only one remaining
task before being able to explore this setup’s phenomeno-
logical implications: Properly identifying the parameters
with which we might conduct a probe of the model space.
Over the course of our development of the model in Sec. II,
we have noted that in spite of the large number of new
particles present in the model at high energy, only a handful
of these can be expected to have any significant effect at
scales that can be experimentally probed now or in the near
future. It stands to reason, then, that the large number of
parameters in our model at high energy can in fact be
reduced to a more manageable quantity at low energy. For
the sake of clarity, we shall distinguish now between these
two pictures: The “high-energy” model shall refer to the
complete model with the field content outlined in Sec. II.
The “low-energy” model shall refer to the model in which
only the fields of mass SO(10 TeV), namely those which
might have an observable effect on current and upcoming
experiments, are retained.

In Sec. I1 C, we found that the quark sector of the model
is uniquely specified by the SM Higgs Yukawa-coupling
parameters yy ~ O(1) and a € [-z, x|, the two portal
matter Yukawa couplings yp; ~O(1) and yp, ~ O(1),
the vectorlike mass term M, the scalar vev parameters
7p. 7a4» vp, and ygvg,® and finally the signs of the
eigenvalues of the matrices u [defined in Eq. (13)] and

$For the purposes of this analysis, we have combined the
coupling yg¢ with the vev parameter v of the singlet scalar ®g.
Because the only instances of these parameters occurring
separately happen when considering interactions of the physical
scalar arising from ®g, a detailed analysis of which we have
omitted here, this simplification is sufficient for our purposes.

d (its analogous quantity in the downlike sector). In the
limit where particles which we estimate to be too heavy to
be experimentally observable decouple from the theory, our
work simplifies substantially. Referencing our expressions
for the masses and eigenvectors of the fermion fields in
Sec. IIC, we see that up to signs of various quantities
(which we shall see do not affect any physical results up to
numerically small corrections), we note that we can
completely specify the physics of the accessible quark
sector, namely the masses in Eqgs. (18) and (22), their
analogous values in the downlike sector, and the mass
eigenvectors given in Egs. (30), (31), (37), and (38), simply
with the vev parameters vp, ysvg, and 7p, the mass of the
top quark partner M,, and the masses of the accessible
portal matter fields, m%, = m%, and m'%, = m%,.

Moving on to the gauge boson sector, we see that can
enjoy a similar drastic reduction in independent parameters.
Consulting Sec. IIT A, we see that the coupling matrices of
Zr, Zp, and Ap, the three new gauge bosons that are light
enough to potentially have experimentally observable
effects, depend only on the CKM matrix, the mass
eigenvectors of the fermions, the SU(4) coupling constant
Js, and the angle 0p which functions as a Weinberg-like
angle for the group SU(4); x U(1). Turning to Sec. II D,
we note that while the mass of Zp, given in Eq. (48), is
entirely specified by the parameters g4, vp, and Op, the
masses of the gauge bosons Z and A, arise as complicated
functions of parameters which are not otherwise relevant in
the low-energy theory, namely the parameters u, , [defined
in Eq. (13)] and d 5 ; (their counterparts in the downlike
quark sector), the Yukawa couplings y, and yj, and, in the
case of Ap, the U(1)p-breaking vev components 7.
Because the mass of Ay, depends on one set of parameters
that the mass of Z; does not, meanwhile, there is no
obvious rigid relationship between these masses. It is
therefore easier to simply specify the masses of Z and
Ap as independent low-energy parameters in their own
right, for the purposes of probing the phenomenology of
the model.

Finally, we note that the above treatment has neglected to
include any discussion of the leptons in the model. While
we have noted earlier that the neutrino sector will lie largely
unaddressed in this work, we cannot afford the same luxury
with the charged leptons, so the fact that we are only
introducing phenomenological parameters which cover the
emergence of new physics in the quark sector bears some
discussion. In the charged lepton sector, we note that we
would require specifying some additional parameters, since
we have posited that the charged lepton spectrum will be
generated by the same mechanism as that of the downlike
quarks, up to radiative corrections in the couplings to the
scalars @4, ®p, the parameters y; and a, and the mass
term M. Among the accessible elements of the theory, these
radiative corrections would result in a modification of the
rotation matrix W, [defined analogously to W, is defined
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in the uplike sector in Eq. (13)], rather than it being
precisely equal to W, its counterpart in the downlike quark
sector which must be approximately given by the CKM
matrix. Referencing the couplings of various interactions in
Sec. IIT A, we see that the matrix W, plays a role in the
lepton-flavor-changing currents facilitated by the dark
photon Ap, and the couplings of the accessible leptonic
portal matter states to SM leptons (which in turn will
govern the lifetimes and branching fractions of these new
particles). However, we note that constraints on lepton-
flavor-violating two-body decays of the 7 lepton are much
less restrictive than those in the quark sector [31], while the
most restricted leptonic flavor-changing processes medi-
ated by Ap, u~ — e"Ap, is essentially always kinemati-
cally disallowed in the range of dark photon masses that we
consider (m4, > 100 MeV).” Meanwhile, discovery limits
on the color-singlet leptonic portal matter will likely be far
less constraining than those of the colored quark portal
matter particles. As a result, we note that the new physics
arising from additional parameters we must include to
describe the charged lepton sector is likely beneath any
notice, and we therefore have no need to expand our
parameter space beyond what is necessary to specify the
kinematically accessible fermions in the quark sector.

Our full parametrization of the lower energy observable
sector of the model then simply consists of two vev
parameters vp and ygvg, a three-component complex vector
of vevs 7p, two gauge coupling parameters g, and p, and
five particle masses: the mass M, of the heavy top partner,
the masses m'%, = m$, and m%, = m%, of the accessible
portal matter fields, the mass m, of the “flavor Z” boson
Zp, and the mass m,, of the dark photon. For the reader’s
convenience, we have listed the parameters that are relevant
in the high- and low-energy theories, as well as their
approximate ranges, in several tables. Table IV contains the
parameters which are given in the underlying high-energy
theory, and retained unchanged as independent parameters
in our probe of the sector of the theory which is exper-
imentally accessible, as well as the ranges that we have
assumed here.

Table V contains the parameters which must be specified
to generate the complete high-energy theory, but can be
substituted for other parameters in the lower-energy theory.
Finally, in Table VI, we present the parameters which may
be used in lieu of those of Table V when probing the model

°It should be noted that for lighter dark photon masses, the
two-body decay of a muon to a dark photon and an electron
would have a distinctive experimental signal, with a sharp peak in
the electron energy spectrum. Limits on flavor violating decays in
the quark sector remain more stringent than these constraints for
now, but null results in searches for u™ — ¢™X decays, where X
is some undetected boson, from the upcoming Mu3e experiment
can be expected to constrain this ratio to ~1078, which may allow
it to begin to compete with current limits on the model from
flavor-violating K meson decays [32].

TABLE IV. The parameters which must be set to specify a
unique point in parameter space in both the complete high-energy
model and the low-energy model, as described in the text. Here, g
denotes the electroweak coupling constant. The philosophy
behind the chosen ranges of ygvg, vp, and 7p are discussed in
Sec. II C, while we assume that g, < g to keep the magnitude of
the kinetic mixing <O(107%), as discussed in Sec. Il C.

YsUs vp 7p 94 Op
1-10TeV 110 TeV  0.1-1 GeV  (0.1-0.6) 0—Z%

parameter space where only phenomenologically acces-

sible new particles are included. Notably, while there are

simple expressions for m's! and m'sy in terms of the

parameters of Table V in Eq. (22), allowing for an easy
estimate of the range these parameters might take on in our
model, the natural ranges for the other three parameters in
Table VI, namely the masses M,, my,, and my,, are not
immediately obvious: There are no such compact expres-
sions for these masses, at least in terms readily correspond-
ing to those in Table V. Since m,  is the only parameter
which directly depends on the magnitude of ¥, rather than
the ratio ¥p/vp, we find that by specifying vp, 7p, and 7,
properly we can reproduce virtually any m,, between 0.1
and 1 GeV, so it is not unreasonable to treat this as a free
parameter in this range, but the masses M, and my, are
more restricted. We can, however, produce estimates for the
ranges of these parameters via a simple numerical probe of
the high-energy parameter space.

