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Abstract

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” that undergoes 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. From requirements for a lack of
gauge anomalies and lifetime constraints from early-universe cosmology, it is favored that fermionic
portal matter take the form of vector-like copies of SM particles, albeit non-trivially charged under
the dark U(1), which have delicate cancellations of dark U(1) charges and SM hypercharges in order
to yield a finite and calculable KM. The distinctive particle content of PM models then presents an
intriguing framework with which one may postulate on the UV completions of a simplified model with
the dark photon portal, including those which may embed the dark U(1) in a larger group structure.
We construct a model in which the dark U(1) is extended to SU(4)r x U(1)F, incorporating a local
SU(3) flavor symmetry with PM appearing as a vector-like “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 non-trivial consequences of the flavor symmetry being unified
with the dark sector.
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1 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 abundance 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)p. The DM particle
is uncharged under the SM gauge group, but possesses non-zero U(1)p charge, while the SM fields are
just the opposite: Charged under the SM group, but not under U(1)p. Small couplings between the
dark photon and the SM fields occur due to kinetic mixing (KM) between U(1)p 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, @ is the electric charge of a given particle, and € is a small value which
parameterizes the strength of the kinetic mixing. While the the simplest realizations of these models,
in which the only parameters are the DM and dark photon masses (as well as potentially the mass of
a scalar associated with U(1)p breaking), the U(1)p gauge coupling, and the KM parameter € have a
rich phenomenology, they leave little framework for addressing a number of questions: What is the origin
of the small KM parameter €¢? Is U(1)p 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 ¢ generally lies in the range of € ~ 10~(3=%) [8,9], which can in
turn suggests that the KM can arise from a simple one-loop vacuum polarization-like diagram featuring
“portal matter” fields charged under both U(1)y and U(1)p [7]. The kinetic mixing parameter then has
the dependence
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where the sum over ¢ denotes a sum over all fermions (a nearly identical expression arising from complex
scalar loops also occurs, differing only in the omitted proportionality constant in front of the sum),
Qy, denotes the hypercharge of particle i, Qp, denotes its U(1)p charge, and p is a renormalization
scale. The sum in Eq. is finite and calculable, then, when sum ) . Qp,Qy, = 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 vector-like 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 vector-like fermions, with opposite dark charges, generate finite KM
through a small mass splitting between them. Although this setup provided for a rich phenomenology,
the inclusion of portal matter fields which satisfied the condition ), @p,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)p itself was still minimal — the potentially new effects arising from a non-minimal
set of dark gauge symmetries in which U(1)p could be embedded, including the possibility that the SM
fields were non-trivially charged under some part of the extended gauge group orthogonal to U(1)p, was
not explored. II began the process of addressing both of these questions. First, it was noted that the
required cancellation to render Eq. finite would naturally occur when the portal matter was placed in
the vector-like representation 5 + 5 of SU(5), which would then be broken down to the SM gauge group.
Inspired, then, by Fg theories in which the 27 of Fg 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 vector-like set of



portal fields in 5 + 5), IT 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, including the emergence of new heavy gauge
bosons associated with the dark sector but coupled to the SM and non-standard dark photon couplings
emerging from mass mixing with SM gauge bosons— the dark group U(1)p only emerges as a combination
of SU(2); and U(1)y, generators. The model in IT also exhibited potentially 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
considering the following: If the extended gauge group containing U(1)p can include groups under which
the SM particles are non-trivial representations, might we create a model in which the dark photon gauge
symmetry, U(1)p, 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) g [14], which, as a semisimple group, we shall prove in Section[2.1] will guarantee
that KM from contributions of the form of Eq. will remain finite and calculable. For our “dark sector”,
in which the dark photon U(1)p shall be embedded, we choose the SU(4)r x U(1)p group. We shall see
that this group is large enough to contain both a U(1) p under which the SM fields can remain uncharged,
and an embedded SU(3)r group describing quark flavor. Multiplets containing the SM fields then are
placed in fundamental (and antifundamental) representations of the SU(4)r group, with the three SM
generations forming triplets (and antitriplets) under SU(3)r and portal matter fields representing a
“fourth generation” that are singlets under SU(3)p. From this outline, we create a phenomenologically
realistic theory in which an SU(3)p flavor symmetry is partially unified with a vector portal for DM.

Our paper is laid out as follows: In Section [2] 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 Section [3] we establish several important
phenomenological tools required for our later analysis, in particular, explicitly determining the couplings
of the new gauge bosons, as well as the modifications of couplings of SM gauge bosons (and the Higgs), to
all model fermions, and determining 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 Section ] we compute the phenomenologically
significant flavor-changing neutral currents appearing in the model, and compare them with existing
experimental constraints. In Section [5| we offer a brief survey of the phenomenology 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, Section [6] summarizes our results and discusses possible avenues with
which this work might be expounded upon.

2 Model Setup

2.1 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 GxGp,
where Gp 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. will be finite. We
can prove this straightforwardly: Take a field in the representation R; X Ry of G X Gp. Then, consider
an arbitrary U(1) embedded in G, the generator for which we’ll call Ty, and an arbitrary U(1) embedded
in Gp, the generator for which we’ll call Tp. Then, the contribution of Ry x Ro to KM will be finite



and calculable as long as the trace Tr[TyTp] = 0, where the generators Ty and Tp are given for the
representation Ri; X Ro. 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
representation. As as a result, Tr[Ty Tp| will always be zero, and the contribution of any representation
under G X Gp to KM will always be finite and calculable, as long as G is semisimpleﬂ

For our purposes, we shall select (as mentioned in the Introduction) the Pati-Salam gauge group
SU(4). x SU(2), x SU(2) g as our semisimple group G [14]. To ensure that any new exotic fermions occur
in representations that will quickly decay into SM fields, we then assume that all fermions in our model
occur in the traditional Pati-Salam multiplets (4,2,1) and (4,1,2), or their conjugate representationsﬂ
As our work above for a general G would suggest, it is straightforward to see that each of these multiplets
has Tr[Ysp] = 0, and hence, if we only introduce new matter in these representations, then regardless 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) C 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 non-trivial charge under U(1)p. For the sake
of brevity, we shall employ some further simplifying notation: We shall denote the groups SU(N)4 x
SUM)pg % ... x U(1)e by NaMp...1¢, so that, for example, Gpg = 4.21.2g, and the SM gauge group
SU(3)e x SU(2)r, x U(1)y is simply written 3.271y.