Before beginning this exercise, however, we may simplify
our task with a handful of observations. For m _, we see
from Egs. (40), (41), and (42) that the mass matrix which
produces Zr (namely, the first 8 rows and columns of the
matrix given in Eq. (40), up to tiny O(yp4) corrections)
should only have terms which depend on the matrices u [as
defined in Eq. (13)] and d, its downlike quark counterpart—
even dependence on the parameter M cancels out in this
portion of the gauge boson mass squared matrix.
Furthermore, inspection of Eq. (18), in particular the SM
fermion mass expression which may be rewritten (in the
uplike sector, with a corresponding expression applying in
the downlike sector) as u? ~ y3v3(y2v?/(2m2,) — 1), that
the eigenvalues u; 53 and d; ;3 of u and d are all directly
proportional to ygvg. That is, for all other model parameters
held constant, the matrices u and d scale directly with ygqvg.
This in turn allows us to say that the mass matrix which
governs my,, which in turn consists solely of combinations
of u and d, must be directly proportional to ygvg, and
therefore the mass my_ is directly proportional to ysvg as
well. Meanwhile, a similar argument can be made regarding
the mass of the top partner M,, noting in Eq. (18) that we
may rewrite the equation for the mass of this fermion as
M? = yviy2v?/(2m?), and hence this mass is also directly
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TABLE V. The parameters which must be set to specify a unique point in parameter space in the complete high-energy model, but
which can be eliminated in favor of a simpler set of parameters in the low-energy model. The ranges quoted here assume that the Yukawa
couplings are all of O(1) and f is restricted based on the requirement for perturbativity in the left-right-symmetric model Higgs sector.

The magnitudes of M and ¥, are discussed in Sec. II C.

YH a p YA Yp1 yp2 M/ (ysvs) Ya
+[1/3,3] [-7, 7] [0, arctan(0.8)] +[1/3,3] +[1/3,3] +[1/3, 3] +[1/3,3] [-10°, 109] 0.1-1 GeV
TABLE VI. The parameters which may be used to specify a unique point in the parameter space of the low-energy

model in lieu of the high-energy model parameters in Table V. The large range of my,, and the shape of the m,
distribution in the numerical probe, is discussed in the text and Fig. 1.

U — gad
M, Mmpy = Mp)

U pd
Mpy = Mpy A

» mz,

(11—32)}751]5' (1/3—3)’[]})

(1/3=3)vp

0.1-1 GeV guysvs(17 = 210)

proportional to ygvg. Therefore, when probing the masses
myz, and my,, we only need to consider the range of these
parameters at one specified value for ygvg and extrapolate
from there, and not probe the entire range we list in Table I'V.
Similarly, we need not probe the entire range of the
SU(4)r x U(1); gauge coupling parameters g, and 6p,
rather noting that my_, consisting up to tiny corrections
entirely of SU(4), bosons, is proportional to g,.

To perform our numerical examination, we next generate
a sample of 10° points in parameter space (we note that
larger samples grant us the same results for our parameter
ranges, indicating that this sample size is likely large
enough to fully probe this setup), specifying ygqvg =
1 TeV, and selecting vy, @, f, M, y,, and yp randomly
(i.e., with flat priors) in the ranges described in Table V. We
also impose several additional conditions on yy, a, and f,
the three parameters which govern the SM-like Higgs
bidoublet sector. Specifically, we require that y, and y,,
as defined in Eq. (11), are such that y2 > (2m?)/v* and
¥4 > 1/100. The condition on y, ensures that the SM quark
spectrum can be reproduced using the relations of Eq. (18).
The condition on y, ensures that this Yukawa coupling is
not hierarchically small, which would in turn yield a heavy
b partner with a mass roughly comparable to that of the
heavy top partner, a region of parameter space that we have
already established lies beyond the scope of this paper.
To achieve a full sample of 10 points which meet the
aforementioned constraints on y, and y,;, we generate yy,
a, and S, then regenerate these points (again with flat
priors) if the original set fails them, until a point is found
that meets the constraints; this in turn ensures that we
uniformly sample the parameter space of yy, a, and f that
meet the y, and y, constraints without bias. Finally, we
note that outside of numerically negligible corrections, the
particular values of the parameters ¥p, ¥4, vp, yp;, and yp,
have no effect on the masses we wish to probe here, so there
is no need to specify them. Given these conditions, we
estimate the expected “natural” ranges of M, and my,, as
between the 5% and 95% quantile of their values in this

scan—because we engage in a sampling of all of the
parameters in our high energy theory with flat priors, we
expect the results of our numerical probe to at least
qualitatively reflect the necessary fine-tuning to effect
certain values of these parameters. The results are then
given in the ranges quoted in Table VI. We should note that
although our sampling of the high-energy parameters is
uniform over their ranges, the same cannot be said for the
ranges of the parameters M, and my,. To get a sense of the
shapes of the M, and my, distributions, we depict prob-
ability histograms of them in Fig. 1. Consulting this figure,
we see that while M, has a straightforward (if nonuniform)
distribution in which smaller values of M,/(ysvg) are
slightly favored over larger ones, the distribution of my,
is somewhat more complex, with a large peak appearing
near myz, ~ 30g,ysvs followed by a steady drop-off. As a
result of this long tail in the distribution, the range between
the 5% and 95% quantiles of our sample given in Table VI
is unusually large. As we shall see in Sec. IV B 2, however,
the phenomenologically interesting region of parameter
space lies in the region where my, < 60g,ygvs, so we shall
restrict our attentions there, merely noting that ample
parameter space exists for significantly larger m,, without
significant fine-tuning.

To better illustrate the transition from the enormously
complicated high-energy model to the comparatively com-
pact low-energy model, and to get an idea of the sensitivity
(or lack thereof) of low-energy parameters to the specific
realization of the complicated pattern of SU(3), breaking
in the high-energy model, it is useful to explicitly sum-
marize the scales of symmetry breaking effected in the
high-energy model and compare it to the scale of the new
physics fields which survive in the low-energy model.
Specifically, we note that in the high-energy setup, the
gauge symmetry SU(4), x U(1) undergoes the symmetry
breaking pattern

e e Ge
4,1 2 151, 2 1,75 Nothing.— (67)

015032-28



SU(4) FLAVORFUL PORTAL MATTER

PHYS. REV. D 105, 015032 (2022)

0.05

0.04f

Probability
o
3

5
=}
e}

100 150 200 300
mz,[(g4ysVs)

0.05

0.04

o
S
o)

Probability
o
S
R

2.0 2.5
Mi/(ysvs)

FIG. 1. Top: a probability histogram of the values of my, in
units of g,ysvg obtained in our numerical sample, described in
the text. The green region denotes the values of my, between
the 5% and 95% quantiles. Bottom: same as above, but the
probability histogram now depicts values of M,/(ysvs).

In particular, we see that the SU(3) symmetry breaking,
which required prodigious fine-tuning in Sec. II, generally
takes place at the multi-TeV scale. In fact, the only fields in
the low-energy model which remain sensitive to the SU(3)
breaking are the flavor Z field Z; and the vectorlike top
quark partner. Given that the emergence of a vectorlike top
partner of mass M, ~ O(TeV) is well motivated as long as a
seesaw mechanism is used to generate the quark mass
hierarchy, we can comfortably assert that, with the exception
of any observable effects of the Zy boson, the phenomenol-
0gy of the low-energy model is applicable to a wide range of
high-energy constructions and agnostic to the complicated
specifics of SU(3)p breaking.

IV. PHENOMENOLOGY: FLAVOR-CHANGING
NEUTRAL CURRENTS

Having set up the model and determined the relevant
parameters we can begin to analyze the sector of the model

within experimental reach, the sole remaining task left to us
is to actually do the necessary exploration. To begin, we
note that our significant expansion of the model’s flavor
sector has resulted in substantial additional sources of
flavor-changing couplings, in particular flavor-changing
neutral currents (FCNC’s), which have the potential to
contribute to highly constrained processes. To examine
these flavor-changing effects, then, we explore the impact
of the model’s FCNC'’s in two sectors: rare meson decays
and neutral meson oscillation.

A. Flavor-changing Aj, interactions

We begin our discussion of potential phenomenological
effects with a brief foray into the most constrained
couplings which emerge here, namely the light flavor-
changing neutral currents mediated by the dark photon. In
particular, the tiny flavor-changing couplings among the
SM quarks in Eq. (52) allow for b — s + Ap, b — d + Ap,
and s — d + Ap transitions. As in II, we shall assume that
the on-shell long-lived light dark photon will escape our
detector and/or decay to dark matter,'” and therefore these
interactions can facilitate meson decays which mimic to
some extent the highly constrained rare decay channels
B - Kuvv, B — nvy, and K — nub.

It should be noted that the naive bounds from the three-
body B — Kvi, B — avv, and K — zavp are not precisely
applicable to the two-body decay of a B and K mesons to a
lighter meson and a long-lived dark photon: The latter will
result in a sharply peaked momentum distribution for the
visible light meson in the final state. This difference has a
significant effect on our analysis of K — zA [, constraints in
particular: Searches in the “golden channel” K+ — ztwp,
which are normally highly constraining, are substantially
weakened in cases where Ap ~m, due to high back-
grounds from the K™ — "7z, channel [33-35]. Instead,
it is more instructive to consider the constraints from
K; — myX searches such as [35], where X is simply some
light long-lived invisible particle. Because the background
K; — 2ry is CP-violating (and therefore suppressed),
unlike the decay K™ — n'm,, searches for K; — mpX
are not subject to the same ruinous kinematic cuts when
the mass of the X particle is close to the mass of the pion.
So, to derive for our model’s constraints from K; — 7pX
branching fractions, we compute the branching fraction for
this decay arising from Ap emission and compare it to the
90% C.L. upper limits from [35] obtained for various mass
values. In the case of the other flavor-changing decays we
consider, a more careful analysis of BT — 77, KTui

"the dark photon decay to dark matter will be the dominant
decay if it is kinematically accessible, since its coupling is not
suppressed by a small kinetic mixing factor, so this assumption is
both completely reasonable and trivially realizable with the
addition of a dark matter particle of mass less than m, /2, for
example in the form of a scalar singlet under the SM gauge group.
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searches, which lack the same troubling kinematic cuts as
appear in K — nup searches, does not result in signifi-
cant differences from the constraints derived by simply
quoting the 90% C.L. upper bounds of B(B™ - ztwp) <
0.8 x 107 [36] and B(B* — K*vi) < 1.6 x 107> [37] as
direct limits on the corresponding flavor-changing decays
mediated by Ap, (although it should be noted that we should
treat these constraints as order-of-magnitude, not precise,
limits barring a more detailed analysis of the final-state
light meson spectrum). Since we shall see that these
constraints are much less rigorous than those which are
derived from the K; — myAp system, we also note that
the changes in restrictions on the parameter space from
O(1) changes in these constraints are not qualitatively
significant.

A straightforward calculation employing the coupling
constants in Eq. (52) gives us the decay width of the
process K; — myAp

T o= il |f1| ‘§2|2 mK <1 n (miD _m72I)2
somn = TP 04 m my
miu +m2 ) )
W .
fi = ( dyP)l (68)
Up

where my and m, are the masses of the neutral K and #

mesons, respectively, f7} K°z" is a hadronic form factor we can

extract from [38] (up to percent level corrections, this factor
is equal to 1 for the process K; — myAp), and we remind
the reader that, also up to percent level corrections, W is
equal to the CKM matrix. Expressions for B* - KA,
and BT — nTAp decays can be easily determined by
replacing the appropriate indices of £ and meson masses
in Eq. (68), and extracting the appropriate hadronic form
factors from [39]. Consulting the definition of &; in
Eq. (68), we see that these decay processes should naturally
undergo substantial suppression, since ¥p ~0.1-1 GeV
and vp 2 1 TeV. We might expect, therefore, that a natural
value of & would be in the realm or 107, leading to a
~107'® suppression of these decay processes, as was noted
in II. In spite of this suppression, we shall find, as in II, that
constraints on these decays are severe enough to provide
meaningful limits on the values of the &;’s beyond even
their naturally small magnitudes.

We can straightforwardly derive expressions for the
maximum allowed magnitudes for products of &; values,
upon which the constrained meson decays depend, for
various representative choices of the parameters my,
and g,4sp by comparing our results to upper experimental
limits on the branching ratios of these mesons to the
corresponding two-neutrino final states [or in the case of
K; — myAp, the mass-dependent limits on the branching

ratios B(K; — 7yX)]. The maximum values of the relevant
components of (W'7p)/vp as functions of m, at various
values of g,sp are depicted in Fig. 2.

From Fig. 2, we can derive some approximate constraints
on the parameters &;, which suggest that some of their
magnitudes must be well below the natural value of
~O0(107*) that we might expect. Up to O(1) variations
as depicted in this figure, we arrive at the rough constraints
§6HSI07Y, 555108, 5& <108, (69)
where the first (and most stringent) constraint, coming from
K; — myAp, only applies when m, <260 MeV, past
which the study of [35] does not offer constraints due to
overly large K; — n"n~m, backgrounds. The much less
severe constraints from the other decay processes have no
such similar restriction on the dark photon mass for which
they apply; these processes remain kinematically accessible
over the entire range of m,, we consider. Because the
constraints in Eq. (69) only apply to the products of ¢;
terms, there is a fair amount of flexibility in how these
constraints might be satisfied. For example, we might meet
the harsh constraint on the product of &,£, by allowing one
of either & or &, to be ~1077, several orders of magnitude
below its expected magnitude of ~107*, while the other
stays at the natural higher magnitude, or we can require that
& ~& ~3x107° Given that the other constraints here
are of comparatively little significance, we can outline
several phenomenologically allowed benchmark values of
the parameters ¢;, listed in Table VII. An astute reader may
be concerned that, in suppressing various &; (and hence ¥ p)
values to such low values, we may anticipate that con-
tributions to fermion mixing from ¥, which we have
neglected in our treatment of the low-energy phenomenol-
ogy, may be significant. However, in practice we find that
even assuming all components of &; are as small as
0(10719), the 7 effects still dominate all phenomenologi-
cally significant couplings in the model.

Before moving on, we note that, as mentioned in
Sec. I B, we expect the model should contain a physical
scalar of mass ~my,), i.e., the “dark Higgs,” which should
generically have similar flavor-changing couplings as the
dark photon. If we likewise assume that the light scalar is
long-lived or can primarily only decay to dark photons as
we would expect, we might anticipate that it will make
additional contributions to the branching fractions we have
discussed in this section, of comparable magnitude to those
facilitated by the dark photon. However, given the com-
plexity of the scalar sector within this model, computing the
exact magnitude of these contributions is highly nontrivial,
and will likely depend on a number of additional param-
eters in the scalar potential. For the sake of simplicity, then,
we shall not compute the light scalar contributions to these
flavor-changing decays. We can assume that at worst,
these likely manifest O(1) corrections to the constraints
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FIG. 2. Maximum values of the products &, &, (top left), £;&, (top right), and &,&; (bottom) based on the 90% C.L. measured limits on
B(K; — myX) (where X is some invisible long-lived particle) [35], B(B* — z"wp) [36], and B(B™ — K'wvv) [37], respectively.
Benchmark values of g4sp are taken as 0.1 (blue), 0.2 (red), and 0.3 (magenta). The & parameters are described in the text.

TABLE VII.  The different benchmarks for £; magnitudes which
can satisfy the rough constraints of Eq. (69). Scenarios Al, A2,
and A3 correspond to cases where one &; is hierarchically larger
than the others, with the number denoting which generation, first,
second, or third, has the dominant &;. Scenario B1(B2) assumes
that either &,(&,) is roughly equal in magnitude to &;, while
&,(&) is hierarchically smaller. Scenario C1, in which all £;’s are
approximately equal, is only viable if m,, 2 250 MeV, and
hence the decay K; — myAp is either hidden by K; — ztn~m,
backgrounds or is kinematically inaccessible; scenario C2 is the
equivalent of CI in the event that m,, <250 MeV.

Benchmark 3 & &
Al <107 0 0
A2 0 <10~ 0
A3 0 0 <10~
Bl <1074 0 <107
B2 0 <107 <107
Cl <10 <107 <107
C2 <107 <107 <10-°

appearing in Fig. 2, and given the highly nontrivial nature
of the scalar sector, it is just as plausible that large regions
of parameter space in the scalar potential exist such that
these decays are either kinematically forbidden or highly
suppressed by a small phase space factor.

Finally, it should be noted that similar transitions exist in
the uplike quark and charged lepton sectors (e.g., t — cAp,
¢ — uAp, u — eAp). However, in the case of uplike quarks
the experimental constraints on decays mediated by these
processes are much weaker, while the case against includ-
ing restrictions in the leptonic sector was discussed in
Sec. IIID. In either case, these processes provide no
significant limit on our model parameters at present.