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)p. A simple
method of accomplishing this is to assume that Gp contains an SU(3) flavor symmetry, SU(3)r, the
generators of which are orthogonal to the generators of the U(1)p symmetry. That is, we can decompose
Gp — SUB)r X G'p, with G'p D U(1)p. Then, if we can find a model which gives the complete set
of SM fermions in fundamental or antifundamental representations of SU(3)r with zero charge under
U(1)p, we'll have recreated all three generations of the SM. The sole remaining requirement is that all
other additional fermions in the model be vector-like once G’ p is broken down to U(1)p, leaving the SM
as the only ‘light’ chiral matter content.

Precisely this sort of construction can be arranged if we take, e.g., Gp = SU4)p x U(1)p = 4plp,
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;,2p4plp as

(4,2,1,4,-1/4) + (4,1,2,4,+1/4) + (4,2,1,1,+1) + (4,1,2,1,—-1). (2)
By breaking 4plp — 3plp/lp — 3p1lp, we can then decompose this field content into
(4,2,1,3,0) + (4,1,2,3,0) + (4,2,1,1,-1) + (4,2,1,1,+1) + (4,1,2,1,-1) + (4,1,2,1,+1), (3)

where multiplets are now labelled according to 4.2;,2r3r1p. As is readily apparent from Eq., all of
our criteria are satisfied: The SM is contained in a chiral SU(3)p 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 vector-like and therefore able to obtain far larger
masses. Inspection of Eq. also shows this model to be anomaly-free.

In order to effect realistic flavor mixing within this setup, we finally introduce additional vector-like
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 vector-like multiplet in

IThere 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 vev’s when these gauge symmetries
are broken— we shall argue in Section that this does not vitiate our KM calculation there, at least for the purposes of
evaluating the magnitude of the mixing.

2This 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.



the (4,1,2,4,—1/4) + (4,1,2,4,+1/4) representation to the matter content of Eq. allows us, with
appropriate selections for the model’s scalar content, to exhibit the observed mass hierarchy for quarks
and charged leptons, as well as the SM CKM matrix. 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)
+(4,1,2,4,-1/4) + (4,1,2,4,+1/4).

For convenience, we have listed this matter content, labelled by Pati-Salam and SM multiplets, in Table
The addition of the new vector-like states in Eq., 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 vector-like fields represent the minimal additions we
need to effect the observed SM flavor structure, at least via the method outlined in Section In
principle, nothing prevents us from adding a corresponding vector-like 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)r vector-
like multiplet. If we wish to maintain a left-right discrete symmetry, we can assume that the particles of
the corresponding SU(2), vector-like multiplet are significantly more massive than those of the SU(2)g
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) g counterpart, the effect on low-energy phenomenology would be minimal; we shall see in Section
that the natural masses of the particles in the extra vector-like multiplets are so high that only one
of these vector-like particles, acting as a seesaw partner to the top quark, will be accessible at the LHC
or, indeed, any likely future planned colliders. We therefore can determine that the effect of adding an
extra vector-like 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 vector-like 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. 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. We might note that as long as we don’t 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). However, given the fact that we shall assume the Pati-Salam symmetry,
including SU(4)., will be broken at an exceedingly high scale ~ O(10'3) TeV (following setups such
as |16H18]), it is quite likely irresponsible to assume that the SU(3). theory won’t reach its Landau pole
before SU(4). symmetry is restored and asymptotic freedom regained. It has been conjectured, however,
that it’s 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 won’t conjecture as to how this asymptotic freedom is restored, and only note
that such a restoration may be possible.

2.2 Scalar Content

In order to break the gauge symmetry in our model from its original GUT-scale 4.2;,2r4r1Fr to the SM
gauge group, and then down to 3.1en, 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)g 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)g in a minimal



Fermion | 4.272r4p1p Multiplet | SM Rep | SU3). | Y/2 | SUB)r | U(1)p
qr 3 +1/6 3 0
IL 1 -1/2 3 0
0, (4,2,1,4,—1/4) 0, 3 +1§6 | ¥
Ly 1 ~1/2 1 -1
v @211 Al A R
s, 3 +1/3 3 0
us 3 -2/3 3 0
e 1 +1 3 0
- - v 1 0 3 0
e (4,1,2,4,+1/4) (D1)% 3 | 413| 1 +1
(U1)% 3 -2/3 1 +1
(E1)% 1 +1 1 +1
(N1)5, 1 0 1 +1
(D)1, 3 -1/3 1 -1
Ui 3 +2/3 1 -1
Ty (4,1,2,1,—1) EEI;L | _1/ 1 B
(M) 1 0 1 -1
(D2)1, 3 -1/3 3 0
(Ua)1, 3 +2/3 3 0
(By)L 1 -1 3 0
(Na)p, 1 0 3 0
v, (4,1,2,4,—1/4) (D 3 03 | b
(Ug)L 3 +2/3 1 -1
(Es)r 1 -1 1 -1
(N3)r, 1 0 1 -1
(D2)% 3 +1/3 3 0
(U2)% 3 -2/3 3 0
(E2)% 1 +1 3 0
- - (Ny)S 1 0 3 0
Wy (4,1,2,4,+1/4) (Dg)g 3 +1/3 1 +1
(Us)f 3 -2/3 1 +1
(E3)% 1 +1 1 +1
(N3)% 1 0 1 +1

Table 1: The fermion content of the model, grouped by their representation under 4.2;2r4prlp

Pati-Salam model suggests symmetry breaking around ~ 1013714 GeV [16/{18], while the highest scales
we shall require for breaking the SU(4)r x U(1)r 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)r x U(1)r symmetry down to a dark U(1), which
we shall call U(1)p, 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 271y — 1. To accomplish these
tasks, we posit 5 Higgs scalars, given in the 4.21,2r4r1F representations as

d4~(1,1,1,15,0),

dp~(1,1,3,15,0),

Pg ~ (1,1,1,1,0), (5)
$p~(1,1,1,4,+3/4),

H~(1,2,2,1,0).