B. Neutral meson oscillation

While the dark photon’s flavor-changing couplings are
capable of facilitating distinctive and highly constrained
meson decays, they are hardly the only potentially danger-
ous flavor-changing couplings in the theory. In particular,
we find that B, — B, and B, — B, oscillations can suffer
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significant contributions to their dispersive amplitudes,
given by (My,), = (Bg|Haf=>|BY)/(2mp,) (Where Hgf=>
is simply the effective Hamiltonian for the relevant flavor-
changing interactions) from two additional sources: The
flavor-changing Z couplings, identified in Eq. (56), and the
one-loop contributions of the heavy top partner to the box
diagram which generates meson mixing in the SM. We note
that effects in K° — K° mixing, by contrast, are generally
quite muted: The contribution to this process due to the top
partner loops is suppressed by CKM factors, while the
corresponding FCNC’s mediated by Z vanish at O(4*). To
obtain our results, we shall compute the new physics
contributions to (M), ), and parametrize them as [27,40,41]

(M), = (Mlz)gM(l + hge*), (70)

where (M,)M is the SM contribution to B, meson mixing,
while %, and o, are real parameters for the contribution
of new physics to these processes. (Mlz)gM is in turn
given by [42]

Gom3,
(MM =L 15, mi B, (4471280 ().

x,(4—11x, +x?)  3x} log(x,)
SO(xt> = 2 - 3 |
4(1 —x,) 2(1 —x,)
* (2
AP = VisVig: M=o (71)
W

We can then compare the new physics contributions to the
limits in a fit of CKM observables to new physics in the
meson mixing sector in [27] in order to extract approximate
constraints on our model parameters. In particular, this fit
gives

at the 95% C.L. level as of Summer 2019. We note that
simply referring to these ranges represents only a very
approximate assessment of the constraints afforded by
flavor-changing neutral currents in this model; for example,
the above ranges assume uncorrelated s, and h, values,
which we shall see is not the case here, and ignore nontrivial
constraints on the phase o,;, which we shall see may
substantially tighten constraints on h,. In spite of these
limitations, however, we find that the limits in Eq. (72) will
afford us an approximate picture of the effect our model has
on meson oscillation parameters.

1. Neutral meson oscillation:
Top partner loop contribution

We now move on from the flavor effects of the dark
photon Aj, to the effects of heavier new physics on flavor
observables, in particular the highly constrained measure-
ments related to neutral meson oscillation. To start, we
consider the effect of the heavy top partner fermion. In spite
of being a loop-level interaction, the contribution of the
heavy top quark partner to neutral meson mixing processes,
in particular those of the B, and B, mesons, is significant
enough to warrant discussion. We note that the new physics
contributions to meson mixing from the top partner take two
forms: Additional loop diagrams featuring the heavy top
quark, and, as can be seen in Eq. (60), tree-level modifica-
tions of the SM CKM matrix elements V,;, V,,, and V;,. As
discussed in [27], the fit performed in that work extrapolates
these CKM matrix elements from unitarity, rather than
directly, and as such the tree-level modifications to these
parameters must be included as “new physics” that contrib-
utes to h, ; and 6, ;. We can now determine the contribution
of the top partner here in direct analogy to the SM calculation
done in, for example, [42]. Inserting Eq. (60) for the CKM
couplings of the top partner, we find that up to O(1072)
corrections due to subdominant loops featuring up and

(73)

ha =026 hes 012 (72)  charm quarks, the top partner’s contribution to (M)5), is
J
(MIZ)?: . T r2 m2 ~ - ~ m2 5
— = pToliog oy~ L _2S(x,, 25(0, 25(x,. 2 0 S ’
(M) M a¢ So(x;) M? (X7, x;) +28(0,x;) + 28(x,, x7) + r "2 (x7, x7)
~ 4 — 7xjxj (4 - (8 - xi)xj)x? log(xi) (4 — (8 — xj)xi)x? 10g<x])
S(Xi,xj):4(1—x—x,_|_x.x‘) 4(x-—1)2(x-—x-) 4(x'—1)2(x~—x-) s
i J ivj i i y i ; ;
M2 poley\2
XTE—;, )C[E(mtz) ,
myy mi,

where we have assumed that the QCD corrections for the
heavy top partner loops are approximately equal to those of
the top quark itself (as done in, for example, [43]), So(x,) is
the Inami-Lim function given here in Eq. (71), and we
remind the reader that r is the variable first defined in

[
Eq. (30). It is useful to point out that here, as elsewhere in
this work, when we refer to an SM quark mass such as m,,
we are explicitly referring to its value at a scale of ~1 TeV
(as we noted in Sec. II C), the scale at which we assumed
the SM fermion masses were generated via a seesaw
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mechanism. Hence, m, in Eq. (73) refers to the top quark
mass at this scale, or in this case (~1 TeV) ~ 144 GeV,
and not its pole mass, which is explicitly denoted by
mP" ~ 173 GeV. As both the pole mass m"" and the RG-
evolved mass m, appear in Eq. (73), some care must be

taken in order to use the formula correctly. Since the scale
1 TeV is dramatically closer to the top partner pole mass
than it is to that of the top quark, we neglect any effects of
RG running in M,. In the limit where x; > x,, which
applies here, we can combine Eqs. (71) and (73) as

r’x, m? 6x 3(—=1+3x,) 2 ( m, \2 mPee
W~ ’—’[ r__ " log(x —1+—< ')—210<t )],
s ZSO(xt) Mt2 (‘1 +xt)2 (_1 +xt)3 g( t) 2 ml,Dole £ M,
o, =0. (74)
Inserting ml,[’ole ~ 173 GeV, m, ~ 144 GeV, and x, ~ 4.63, we arrive at
1 TeV\?2 2v? M? 1 TeV
W z0.064< © ) (1 —yS”zS> [1 +0.102<2—’2— 1> —0.59210g< : )} (75)
’ YsUs M; YsUs M,
|
where for clarity we have explicitly inserted the equation
r?> = M?/(y3v3) — 1 in the above expression. Notably, we 014k
see that the heavy top partner contributes the same
0.12}

correction to both B, and B, oscillation, and also that this
correction can be quite significant, even of O(10%).
Obtaining a realistic range for M,/(ysvg) from Table VI,
we can then consider the correction hg‘s as a function of the
parameters ygvg and M,/(ysV). In the case of hy, the top
partner loops represent the dominant new physics contri-
bution to this parameter, so our computation of this variable
can be completed here. We depict the results for A, for
various values of ygvg and M,/ (ysvs) in Fig. 3 [we remind
the reader that M, > ygvg, which can be straightforwardly
seen from the equation for M? = M2, in the last line of
Eq. (18)].

From Fig. 3, we can see several interesting character-
istics of this new physics contribution. First, comparing the
magnitude of the effects in this figure to the constraints in
Eq. (72), we see that for the region of parameter space we
are considering, the effects of the top partner loops on
meson mixing parameters should lie within current exper-
imental constraints. We do, however, note that for regions
with the largest effect, which can reach h,;~ 0.14,
the results exceed the expected sensitivity of LHCb and
Belle-II data in the coming years, which may be sensitive
to h,; ~ 0.07 within the next decade [27]. Furthermore, we
note that a quick reference to Eq. (73) allows us to see that
04 = 0 from this contribution (indicating a positive propor-
tional contribution to (M,),), while the best-fit value of 6,
in the fit of [27] is 6, = —1.404_”8% (or roughly corre-
sponding to a negative proportional contribution to the
mixing matrix—see [40] for a full chart of allowed values in
the h, — o, plane, albeit with slightly outdated data but
exhibiting similar favored regions of /1, — 6, as the present

2. 2.5 3.
ysvs (TeV)

0.14f

0.12

0.10f
= 0.08[
~

0.06[

0.04f

0.02f

1.0 15 25 3.0

2.0
Mt/(sts)

FIG. 3. Top: value of &, as a function of ygvg for, from top to
bottom, M,/(ysvs) =3, 2.5, 2, 1.5, and 1.1, respectively.
Bottom: value of &, as a function of M,/(ygvg) for, from top
to bottom, ygvg = 1, 1.5, 2, 2.5, and 3 TeV, respectively.
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constraints). We might therefore expect that constraining our
model more rigorously, with a CKM fit of our own, might
result in nontrivial constraints on the scenarios with low ygvg
values from measurements of B, oscillation. However, the
sharp drop off of these contributions as ygvg increases likely
removes this sensitivity as ygvg = 1.75 TeV, unless these
constraints are an order of magnitude more sensitive than the
generic boundaries found in [27]. In practice, therefore, we
find that the loop-level contributions of the top partner to
neutral meson mixing are presently not subject to any
substantial constraints; however additional data from
LHCb and Belle-II in the coming years will likely constrain
the parameter space near the lower end of the range ygvg ~
1 TeV from effects in this sector.

2. Neutral meson oscillation: Zy contribution

While the top partner loops represent by far the dominant
effect in the B,-meson mixing system, the B; mixing
system suffers additional contributions from another
source, i.e., the flavor Z boson, Zg. In particular, we can
see from the coupling in Eq. (56) that the dominant
contribution of the Z boson will be to B, mixing alone.
We can compute this contribution straightforwardly by
following the treatment of, e.g., [44]. In this case, we can
write the effective flavor-changing Hamiltonian as

H%f:2 =Ci(mz, )0 (mg,) + C (mzp)@l (mz,)
+ Cy(mz,)O4(myz,) + Cs(mz,)Os(mz,), (76)

with

O, = (b%7,q%) Dy dh).
Os = (bysh ) (D] s). (77)

O, = (b87,4%) Byy.dh),
Oy = (bs8) (B sh).

using operators defined identically to those of [44]. Our
computation of (M,), stemming from these effects then
simply requires identifying the Wilson coefficients C;
and extracting the expectation values of the operators O;
from [44]. Using Eq. (56), we can straightforwardly see that
at some high scale py;gn, We have

. 3g3
¢ (#high) =C (Mhigh) = 4m% )

A2 p+in)?,

3 .
Cul) =0 Cslpn) ==L A2 ). (78
Zp

We can then run these coefficients down to hadronic scales
using anomalous dimension matrices which can be
extracted from [45]. For the sake of simplicity, we shall
assume that e, = 10 TeV, which should be within a
factor of ~O(afew) from m_, consulting the range for this
parameter given in Table VI and assuming g4 ~ 0.3,
ysvg~ 1 TeV. We also assume, consulting the likely

ranges for these masses in Table VI, that at the scale
~10 TeV, only five non-SM quark flavors are dynamical:
The top partner, two uplike portal matter quarks, and two
downlike portal matter quarks, and that for the purposes of
our RGE calculation all five of these extra flavors can be
integrated out at the same scale, which we take to be 1 TeV.
Running the coupling constants of Eq. (78) down to the b
quark mass, extracting the expectation value of the oper-
ators O 45 [and the bag parameter as well as the decay
constant from the SM contribution to B, oscillation given in
Eq. (71)] from [44], we arrive at

(M12)§F
(M)M

s

_ hZF eZiafF
- s

. 10 TeV\2 /g, \2
~ (0.024)2-009)7 (=2} (Z) (79
(0.024)e P 03 (79)

We note that while this correction has a magnitude which
varies depending on the SU(4), coupling g, and the mass
mgz,, its phase remains fixed. This is the result of the
coupling constants in Eq. (78) all having the same complex
phase, that of p + in, which is of course fixed by the
Wolfenstein parameters. The result of Eq. (79) suggests, as
in the case of the loop-level corrections due to the top
partner, that we may anticipate roughly O(afew%) cor-
rections from Z; exchange: That is, these two processes
have roughly comparable effects. We should, then, estimate
total contribution to A, as

hy = |hZr o 4 Tkl |, (80)

with h%* and %% given by Eq. (79), hT given by Eq. (75),
and o7 =0, as noted in Sec. IV B 1. Taking numerical
results of Eq. (80) and comparing the results to the
constraints on %, in Eq. (72), we can also extract some
rough constraints on the parameters ygvg for various
choices of the proportional mass parameters M,/(ygsvs)
and my_/(gsysvs). In Fig. 4, we depict the combined effect
of the Z and top partner contributions to the variable 4.

Comparing the results of Fig. 4 to those of Fig. 2, which
should be identical to A, or the new physics parameter in
the absence of any Z contributions, we see that for lower
masses of Zp, in particular my, = 20g,yvg (the lower end
of the range we consider), the effect of the Z; boson on &
is significant, on the order of 0.06 for yqvy = 1 TeV. For
lower values of M,/ (ysvs), the Z contribution at these low
masses is even the same magnitude as the contribution due
to vectorlike quarks. However, some caveats are required
here. First, a Zr mass as low as 20g,ysvg ~ 7Tysvg is the
result of somewhat finely tuned parameters in the high-
energy theory: Our numerical probe of the high-energy
parameter space in Sec. III D places such a mass only just
above the 5% quantile. Larger values of my,, such as
60g4ysvs ~ 20ysvg, which is close to the median my, of
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FIG.4. The full value of &, including tree-level Z and top partner loop contributions, for m_/(g4ysvs) = 20 (blue), 40 (red), and 60
(magenta). These plots assume that M,/ (ysvs) = 3 (top left), 2.5 (top right), 2 (bottom left), and 1.5 (bottom right). For comparison, the
95% C.L. limit on A, is depicted in each plot as a dashed orange line.

our sample, generally offer only an O(10%) correction to the
mixing result purely from considering top partner loops.
For larger values of my,, which can reach as high as
200g4y5vs ~ 70ygvg in our sample, the effects of the Zp
boson quickly become negligible. We also note that, as
discussed in Sec. II D, the Z; boson’s mass may be sensitive
to modifications in the model to accommodate the SM
neutrino sector, or generally to a broad array of changes to
the specifics of the high energy model. In particular, the mass
of any gauge bosons corresponding to the SU(3), flavor
group may increase dramatically. As a result, we might see
any observable new physics contribution from Zy vanish.
These concerns aside, however, we do see in Fig. 4 that
any constraint from B, meson mixing is quite mild—while
there do exist points in parameter space which can exceed
the 95% C.L. upper bound for i, ~ 0.12, we see that they
tend to only occur in the “optimal” scenario for these
corrections: The only scenarios we depict in which the
present h, cannot be evaded by simply requiring
ysvs 2 1.1 TeV, a mere 10% increase from the lowest
value of ygvg we consider, occur when we have assumed
my, = 20g4ysvs, near its 5% quantile value in our numeri-
cal sample, and M, > 2.5ygvg. As in the case of B, mixing,

however, we can note that future improvements to #h;
observations from Belle-Il and LHCb measurements
(and improvements in lattice computations of hadronic
matrix elements), which might be expected to reduce the
95% C.L. bound on &g to ~0.06 [27], may begin to place
more meaningful constraints on our model parameter space
for the Zy and top partner masses.

V. PHENOMENOLOGY: PORTAL BOSONS
AND EXOTIC MATTER

Having discussed the low energy flavor-violating impli-
cations of the model, we can turn to some other simple
processes in the model, in particular focusing on where our
results differ from those of I and II. We shall organize this
discussion by considering each of the likely kinematically
accessible heavier exotic particles, the Zp, top partner, and
the portal matter separately.

A. Phenomenology: Portal matter fermions

We shall begin our discussion of the phenomenology
of our new exotic particles with the portal matter: The
fermion fields which possess nontrivial U(1),, charge.
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From Sec. I1 C, we note that our theory anticipates two such
fields for each sector of the theory (uplike quarks, downlike
quarks, charged leptons, and neutrinos) that we can expect to
have masses potentially accessible to experiment in the
foreseeable future. For convenience, we shall label the two
portal matter states based on their masses: P, for example,
will be the uplike portal matter quark with mass mj,; [as
given in Eq. (22)], while P4 will be the uplike portal matter
quark with mass m}, [again given in Eq. (22)]. Analogous
definitions exist for the portal matter in the downlike quark
and leptonic sectors. For the sake of simplicity, and because
the constraints on color triplet new particles are dramatically
stronger than those for color singlets, we shall limit our
discussion here to the portal matter in the quark sector, P’fjg .

Much of the behavior of the portal matter phenomenol-
ogy in the present setup is analogous to that of I and II, and
as such does not bear particular repeating. However, the
additional structure present in this model does introduce
some nontrivial complications to the existing frameworks
discussed there. In particular, the couplings of the portal
matter states to various generations of SM matter are
entirely controlled by the orientation of the vector yp in
three-dimensional flavor space: Couplings of ith-genera-
tion uplike quarks are proportional to (7p);/vp, while
couplings of the ith-generation downlike quarks are propor-
tional to & = (W;?P)i/ vp, where we remind the reader
that W, is well approximated by the CKM matrix. Since
the CKM matrix is nearly diagonal, this in turn limits the
freedom with which we may couple different quark portal
matter states to various generations: If the benchmark A1 is
taken from the &; benchmarks in Table VII, for example,
the branching fractions of the uplike portal matter to the
second- and third-generation uplike quarks will be sup-
pressed by CKM factors of <O(1072). Finally, we note that
the universal dependence on yp to generate couplings
between portal matter and SM states limits the freedom
with which discrepancies may appear between the mixing
of P, states with the SM and that of P, states: With the
exception of the third generation of the uplike sector, where
corrections occur due to mixing between the SM top quark
and its nonportal partner, the magnitude of P; and P,
couplings to SM states are the same, with P, states coupled
to left-handed (SU(2), doublet) SM states and P, states
coupled to right-handed (SU(2); singlet) ones. So, for
example, the branching fractions of P{ and P¢ portal matter
particles to each of b, s, and d quarks are always equal.
Meanwhile, the fact that the P, states overwhelmingly
couple to SU(2), doublet SM fields and the P, over-
whelmingly couple to SU(2),; singlet fields is unsurprising:
Given that the P; states are SU(2), doublets, mixing
between P, states and right-handed (SU(2), singlet) fields
violates SU(2),, and so only occurs due to mass terms in
Egs. (14) and (32) proportional to the SU(2),-breaking

vev, v/v/2~170 GeV. Mixing between P, states and

left-handed fermions, however, has no such restriction,
and can be proportional to the significantly larger vev terms
vs and vp. An analogous argument applies for P, states
preferring to couple to SU(2), singlet fields over doublets.