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 Section , in Table The scalar content that we have selected here can be easily deduced from
phenomenological considerations: The scalars ® 4, @5, $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. To adapt
the construction of that work to the present scenario, we require that the SU(3)p adjoints in that work
are promoted to SU(4)r adjoints, that one of the two SU(4)r adjoints also be a triplet of SU(2)g in
order to effect the large discrepancy between up-like and down-like quark masses (and the non-trivial
CKM matrix) without relying on renormalization group evolution, and that the scalar H containing the
SM Higgs field is promoted to a bidoublet under SU(2)r, x SU(2)g. It is useful to note that the scalar
content of Eq.(f]) does not contain any scalars that are charged under both U(1)y and U(1)r. 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.

Scalar | SU(2)r, | SU2)g | SU4)r | U)F (D)
(A) Na 103 —10° GeV 0.1 —1 GeV
4 1 ! 15 0 <ﬂ ~Tr[(A)]) T 01-1GeV  10° GeV
vs . ((B) Y5 103 —10° GeV 0.1 —1 GeV
s ! 3 15 O (ajg —Tr[(B)]) T\ 0.1-1GeV 107 GeV
dp 1 1 4 +3/4 (p,vp) ~ (0.1 — 1 GeV, 10° — 10* GeV)
g 1 1 1 0 vg ~ 103 — 10 GeV
» [cosB 0
H 2 2 1 0 V2 < 0 sin 5)

Table 2: The scalars introduced to break the 4r1p flavor symmetry and provide masses to the fermions.
Here, (A) and (B) are 3 x 3 Hermitian matrices, ¥4 g p are 3-component complex vectors, and vp, vg,
and vy are simply real vevs, with v &~ 246 GeV being the SM Higgs vev. In the definition of ®g’s vev,
o3 denotes the third Pauli matrix.

It is helpful here to use the labelling of Table [2] 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)p is broken — or in other words, how the SU(4)p x U(1)F
symmetry is broken.

SUM) r x UL 22N U(1)e x U r 22 U(1)p 2227, Nothing. (6)

In Eq.(6), we have simply listed how the various vev terms from Table [2] break the SU(4)p x U(1)p
symmetry down, arranged by the rough scale at which each breaking occurs. Consulting Table [2] we
can see that SU(4)p is broken by (A4) 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)p down to U(1)p at a scale
of roughly 103~ GeV, and finally the small vev’s 74 B p break U(1)p entirely at a scale of ~ 0.1 —1 GeV.
Notably, 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)g, which as noted before we assume to
be ~ 101371 GeV). As a result, we can anticipate (and, in Sections and 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 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. In the
scalar sector itself, given the large number of multiplets and the resulting high degree of complexity for
the scalar potential, performing this task in detail is far beyond the scope of the present work. 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 non-zero




vev, so that

0 +
= (;)511 j;%*)  (H) = % (COSB sir?ﬂ) , hsar &~ ¢ cos B+ ¢y sin 3, (7)

where hgps 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)gr
breaking [20H22], and hence given our assumptions 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|E|

Apart from the SM Higgs, there is only one other scalar that we shall consider here. Specifically, given
the exceptionally low scale at which the symmetry U(1)p 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(|¥p,4,5|), 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 Sections and when discussing the decay 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 quantitative treatment fails.

2.3 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 construction based heavily on that of |15]. In the unbroken theory, we shall write the
Yukawa sector of the model as

Ly = —yg cos a\I/?iagH‘I/a — yg sin aﬁ/?iagﬁﬁ/a — yplmgiagé}wa — yP2\I/Z17;0'2¢P\IJd (8)
—yaVTios® sV, — ypVTioy®pV. — MUTios ¥, — ysVlioa®sV, + h.c.

Here, H=o0.H *09, 09 is the second Pauli matrix, « is an arbitrary real angle between —7 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. is not, a priori, the most general set of Yukawa couplings that can be written with
the scalar and fermion content of Tables (1| and [2} however, any additional terms can be easily eliminated
by imposing a discrete Zs symmetry. Specifically, we outline our parity assignments for the fermions and
scalars in Table Bl

Zo Parity Fermions Scalars
+ \IICH \Ilba ‘1167 \Ilf H7 (I)P7 (I)A7 q)B
- Ve, Uy Ps

Table 3: The parity of the model’s fermion and scalar fields under Zs, in order to ensure that Eq. is
the most general set of Yukawa couplings that we can write.

Following the parity assignments of Table Eq. becomes the most general set of Yukawa couplings

3This specifically stems from the fact that the heavy doublet’s Yukawa coupling to SM quarks is enhanced by sec(23), so
having tan 3 overly close to 1 will result in an unacceptably large magnitude of heavy scalar couplings to the third-generation
quarks. In principle, one might accomodate this bound by having tan 8 2 1.2, but this is identical to simply choosing an
appropriate tan 8 < 0.8 and changing the Yukawa coupling parameters, in particular the angle «, in the Yukawa action

given in Eq. .



that we can construct. We can now write the up- and down-like quark mass matrices explicitly by
referencing Tables [I] and [2| The mass terms for the up- and down-like quarks take the form

UpM, Uy, (9)
DrMyDy,

where

Ur E(7R»(U2)R,@1fz»(U1)R7(U3)R)»

(ur, (U2)r, Q1 (U1)r, (Us)L), (10)
D = ( R’(DQ)R’QRv( )Rv(D3) )
= (dr,(D2)1, Q% (D1)r, (Ds)1).