Regarding the production of portal matter states, the
QCD pair production cross section of these fermions will
be the same as the results already given I and II for 13 TeV
and 14 TeV center-of-mass energy at the LHC, respectively.
Additionally, as in II, there exist potentially significant
non-QCD contributions to the gg — P“P¥ process from
t-channel dark photon exchange. We note that the dark
photon exchange contribution has one piece of additional
structure compared to that of II: Because all three gen-
erations may mix with the portal matter states, depending
on the orientation of the vector ¥p, the contribution of the
t-channel Ap exchange to portal matter pair production
may stem from portal matter couplings to multiple different
SM quarks. This is in contrast to II, in which each portal
matter field was only coupled to a single SM quark, and
therefore portal matter pair production would only suffer a
t-channel dark photon contribution from that specific quark
flavor. However, we also note that the effect of this exchange
varies radically depending on the generation in question,
with portal matter coupling to lighter quarks having a
dramatically stronger effect than coupling with heavier
quarks, due to the greater content of the lighter quarks in
proton parton distribution functions. We can then see,
consulting the results of II for the downlike sector of our
model, that restricting considerations of mixing in this
contribution to just that of the lightest generation for which
the mixing is nontrivial (in the language of Sec. IV A, the ¢; for
the lowest index i that is not hierarchically smaller than any
other &;) will likely be accurate to within O(10%) corrections,
at worst. Given the even larger hierarchies among quark
masses in the uplike sector, we anticipate this approximation
to be even more accurate for uplike portal matter.

Finally, we can discuss the decay branching fractions
of portal matter fields to SM states. As in I and II, the
dominant decay process is the emission of a dark photon to
decay into an SM state with the same SM quantum numbers
as the portal matter field. Consulting the couplings in
Egs. (50), (51), and (52), we find that the decay widths for
these processes are given by

. 94213120(”1?31,102)3 |(W277P)i|2

r = , 1=1,2,3,
Ply=didp 487rmﬁb v
22 (ou \3 (7 ) |2
Fpl]l_,u’,AD — g SP(mgl) |(}/P2)l‘ , l — 1’ 2’ 3’
48wmy vp
_gasp(mp) | Ge)il” .
FP;—m,»AD - 2 2 ) L= 1121
48wmy vp
. gﬁS%(mi’»zf |(J7P)3|2 M7 - y§v§
FP‘Z’—nAD = 2 2 2 ) (81)
48wmy Vp M;
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where d; = d, d, = s, d; = b, analogous definitions hold
for the uplike quarks, and we have neglected the effects
of the top quark mass (which should only introduce
O(m?/(m}, ,)*) ~ O(107%) corrections). For clarity, we
note that the enormous ratios (mj p,)%/(ms,)? in
these expressions are canceled by the comparably tiny
ratios |(7p);[*/v3, leading to results with reasonable
magnitudes—this is in fact analogous to the discussion
in Sec. III.3 of II in which the dark photon coupling
between SM and portal matter states is strongly suppressed,
but the suppression is counteracted by the dark photon’s
small mass to give an O(1) overall strength for the
interaction. In addition to these decay widths, we would
expect equal (at least in the limit where m,  — 0) con-
tributions from a light scalar, corresponding to a physical
scalar mode associated with U(1), breaking, from
Goldstone boson equivalence. As the scalar sector is not
well explored here, and such changes would not affect the
branching fractions of the portal matter anyway, we shall
ignore this scalar from here on out, with one exception
discussed in Sec. V B. As discussed in I, assuming that the
dark photon is long-lived or only decays to DM (which we
will assume here), the signal for a portal matter pair
production event here should consist of two (possibly
fat) jets, which may be from ¢, b, or lighter quarks
depending on yp’s orientation in flavor space, plus a
significant amount of missing energy stemming from the
dark photon decays. Perhaps more interesting in this model
are the possibilities afforded us by the existence of the
heavy top partner: In addition to decays to SM particles,
decays with comparable rates should exist for the portal
matter fields into the top partner, provided the latter is
lighter enough that these channels are kinematically acces-
sible. We should note that, because the masses M,, m},,
and mj, are simply free parameters in our theory with
masses of at least O(TeV), we have little a priori guidance
about whether the top partner is heavier than the portal
fields or vice versa. It therefore behooves us to consider
both the possibility that a portal matter field can decay into
a top partner, and, in Sec. V B, whether the reverse process
might occur in a different region of parameter space.
Turning our attention back to the decay of portal matter
to a top partner, up to O(m?/M?) corrections and assuming
that m,, and 7p are much smaller than any other mass
scale in the expression, we find that these decay widths are
given by

Tpiora, zgﬁs%,(m?,zl)g’ <1 _ M} 4) ’2”%2 |(77P2)3|27
48y (mp1)*) ysvs  vp

FPZﬁTAngis%(miézzP <1 _ M 4) i (ZON ey
48z (mp,)*) M; P

The somewhat strange dependence of these decay widths
on the fourth power of the ratio M,/m}, , bears a brief

discussion here: It occurs because the phase space factor in
the decay (which approaches 1 — M7 /(mf, p,)* in the limit
where m,  — 0) multiplies the combination of coupling
constants appearing in the squared amplitude, which are
proportional to 1+ M7/(m}%, p,)*. Meanwhile, we also
note that the decay of P! to a top partner quark is
suppressed by a factor of m?/(y3v%) <1072, and so is
unlikely to have much phenomenological impact. However,
the decay of P4 to the heavy top partner can be quite
significant. The branching fraction for this decay should be
given by

M 202
(1= ) 558 |7, )s

N M4 Y2l
(7p-7p) — m% |(7p)sl?

B(PY - TAp) = (83)

Note that because M, < (m%,), ysvs < M,, and |(¥p);]*
will always be less than 7} - ¥p here, the above branching
fraction will always be positive. To get a feel for the
magnitude of this effect, we show this branching fraction
as a function of the ratio M,/m}, in Fig. 5 for some of
the benchmarks of 7, orientation outlined in Table VII.
We note that the benchmarks in Table VII list values of
&= (WZ?P) ;/vp, not ¥p, however, the corrections due to
letting &; ~ (Yp);/vp to Eq. (83) will be suppressed by
O(4*) ~1072 CKM factors and so are negligible for
demonstrative purposes.

In Fig. 5, we can see that when kinematically allowed,
the branching fraction of P} to the top partner can be quite
significant. In cases where the portal matter mixes pre-
dominantly with the top quark, it can even account for
nearly half of possible decays. As we shall see in Sec. V B,
in this scenario the top partner will then decay via the
emission of an SM Z, W, or Higgs into an SM top quark,
reflecting the more conventional decay channels for vector-
like quarks. This behavior in turn can yield interesting
collider signals: Rather than simply producing a pair of jets
plus missing energy, as will overwhelmingly occur for the
other portal fields in this model, one of the P} fields
decaying via the top partner might result in, for example,
missing energy, a pair of fat top quark jets, and a pair of
leptons from a Z boson. This is an atypical signature.

B. Phenomenology: Top quark partner

Other than the portal fields, the top partner 7 is the sole
other exotic fermion field that may be accessible at current
or planned experiments in this model. Anticipating that the
top partner here will behave similarly to conventional
uplike vectorlike quarks, we have quoted the constraint
of [24], which places a 95% C.L. limit on the mass of a
generic electroweak singlet vectorlike quark with this
electric charge as >1.31 TeV. However, we note that this
constraint assumes that the top partner will always decay
via the standard processes T — ht, T — Zt,or T — Wb,
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In our present construction, additional decay channels may
also be present, so it is useful to determine the extent to
which this assumption is valid.

The interactions of this top partner with the SM closely
follow the familiar behavior of vectorlike quarks in other
models; most notably, as we can see from the couplings in
Sec. Il B, the SM Z, W, and Higgs all mediate interactions
between the top partner and the SM top, facilitating the
T — Zt, T > W*h, and T — ht decay processes which
are assumed in [24], and which are by contrast highly
suppressed for the portal matter fields. Specifically,
for these processes we have (up to O(m?/M?)~ 1072
corrections)

Grm2 /M? — yz 2
Crows =272z, = 2y = \/%8;[ < ty2 UZS S) M,
sUs

(84)

where G = 1.1663787 x 107> GeV~2 is the Fermi con-
stant. Notably, while there are no decays of this quark into
other SM uplike quarks (at least up to highly suppressed
flavor-changing neutral currents from, for example, the
dark photon), there are CKM-suppressed decays of the
form T — Wtd and T — Wts; these are, however,
suppressed by at least A* ~ O(1073) compared to the
T — Wb decay, and therefore have no observable exper-
imental effect at present.