Here, Qu(d) denotes the up(down)-like component of the SU(2);, doublet Qr r. We also remind the
reader that uy p and (Us)r g are triplets of SU(3)r, and therefore have three components in flavor
space, in contrast to QZ’%, (U1)L,Rr, and (Us)p g, which each have only one. So, U g and Dy g are
both 9-component vectors in flavor space, where we have grouped the SU(3)p triplets ur r and (Usz)r R
together in the first 6 components, leaving the last 3 components for the SU(3)r singlets. Notably, the
SU(3)F triplets are all uncharged under U(1)p, while the SU(3)r singlets all possess a common non-zero
charge under this symmetry. The mass matrices M, 4 are then given by

O3x3 Ysvslaxs 03x1  Yyp2ypP O3x1
B2 laxs Mu+ Mlgus 031 O3 Fu
My = | yp7h 01x3 YpP1UP 0 0 ;
O1x3 O1x3 0 Ypavp Ysus
01x3 3, e 0  —TrM,]+M
(11)
033 Ysvslsxs 03x1  Yyp2ypP O3x1
45 lsxs Ma+ Mlsys 031 03 Yd
Ma=| yp17b 01x3 Yp1UP 0 0 ;
01x3 013 0 Ypavp Ysus
013 o 14y 0 —Tr[Mg]+M

M., = ya(A) +yp(B), My =ya(A) —yp(B),
Vu = YAVA +YBVB, Va = YaVa — YBVB-
Yu = yu cos(a — B), ya = yu sin(a+ B),

where we remind the reader that v, 8, vs, vp, Yp.a B, (4), and (B) are defined in Table [2| while all
remaining parameters here appear in Eq.. In general, we can exploit SU(4)r gauge freedom to render
M, or M, diagonal, and eliminate either ¥, (if we diagonalize M,,) or 44 (if we diagonalize M,). This
corresponds to moving to a basis in which either the combination of ® 4 and ® g vev’s which couple to the
up-like or down-like 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 up-like quarks will apply straightforwardly to the down-like sector as well. Continuing our analysis,
the matrices M, and M, can be bi-diagonalized as usual to produce mass eigenstates. That is, there
exist unitary matrices Z/{Z’;{% such that

(uu)TM MU = (uR)TM MTUR = dzag( Myl u27m12L37Mu17Mu27Mu37(m%1)27(m%2)27(m733)2()7 )
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where the m,; denotes the mass of the i*"-generation up-like SM quark, M,; is the mass of the (also



uncharged under U(1)p) heavy vector-like partner to this quark, and mpy o5 denote the masses of the
three portal matter fields which are charged under U(1)p. An analogous expression holds for M. As
an example, we shall now determine the matrices U}’ p, with a completely analogous treatment holding

for the determination of Z/{gy R

We start by determining U}*. To begin, we find it useful to define
u=M, + Ml3y3, up= diag(ula u2,u3) = Wluwuv Xu = _TT[Mu] + M, (13)

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

2,2
Yo s

S U13x3 . 1“1/251; y%aﬂipjp 0351 ) y\/g% )
%u u” + ysvsl3><3 %'Yu Yp2Yysvsyp (u + Xu13><3) *Yu
T — = - 2 2
MM = | 42 0p7), nl ypivp + U 0 L X - (14
01x3 ypzysvsﬁz 0 Y3oUp YP2UPYSUS
LT AL (ut Xulsxa) 2 Xu YP2UPYSUS yavg + X5

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 (U}')o which diagonalizes the matrix of Eq. in the limit
where all components of Yp,, are zero, that is, in the absence of all mixing between the fields with no
charge under U(1)p (namely, ur,, and (Us)y, the first six rows/columns of Eq.(14))) and those with non-
vanishing U(1)p charge (Q%,(U1)L, and (Us)r, the last three rows/columns). With this diagonalization
done, we can then determine the effects of 7Yp,, as small perturbations, in a rotation matrix (U}'),. The
matrix which diagonalizes Eq. is then simply given as

Uy = (Ur)oUE)- (15)

We now begin with our determination of ({})o. Since there’s no mixing between the U(1)p-charged and
U(1) p-uncharged fermions in this limit, we shall treat the two separately. We start with the mass matrix
for the fermions with no U(1)p charge, which takes the form,

y2U2 YuV

=133 vz (16)
Yu v 2 2,2 |°

Wk u® + ygvg

We can break this matrix down into three 2 x 2 matrices via rotation by the unitary block matrix
13x3 O3x3
(03><3 W. /)’ (17)

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

diag(m?,, M2;) = ( cos(py) Sin(p$)> <y2 L, ) <cos(p7;) —sin(py))

us —sin(p¥) cos(pl) %ui u? + y2o ) \sin(py')  cos(p}’)

1m2, (M2, — yiv mui (M2, — y3od\Y?
cos(pi)~1—=-—% (7“ , sin(pd) &= —sgn(y,u; — o2 2 , 18
1) 1= g (e (02) > sl T ( (15)
2 . Ya¥? Y5vs

s M2 ~ u? + yZv?
ui 9 (uf+y§v%)’ ui 7 YsUs

Having diagonalized the mass matrix for the left-handed quarks with no charge under U(1)p, we next
turn our attention to the left-handed fields which are charged under U(1)p. In the case of the up-like



quark sector, these are Q%, (Uy)r, and (Us)r. From Eq., we see that the mass matrix for these fields
is

2 2
Yp1vp + P 0 7 X
0 YpoUP (ysvs)(ypavp) | - (19)
Yu

Xy (ysvs)(ypavp)  yEvg + X3

In the absence of extreme fine-tuning, we shall see that natural Yukawa couplings yield X, at roughly the

scale X,, ~ 10%ygvg, so we can assume that vg,vp < X,. Any mixing between the three fields of Eq.7

then, is exceedingly small and may be treated perturbatively. Dropping terms of O(v% /X2, v3 /X2 v?/X2),
the mass matrix of Eq. can be diagonalized by a rotation by the matrix

1 afy  af
Wi = | —af 1 ags | . (20)
—afy —ogy 1
where
L _ (yuv) (ysvs)(yp2vp) L _ YuV ol = (ysvs)(yp2vp) (21)
12 = )y Q3 = o Qo3 = T oo
\@Xu(y%n — Ypo)Vp V2X, X3
In the end, we arrive at
2 v} + B2 0 v x
. u \2 u \2 u \2 Py Yp1Vp 2 V2 P
diag((mpq)”, (mpy)~, (Mp3) ):WL 0 y1232'0123 (ysvs)(ypavp) Wi, (22)
Lo Xy (ysvs)(ypavp)  yEvE + X7

(m}gl)2 = y%ﬂ’%a (m$2)2 = 912327’12% (mlfﬂ:a)z = X?p
We can now apply the combined rotations of Eqs.(L7), (18), and in order to arrive at the full rotation

matrix (U} )o. The combined rotation matrix is

Wyucp, —Wysp 03x1 0O3x1 03x:1

Wus,  Wucy 0351 03x1 O3x1

U)o =] O1x3 01x3 1 ofy  ofy |, (23)
01x3 O0ix5 —ab 1 g
01x3 O1x3 —ofy —aby 1

¢t = diag(cos(p}), cos(py), cos(pt)), sk = diag(sin(p}), sin(p}),sin(p})).

where we remind the reader that W, is defined in Eq., pY, py, and p§ are given in Eq., and the
variables aiLj are defined in Eq.. The mass matrix of Eq. then takes the form

(UE)E)MLMU(UE)O = diag(mi, mzv mt2v Mi, Mc27 Mt27 (mllgl)zv (mllg2)2v (m71§3)2) + O(’?uv F?P) (24)

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

13x3 0353 équm §%2L §%3L
03x3 s APy, Ay ARy
UL)y ~ _élfjm _égh 1 0 o 1 (25)
“Bph, “Bpy, 010
B A R

10



where

(&%m)i _ ((y%wPCg - afzszysvss' )WTVP + (% \f Sp ; 04{“3( 3 Cp » tups; + Xus ))WT )i |
mpy = my;
(A, )i = ((afayprvpcy + ypaysvssy) Widp + (azuzi“[sg— fs(Lch + upsy + Xush) ) WiTa):
Mpg — Moy,
(~u )i = ((OélLSyI%lUPCZ + aQLswasvsSz)WL’VP + (Cvfgy\“fvs + qi“f” c, +ups;, + Xus}j)Wjﬁu)i )
P3L)i = T mf”.
(&glL)i = ((_yl%lvps a12yp2ysvsc SWIAP + (27 f Cp — O‘lL?,(UDC“ + Xucy f P))WT'?u)i
(mip)? — M2,
(A%,.)i = (—atoyprors; +yraysvscy) Wige + (afrzy}cp — afy(upcl + X, ¢l — &S s4))WiFu)i ,
(m%,)2 — M2,
(i), = (Catbives) & odgupaysusef) Witk + (ady Vil + upcy + Xucj = ) Wi
(mipg)? — M

where up is the diagonalized form of u discussed in Eq.(L3).

The lengthy expressions of Eq., while extremely cumbersome in their full form, can be dramatically
simplified by examining the numerical hierarchies between various parameters, and dropping all but the
numerically dominant contributions to each expression. To get a better sense of the numerics of the
system, we begin by exploring the SU(3)r triplet sector, containing the SM quarks and their heavy
partners. Examining Eq., we note that the 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 mii /Mg =
2ml. /(y2viy2v?) (which holds exactly in the limit that 7, p — 0). If ysvs 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 production searches at the LHC and from modifications to
top quark couplings; the former limit the mass of such a vector-like quark to > 1.3 — 1.5 TeV, due to null
results in searches for pair production [24]. We can also use the relation MSl = (ysvs)?(yuv)?/(2m2,),
and its trivially analogous expression for down-like 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 outEI7 we arrive at

my(1 TeV) = 1.07 MeV, M, ~ (2 x 10°)ysvs,
me(1 TeV) = 532 MeV, M, ~ 300ysvg,
my(1 TeV) = 144 GeV, M; ~ ysvs, (27)
ma(1 TeV) = 2.28 MeV, My ~ (8 x 104)ysvg,
ms(1 TeV) = 46.5 MeV, M, ~ (4 x 10")ysvs,
mp(1 TeV) = 2.40 GeV, My ~ 70ysvs.

Given these estimates, and assuming ysvs 2 1 TeV, only the heavy partner to the top quark, with a
mass M;, can reasonably be expected to be experimentally directly observable in the foreseeable future.
We do, however, note that Eq. assumes that the up-like and down-like Yukawa couplings to the SM

4A 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 ~ 109 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.
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Higgs, that is, yg cos(a — 8) and yg sin(a + ) are both roughly of O(1). While this may be expected
from naturalness, it is far from the only feasible scenario. If, for example, yg sin(a + 8) ~ 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.7 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 ysvg. The mass m® by & | Xy
will naturally be extremely large, on the order of ~ 10% GeV.

Our expressions in Eq. can then be dramatically simplified by simply 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
|ui,2], | Xul, My1,u2 — o0 in the expressions of Eq.. This permits us to write

AY  ~
P1L vp R

my (M7 — y2vg)'/? (Wiie)s
M, Mips vp

2 -
M2 _ ys“s) Y (m%1)2 (WL'VP)3
ys”s ((mp1)? — M?) vp
ysvsmipy  (Wi7p)s

&U 3 R sgnlyp2 )
( P2L) g (y )(m}g2)2_Mt2 vp

(Abor)s ~ —sgn(yuysypaus) - (28)