In the event that all portal matter fields in the model are
more massive than 7', the above exhausts the possible decay
channels for the top partner, indicating that it strongly
resembles a conventional vectorlike quark. The scenario
can become more complicated, however, when the uplike
portal matter is light enough to allow for the top partner to
decay into it. In this case, the widths for decays of T to P{
and P4 are

|

0.5
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0.5

0.1
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FIG. 5. Top: the branching fraction of the P} quark to the top
partner, assuming that M,/(ysvs) = 1.5 and that ¥ is oriented
according to the benchmarks A; (blue), B; (red), and C,
(magenta), described in Table VII. Bottom: same as above, but
assuming that M,/(ygvg) = 2.

_ gisp(mp,)? _ (mpy)* _ ysvs\ mi |(7p )3l
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We see that, analogous to the case for the reversed decay
pattern discussed in Sec. V A, the decay width from 7 to P{
is suppressed by a factor of m?/(y3v%) < 1072, and so is
likely not numerically significant, while the decay width
from T to P4 has no such suppression and may be large.
Furthermore, we note (as discussed in Sec. VA), we would
anticipate from Goldstone boson equivalence that a physi-
cal scalar, the “dark” Higgs, which we shall call Sp,
associated with the breaking of U(1), will likely also
exist, with a decay width such that FT_,pzz« s, =I'ro pia,» at

|

least in the limit where m,, — 0. Unlike in the case of
portal matter decays, for which each numerically signifi-
cant decay channel has such an identical channel with S,
and hence branching fractions are unaffected by ignoring
the scalar, the top partner’s dominant SM decays T — Zt,
T — ht, and T - W*b do not have an equivalent S
channel, while the decay to portal matter does. Therefore,
when discussing the decay of the top partner to portal
matter, we must include the decay width of the process
T — P4Sp explicitly, arriving at the combined branching
fraction from Eqgs. (84) and (85) of
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FIG. 6. Top: the branching fraction of the top partner quark
to P5 as a function of the ratio of their masses, assuming
that gysp =03, my, =0.1GeV, |[(7p);|/vp=10"* and
M,/ (ysvg)=1.5, for M, =2 TeV (blue), 4 TeV (red), and
6 TeV (magenta). Bottom: same as above, but assuming that

M,/ (ysvs) = 2.

207 puay,

B(T — PiAp, Sp) ~ .
(T~ PiAo. 5o) 47 ne + 207 pua,,

(86)

To get a sense of the possible magnitude of the branching
fraction given in Eq. (86), we depict it for various
choices of M, and M,/(ysvg) in Fig. 6, assuming that
|(¥p)3]/vp = 107*, the “natural” magnitude we discussed
in Sec. IVA.

In Fig. 6, we have selected values of g4sp and my, so as
to maximize the branching fraction to the portal matter
fields, selecting m,  at the bottom of the range we consider,
while selecting g4sp close to the upper end of the range that
still permits O(1073) kinetic mixing (as discussed in
Sec. III C). Given that the decay width of the top partner
to mp, is proportional to the square of g,sp, and the inverse
square of m, , we can anticipate that larger values of m,
and smaller couplings g,sp will result in dramatically

smaller branching fractions—letting m,, = 0.3 GeV, for
example, will reduce the branching fraction by a factor of 9.
Even in the maximal case we depict in Fig. 6, we generally
only attain limited branching fractions of T to P2 here,
however we achieve a ~30% branching fraction at the
largest when M, = 6 TeV, half that when M, =4 TeV,
and in all other cases we depict, the branching fraction is
less than 10%. This branching fraction can be enhanced if
we assume a larger value of |(yp)s;|/vp (for example,
enhancing this parameter by a factor of 3 would increase
the decay width of T to portal matter by a factor of 9),
however, considering a value of |(¥p);|/vp much larger
than 107, as we have taken it to be in Fig. 6, begins to be
in tension with constraints on flavor-changing B meson
decays discussed in Sec. IVA. In short, in contrast to the
scenario with the possible decay of portal matter to the top
partner the reverse scenario is likely to have a minimal
effect on the signal of top partner production, except in
certain special corners of parameter space. In these corners,
however, we might anticipate some interesting potential top
partner events—for example, top partner pair production
might give us one “conventional” top partner which decays
via the channels 7 — Zt, T — ht, or T — Wb, and the
other that decays to a top (or, depending on the orientation
of 7p in flavor space, a lighter uplike quark) through
sequentially emitting two dark photons, which would
appear as missing energy. Determining the degree to which
the latter decay path might be kinematically distinguishable
from, for example, T — Zt with an invisibly decaying
Z — v may be of interest, but lies beyond the scope of
this work.

C. Phenomenology: Zp production

To start, we shall consider the production of the portal Z
boson Zp, representing the heavy counterpart to the lighter
dark photon, with a mass of O(1 TeV). Notably, since the
other gauge bosons with which Zp might couple (specifi-
cally, those associated with SU(4), generators other than
t'3, so in principle any gauge boson except A ) are all much
heavier than Zp itself, there is no region of parameter space
in which Zp might decay into any other gauge bosons at
tree-level. Our sole concern at this point, then, would be the
decay of the Zp into fermion pairs. Consulting the coupling
matrix for Zp given in Egs. (53) and (54), we can then
straightforwardly determine the decay widths of the Zp
boson. In particular, for decay into any particular SM
fermion, we have

gi/ch m
FZP_)j‘cf ~ Cfmmzp 1 + 0 miz 5 (87)

where Cy is simply a color factor (3 for quarks, 1 for
charged leptons and neutrinos). Depending on the relative
masses of the top partner and the portal matter fields
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to my,, however, Zp may also decay into these states. For
the top partner, the decay width is

2M?} 4M3
mZP<1+ 2’) 1-—*  (88)
mz, mz,

r . _ G/
2-TT = 9o

The phenomenologically relevant portal matter fields,
meanwhile, yield decay processes with widths

2 7.2 u \2
gi/c 8 (mp;)
FZP_’P?P? =3 247;) mZp |:<1 +§)CP> (1 —ﬁ
P
8 u )2 4 u )2
4 gxp (mgz) :| 1= (mzpl) ,
mz, mz,
xp = sh(1 - 4c}), (89)

where P! refers to the portal matter field of mass mj};, and
analogous expressions exist for the portal matter in the

(84/cp)max

0.5¢

(84/cp)max

0.1¢

0.05p

3. 35 4 45 55 6 65 7.

5.
my, (TeV)

FIG. 7.

downlike quark, charged lepton, and neutrino sectors (note
that the factor of 3 in front of Eq. (89) is a color factor, and
will hence be equal to one for the corresponding case of
neutrino and charged lepton portal matter). Because the
couplings of the Zp to SM states are flavor-universal, this
model makes easy contact with existing searches for high-
mass spin-1 resonances. To estimate constraints on our
model, we employ the limits on leptonic cross sections
from [46], a dilepton (dielectron and dimuon)-channel null
search using 139 fb~! of 13 TeV data, and the analogous
expected limits from a null result with 3000 fb~! of LHC
data at 14 TeV [47]. In Fig. 7, we depict the maximum
value of g4/cp allowed as a function of mj, and the
corresponding minimum allowed value of vp, both for
current experimental limits and those expected from a null
result at the High-Luminosity LHC, assuming that the Zp
boson only decays into SM final states (in which case the
branching ratios for the dielectron or dimuon channels are
simply 1/24).

100.

Vp)min (TeV)

. 4 45 5 55
mz, (TeV)

100.