(AP1L>3 ~ Sgn(yuUS)Mt (

where the rest of the A terms are either negligibly small or parameterize mixing between the extremely
heavy states. The expressions in Eq. already provide some useful information: In particular, in the
limit where the super-heavy states decouple the mixing of the phenomenologically accessible states is
independent of ¥, the parameter corresponding to the U(1)p-breaking components of the scalar vev’s
(®,) and (®3). Additionally, there exists a suppression factor of my /M, in front of (A'%,; )3 and (AZ,,)s,
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 couplings between SU(3)p 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., it is not difficult to extract a complete expression for U}, or at least the com-
ponents of this rotation matrix that are relevant for the phenomenologically accessible particles. Taking
the same decoupling limit in the expression for the dlagonahzatlon matrlx Z/{”)O in Eq. . (which here
corresponds to letting pf 5, ozLj — 0), we can use Eqs , | , and 1.) in order to extract the
approximate mass elgenvectors for each left-handed up- hke and through trivial generalization, down-
like) 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

uRafRa @;7 (Ul)R)a

( R)dcc = (

(Up)ace = (ur, Tr, Qf, (D1)1), (29)
( R)dec = (dR;@;lzv (El)R)’

(DL)dec = (dLa Q([ln (Dl)L)'

Notably, the above truncation in the up-like sector, in which the top quark’s heavy partner is retained,
is much easier in a basis in which W,, = 1343. Otherwise, as we can see from Eq.(L0]), the top partner
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will be represented by a non-trivial combination of the elements of the SU(3)r triplets (Us)r and (Us)rg,
which would require retaining rows and columns of U} p that correspond to heavy states until a rotation
into a basis in which W,, = 1343 could be performed. Therefore, for the following expressions, we have
assumed that W,, = 13,3; as we mentioned at the beginning of this section, it is always possible to use
SU(4)F freedom to work in such a basis from the beginning of our analysis. Using Eqs. and , we
can write the truncated up-like quark rotation matrix as

(Fr)
0 0 0 (;;)1 0
! 0 0 S 0
- 5 N
0 0 1 r% (’Z}I;)s Tq<1zzgp2>%(’1;)s
Ur =~ 0 0 _pme 1 22\ me (3p)s s\ (o)
TMt r 1—7;}231 t vp q 1—Z?32 vp
Gr)i  _(Gr) (Fp); 1 (Fp)3
e T — o —T(l_zzm)ﬁi o 1 0
00 refplR gl O 0 |
(30)
M2 — 202\ V2 v u
"= sgn(yuus) <t29251’s) y 4= ysvs7 zp1 = sgn(yp2) : , zp2 = sgn(yp2) ut ,
ySUS Mt mPl mP2

where we have dropped terms of O(m?/M?) and higher. Note that each of the variables r, q, zp1, and
zps 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 down-like 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

Wy 32 034
U~ | _eWa 1 g |. (31)
vp

01x3 0 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 U3 identified in Eq.. For the sake of
brevity, we shall simply summarize the results here. The right-handed fermion mass matrix is given (up
to O(Ypu)) by

Y2vilaxs Ysvsu 031 YhoupYp YSUSTu
Yysvsu Ll +u? y%/%)ypﬁp YsVSVu (u+ Xu13x3)7u
MM = 01x3 %ymﬂ: Y% 0 Llypiop . (32)
Yhavph YsvSTh 0 Yhovh + yZud Xyysvs
ySUS’?’IL Fh(a+ Xy 13x3) %ypﬂ)p X,Ysvs yu _|_X2

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

—W.cpsgn(ysynup) —Wysysgn(up) 03x1 03x1 03x1
—W.spsgn(ysywup)  Waycpsgn(up) 03x1 03x1 03x1
UR)o = 01x3 01x3 sgn(yp1) athsgn(ypa)  atysgn(Xy) |
01x3 01x3 —athsgn(yp) sgn(yp2) aghsgn(X,)
01x3 01x3 —athsgn(ypr) —asysgn(ypa)  sgn(Xu)
(33)
¢, = diag(cos(ny), cos(ny), cos(n3)), s, = diag(sin(ny'), sin(ny), sin(nz)),
M2. — 202 1/2
cos() = (HEEE ) L i) = J%j sgn(uy).

of — YV (ysvs)(yprvp) g Yuv yPlvP( 3 Y33 ) L3R = YsUs
2 V2X, (Yp1 = Ypa)Vp b V2X, Xu (Yp1 »/) Xy

— Yb2)Vp
The sole non-trivial difference in the result of Eq. and that of Eq. 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
(UL)o arising from the Yp, terms of the mass matrix of Eq. are then given by

Lixs  Ogxs Apip Apyp Bpyp
0§XT3 13;:? AP AByr APsg
u
(UI%)’Y = _éPTlR _ég%R 1 O O 9 (34)
u
_éPTzR _é{;%R 0 1 0
u
—Apsr —Apsg 0 0 1
where
) ((gi}ypls a{gy%ﬂpc YWiyp — (a12y5vgs +a13(ysvsc +ups) + X,s ))WT )
(Apig)i = i

((m731)2 - mii)é’gn(ymysyuui)

—<( afh L2 ypisy + ypoupch ) WITp + (ysvssy — adh(ysvscy + upsy + Xusy) ) W7, )

(Apag)i = ((m$)2 — (m2,))sgn(ypaysyutii) Z

<( %zi“f“yplngra%yfgzvpcg)WL:y’u (afhysvssy + ysvsch + upst + X, st )W/ 7, )
i

Av. ). —
(Bkar) (mhg)? — m2,)sgn(Xuysyuus)

(35)

(5 umcy + afyuborsh Wide — (afhysuscy + afy (ususs} + upe + X)WL |

EU i — i’
(ApiR) ((m%,)2 — M2,)sgn(ypiu;)

(( {%UT P1CE — Ypoupst)WITp + (ysvscl — adh(—ysvssy + upcl + X,ci)) W7, >

&U i = i,
(B2ar) (mpg)? — M2)sgn(ypaus)

(a{%%ymc% — aghypvpst)WiAp + (adyysvscl — ysvsst + upch + Xyc )WL"y’u>
i
((mp3)? — M;)sgn(Xuu;)

(&gm%)i =

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

° my (Wiyp)s
A o A2 u ’
(A%iRr)s mb up

1/2 -
M, - y) (W), 36)

Albyp)i ~ — ;
( PQR)Z SQn(yuySUzyP2)< Mﬁl vp

" mib, my M2 — 202\ /? (Wip)s
(AU, ) ~ sgn(yaus)—E2 ( u
PLR P (m,)? — M? YL vp

- u )2 WT’S/' )3
RU. ).~ (mp,) ysvs '\ (WiTp
(Apar)s ~ sgn(ypz) (mg)? — Mt2 M, vp

)

b

with all other A terms for the right-handed quarks being either numerically negligible or parameterizing
mixing between the extremely heavy fermions. We can then insert the results of Eq. into Eq. in
order to derive the rotation matrix (i), which when combined with (U4})o given in Eq.(33) will give us
the mass eigenstates for the right-handed up-like 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., we can write

1 0 0 0 0 Son
0 1 0 0 0 e
by | m. () 1-q’rz}, | (3r)
0 0 qr q 7"11(1_’2%,1)% o el v
Ur = Ny zp1 1=z | my (Gp) a®25; (Fp):
oo " () m e ofhe
0 0 o mi G _7,< ey >mt<vp>§ . 0
P1 M, vp 1_z2pl M, vp
_GRN _GRN g0 e 0 1
(37)

Nl = dlag(]-v 17 ]-7 sgn(yuys)a ]-7 1)7 N2 = dmg(_SQn(UlySyu)» —SQH(UQ?/Syu); _17 ]-7 Sgn(yP1)7 Sgn(sz))7

up to O(m?/M?) corrections, where , g, zp1, and zps are all defined as in Eq.(30). Considering the
case of the down-like quarks, where just as we did for L{g we have assumed that the heavy b partner has
decoupled from the theory, we arrive at

Wi 031 25 —sgn(ysyadp) 031 031
U ~ 0}fx3 1 0 01x3 sgn(yp1) 0 : (38)
_% 0 1 01x3 0 sgn(yp2)

At this point, we have determined the rotation matrices U}* and U} necessary to diagonalize the
up-like quark mass matrix, and by trivial generalization, these results will also give us the rotation
matrices Z/lf’ g needed to diagonalize the down-like 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. and its down-like equivalent, we can see that in the limit where ¥p, 4 — 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

Vexm = chWIWqcd, (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. for u, with an analogous expression for d) respectively. Since c, ~
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cg ~ 1 up to O(mg/qu) corrections (where ¢ = u, d, s, ¢, b, t), the CKM matrix can be well-approximated
as WIW, or in other words, by specifying u and d such that the clash of their diagonalization 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)p
adjoint scalars in the model, ® 4 and &, with vev’s that we can write (®4) and 09/2® (®g). Then, we
can use SU(4) freedom to work in a basis in which the combination y(®4) + yp(®g) is diagonal, which
we can see from the action in Eq. results in v, = 0 and u = up = diag(u,us,us). Then, we have
Vexm = 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 y, = yg cos(a — ) ~ O(1), ya = yu sin(a + 8) ~ O(1), and ysvg ~ 1 TeV,
Eqs. and 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 pi’g,?, and nﬁ’g 5. If we additionally
specify yp1 ~ 1, ypa ~ 1, vp 2 1 TeV, and the mass term M (as seen in Egs. (), , and ), we can
then specify the masses and mixings of the portal matter fermions (that is, those that consist primarily
of fields with non-zero 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 (specifically,
m%, =mb, and m%, = mb,) 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 yp1,2 to the
up- and down-like 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 Yp 4 < 1 GeV (recalling that in our basis, 4, = 0), which in turn give us the effects
of mixing between states of different U(1)p charge, as parameterized in Eqs. and .

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 yg, yp1, yp2, as well as ysvg, the angles
« and 3, the real vev’s vp,vg 2 1 TeV, and the complex U(1)p-breaking vev’s 4p and 4. 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.
do not account for any discrepancy between down-like quark and charged lepton masses at tree level.
However, because we’ve already assumed that the scale for SU(4). breaking, which would distinguish
between quark and lepton mixing, 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
down-like quark masses are due to significant renormalization group effects, in particular differing running
of the couplings y 4, yg, and yg, as well as the mass term M, for color triplets and 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 down-like quarks (at least in
order of magnitude), it suffices here to point out that such a realization is almost certainly achievable with
choices of leptonic ya, y5, yu, and M of roughly the same order of magnitude as those for the down-like
quark sector, as would be consistent with RG evolution. Phenomenologically, then, we would expect
that the SU(3)r heavy partner leptons here are, like their counterparts in the down-like quark sector,
too heavy to be realistically producible in existing and currently planned collider experiments. The only
potentially accessible new fermions arising from the charged leptons, then, would be the SU(3)p 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.

The neutrino sector within this model meanwhile presents substantial additional challenges. In par-
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ticular, 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 up-like quark sector broken by renormal-
ization group running, as the Yukawa couplings in Eq. suggest. There do, however, exist extensions
of the model that can account for this discrepancy. For example, including scalars in the representa-
tions (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)p 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)r gauge bosons— given the fact that the SM neutrino masses are so small, it’s even probable that
given these setups the vev’s 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 Section 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)r symmetry will be extremely heavy, with only one of these bosons even 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.

2.4 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 Section we shall assume for the sake of simplicity that the Pati-
Salam symmetry group, SU(4). x SU(2)r 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)r xU(1)p. While this is certainly feasible, we do also note that even if that assumption is dropped,
the SU(2)r symmetry must still be broken at a scale much higher than is presently observable, due to
the vev of the field @5 ~ (1,1, 3,15,0), which we can estimate from our results in Section will break
this symmetry at a scale of roughly ~ 108 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)r X U(1)r generators. In this case, the squared mass matrix of
the 16 gauge bosons here takes the form,

2 3 7
91 My (4 59491 Msuayxu(1)
MG = Y, 2 : 40)
¢ <§9491M5U(4)xU(1) 393 1(@p)]? (