(Vp)min (TeV)
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Top: the maximum allowed value of g,/cp (left) and the minimum allowed vp (right) for different values of m,, based on

limits from dilepton-channel searches with 139 fb~! of 13 TeV LHC data [46], assuming Zp only decays into SM final states. For
comparison, the electroweak coupling g/c,, (left) and the value of vp assuming g4/cp = g/c,, for a given my, value (right) have been
depicted as dashed orange lines. Bottom: same as above, but using the expected constraints from a null result with 3 ab~! of 14 TeV

LHC data [47].
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Examining Fig. 7, we note that for realistic O(1) values
of g4/cp (or, equivalently, O(10 TeV) values of vp), the
present constraint roughly requires my, 2 5 TeV; if we
assume that g4/cp = g/c,,, where gis the SU(2), coupling
constant and c¢,, is the cosine of the Weinberg angle, the
limit is, for example, my, > 5.15 TeV. A null result at
the HL-LHC meanwhile suggests that these limits could be
increased by approximately 1 TeV: If g,/cp = g/c,,, the
expected limit from a null result of HL-LHC data would be
mz, > 6.2 TeV. However, we note that similar to the setup
in II, this circumstance can be somewhat modified in
regions of parameter space in which decays to exotic
fermion species are kinematically allowed. In particular,
constraints may be somewhat relaxed by assuming that the
portal matter fields, P‘l"'g’e'” are sufficiently light to allow for
Zp to decay into them (which, assuming g4/cp ~ O(1),
would require at worst a mild O(107!) tuning of the
Yukawa coupling parameters yp; and yp,). While the decay
into the top partner can reduce the branching fraction of the
Zp to dilepton channels by approximately 10%, the large
number of portal matter states with roughly degenerate
masses (if we assume that decays to all of these portal
matter states are kinematically accessible, for example, Zp
would have 8 different new particles, some color triplets, to
which it can decay) can provide as much as an order of
magnitude reduction in the cross section observable in
dilepton final state searches. We depict the proportional
suppression factor of the branching ratio B(Zp — [T17)
assuming that some or all portal matter states are kine-
matically accessible in Fig. 8, where we note that, as
Eq. (89) suggests, the suppression factor is a function of cp.

In Fig. 8, we have specifically considered two sets of
simple benchmarks for the possibility that the portal matter
states are kinematically accessible in Zp decays—either
that all portal matter states have the same mass (which, we
note, would not be an unreasonable approximation if
Yp1 ® Yp, in which case all portal matter states would
have degenerate masses up to radiative corrections), or that
only half of the portal matter states are light enough for Zp
to decay into them (as we might expect if, for example,
yp1 < ¥p2). The suppression factors in Fig. 8, in turn,
correspond to as much as O(1) increases in the maximum
allowed g,/cp values (or equivalently, O(1) decreases in
the minimum vp values) depicted in Fig. 7. We note,
however, that even under the best of circumstances (for
example, if the suppression factor is ~0.2, very near the
lowest we can achieve), the g,/ cp values are only increased
by a factor of ~2. A cursory inspection of Fig. 7 indicates
that this amelioration is enough to perhaps allow my, ~
4 TeV while maintaining a reasonable O(1) value of g,/cp
(at least based on 13 TeV data), but certainly cannot enable
much smaller mz, values. Of course, the potential amelio-
rating effects of these exotic decay channels on dilepton
searches may be counteracted by new distinctive signals
due to the exotic matter production. In particular, the

0.9

B(Zp—>ITI") Reduction
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FIG. 8. Top: the proportional suppression of the branching ratio

of Zp to leptons, compared to the scenario where Zp only decays
to SM states, as a function of ¢p, assuming portal matter states
have the same mass mp, assuming mp/mz, = 0.2 (blue), 0.3
(red), and 0.4 (magenta). Bottom: same as above, but assuming
that only one of the two lighter portal matter states in each sector,
rather than both, are kinematically accessible for this decay.

production of particle-antiparticle pairs of portal matter
or top partner quarks via a resonant Zp might have a
significant effect on the overall production cross section of
these states, especially in the case of leptonic portal matter,
which otherwise may only be produced via electroweak
and dark photon interactions. Null results for portal matter
and top partner searches, then, will likely apply a nontrivial
constraint on the possible mass of the Zp as well, however
treating this situation quantitatively is beyond the scope of
this paper.

VI. DISCUSSION AND CONCLUSIONS

The distinctive requirements for fermionic portal matter
fields in vector portal DM models provide an intriguing
framework for UV extensions of these models. In particular,
constraints from SM anomalies and lifetimes of new
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SM-charged particles suggest that these fields are vector-
like, albeit with collider signatures that are quite different
from those seen with more “conventional” vectorlike
fermions. Here, we have seen that highly complex addi-
tional physics, not a priori related to DM, can in fact be
incorporated into a portal matter model by following simple
rules: Extending the SM gauge group to a semisimple one
guarantees that KM with a U(1),, embedded in a separate
dark group will be finite and calculable, at which point the
only requirements are to ensure that the complete theory is
anomaly-free and contains only the SM and heavy vector-
like particles.

To demonstrate the potential of following this recipe, we
have developed a model with Pati-Salam symmetry
extended by SU(4)p x U(1)p =451y, in which the
4r1r symmetry contains both a dark photon gauge group
U(1)p, and an SU(3) flavor symmetry. The Pati-Salam
symmetry is assumed to be broken at a high scale
~10' GeV, at which point KM between U(1), and
U(1), occurs. Scalars in the adjoint representation of
SU(4)p then break the 4715 down to 11, completely
breaking the embedded SU(3) flavor symmetry, at multi-
TeV scales to avoid flavor constraints and generate the
fermion mass hierarchy observed in the SM. The 11,
symmetry is then broken down to U(1), at a scale of
~1-10 TeV, and U(1),, the gauge symmetry corres-
ponding to the DM vector portal, is finally broken by
small vev terms of O(0.1-1 GeV). The presence of
diverse scales in the symmetry breaking in turn translates
to diverse scales of the new exotic particles proposed.

However, we find that among the new fermions, only

certain portal matter fields, which we have labeled P{*5**,

and a vectorlike new partner to the top quark, which we
call T, can be expected to be light enough to be observed
at present collider experiments, having masses at the scale
of ~ a few TeV. Among the new gauge bosons we have
anticipated, the only ones which we find to have poten-
tially observable effects are the dark photon of mass
O(1 GeV)Ap, a TeV-scale boson with flavor-universal
couplings Zp, and a TeV-scale flavor-changing neutral
boson Zj associated with a combination of generators of
the flavor group SU(3).

With the model setup, we proceeded to explore the
phenomenological implications of the experimentally
observable (that is, TeV-scale or less) sector of the theory,
in particular focusing on the phenomenology of quarks and
their portal matter partners, which we expect to have more
phenomenologically visible signals than the corresponding
physics in the lepton sector. We found that present con-
straints from flavor-changing neutral currents arising from
the dark photon, in particular from K — zAp transitions,
placed harsh limits on the form of the vev parameters which
might break U(1), and in turn can substantially influence
the branching fractions of portal matter fields to SM
particles. We next noted that the vectorlike top partner T

and the new vector boson Zp contributed nontrivially to
AB =2 flavor-changing processes, the Zp at tree-level
and the T at the one-loop level. These effects were
comparable in magnitude and heavily dependent on the
value of the model parameter ygvg, a dimensionful quantity
which set the scale of both T and Z’s mass. However, even
when combined the sum of these contributions still
provided only a limited constraint on our parameter space
based on present measurements, although Belle II and
LHCb data may constrain these more stringently in the
near future [27].

Beyond the rich collider phenomenology already
explored in I and II, much of which is replicated in our
model, we find additional model-building flexibility arising
from the potential for the portal matter fields P4 to
decay into T (or vice versa, depending on the particles’
relative masses), which can provide distinctive collider
signatures appearing in neither the treatments discussed
in I and II nor more conventional models of vectorlike
quarks [12,30,43].

Looking forward, we note that the present model
represents a single specific realization of a much broader
recipe for developing models with nonminimal portal
matter sectors. There are a number of different avenues
through which this particular effort can be further explored,
for example by incorporating an explanation for the small
masses and near-maximal mixing observed in the neutrino
sector, addressing the scalar sector rigorously, considering
scenarios in which the Pati-Salam symmetry (or some
components of it) are broken at a similar or lower scale to
the one at which the SU(4), x U(1), symmetries are
broken, or explicitly incorporating either scalar or fer-
mionic DM in the construction. Perhaps a broader con-
clusion to be drawn from this work, however, is the
potential that portal matter model building possesses to
elaborate on other extensions of the SM. In particular, we
have seen that incorporating a local SU(3) flavor symmetry
with a model of portal matter leads to rich phenomeno-
logical signatures, some of which do not appear in more
conventional portal matter models or models with local
flavor symmetries individually, such as a potential corre-
lation between portal matter lifetime, branching fractions,
and the allowed dark photon masses, or decays of portal
matter to more conventional vectorlike quarks. Presumably,
similar paths can be taken to explore potential links
between portal matter models and other popular extensions
of the SM, predicting entirely different unique signatures
that may depart radically from those anticipated by conven-
tional new physics searches.
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APPENDIX: SU(4) GENERATOR MATRICES

Here we list the generators of the SU(4) algebra, 7. The
first eight generators correspond to the embedded group
SU(3)p in SU(4)p, and are given by
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,1frooof , 1fi 000
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2{0 000 2l0 0 00
0000 00 00
0010 00 —i 0
, 1{oooo| . 1]/00 0 0
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The next six generators are then
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Finally, ¢! is the generator corresponding to the embedded

group U(1)y in SU(4), which mixes with U(1) to form
the dark charge group. It is given by
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