©4)]] + Tr([t', (@p)][E, (@5)]]) + (@p) {t', £} (@p),

—~

(Msu(a))i; = —2(Tr[[t", (@ 4)][t,
(Msuyxum)i = (@p)tH{®p),

where g4 and ¢; are the SU(4)r and U(1)p coupling constants respectively, [A, B] denotes the commu-
tator of A and B, {A, B} denotes the anticommutator, and #* denotes the i*" generator matrix for the
fundamental representation of the group SU(4), in the basis described in Appendix |Al Note that here,
M4y is a 15 x 15 real symmetric matrix, while MSU(4)XU(1) is a 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 vev’s (®4) 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 ® 4 and ® g that
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are coupled to the up- and down-like quarks, referring to Eq. and several useful variable definitions
in Eq.. Comparing these to the vev’s of &4 and ®p as given in Table 2| we arrive at

(o, %) =ua (5 o) o (5 i) o2 w
T ) ) ]
(oo S) = (5 o) v (5 atlimy) e

where we remind the reader that we can use SU(4) gauge freedom to work in a basis where u is diagonal
and v, = 0, as we have done in Section and that Vo 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 y4 and yp here will allow us to uniquely determine the matrices (A) and (B), as well as the
vectors Y4 and 4. Specifically, we have

1

(A) = 2y—A(uD + Vi e dpVern —2M), (B) = 273(‘“3 — Ve dpVera), (42)
I S
YA = 2a Yd; VB = 25 Yd-

Hence, given a construction which generates the SM quark masses and mixings, we now can readily
determine the necessary vev’s (®4) and (®p) by only specifying two additional parameters, the Yukawa
couplings y4 and yp. 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. 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 parameterization of the CKM
matrix,

-5 -% , A L AX(p—in)
-\ 1— 2 — (1+4A%)% AN? ; (43)
—Alp+in— 1A AN+ 2 (2(p+in) —1)) 1- 42

A =0.22453, A=0.836, p=0.122, n=0.355,

and note that, numerically, the eigenvalues of up and d (u;_3 and d;_3, respectively) satisfy ug ~ Auy,
ug ~ Auq, do ~ A\2dq, and ds ~ A*d; for values of these parameters that reproduce the SM quark masses.
By rewriting Eq. using the identities in Eq., and making the substitutions uy — Avy, uz — Avs,
dy — A6y, and d3 — A%63, where u; ~ di ~ vy ~ 03 ~ U3 ~ 03, we can determine an approximate
hierarchy between gauge boson mass eigenvalues by expanding in the parameter A. To start, we note
that 13 of the gauge bosons acquire masses that are far in excess of any currently observable energy
scale. In particular, we find that 10 gauge bosons possess masses that are of O(uy,d;) ~ 10% GeV, while

three more have masses of O(A?uy, A2d;) ~ 107 GeV. For particles at this scale, the only even remotely

observable effects stem from the imaginary part of effective 4-quark operators that facilitate K° — e

mixing [25,/26]. However, from the A expansions outlined above, it can be seen that effects which give a
non-trivial phase to the coefficients of these 4-quark operators only appear at the O(A\?®) 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 remaining gauge bosons that acquire mass at a far lower scale.

The first of these, which we shall refer to as Zp (the “flavor Z”) consists almost entirely (up to
numerically negligible corrections due to ¥4, p terms) of a combination of the generators of the SU(3)r
group embedded in SU (4)  (corresponding to the first eight t* generators, and the first eight rows/columns

18



of the mass matrix in Eq.). There does not exist a compact numerically accurate approximation for
the mass of Zp, however, expanding in the Wolfenstein parameter \ as above yields the result that
myz, ~ O(Ndy, \*u1) ~ 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 Zp couples to the quarks, and crucially what flavor-changing interactions
it can mediate. Expanding Eq. in the Wolfenstein parameter A\ offers an appealing approximate
expression for the relevant combinations of generators corresponding to this state. Specifically, up to
O()\2?), the SU(4)r generator combination corresponding to Zr becomes

Ot + O 2+ OXY) 2+ O(N°) t* + ON2) 17 + VBAN2 (p — 1) 10 + VBANI T + 1. (44)

Consulting the explicit form of the generator matrices t* in Appendix [A] we see that Zr only mediates
significant flavor-changing neutral currents between the second and third generations — in both the up- and
down-like sectors, flavor-changing neutral currents featuring the first generation of quarks only appear
at the O(A%) ~ 107* level, at most. Our chief phenomenological concern regarding Zr, 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 Section

The next two light gauge bosons we consider will arise from the generators that are left unbroken by
(®4) and (Pp), at least in the approximation where 43 — 0. In particular, we see that in the limit where
Fa.p — 0, (P 4) and (Pp) break SU(4)p x U(1)p down to U(1)% x U(1) r, where the generator for U(1)%
is given by the matrix ¢!5. In the limit where ¥p — 0, the scalar (®p) = (Yp,vp) breaks U(1)m x U(1)p
down to U(1)p at the scale vp ~ 1 — 10 TeV. The 4, and §p terms then finally break the U(1)p
symmetry at ~ 0.1 —1 GeV. The two mass eigenstates we consider here, then, will be well-approximated
as combinations of the U(1)r and U(1)% bosons, with one achieving a mass of O(vp) ~ 1 — 10 TeV, the
scale at which U(1) x U(1)p breaks down to U(1)p, and the other achieving mass only at the scale
where U(1)p is broken, at approximately 0.1 — 1 GeV. Referring to Eq., we see that in the limit
where g p — 0, the squared mass matrix for the eventual mass eigenstates, Zp and Ap (i.e., the dark
photon), becomes

3g3vp _ /33g4g10% B
4 2 4
B B 45
( ) _ [33gag1vp 997vp B’ ( )
2 4 8

where B and B’ refer to the U(1)r and U(1) gauge bosons, respectively. It is convenient to define an
angle 0p such that g3 = 1/2/3g4tan@p. Then, we may write the mass squared matrix as

3g3v3 1 —tanfp\ (B’
T(B B) —tanfp tan®0p B (46)

The mass eigenstates for these gauge bosons can then be easily determined, up to O(V 4/vp) ~ 107*
corrections. Given the definition of 8p we’ve provided, we see that the eigenstates are simply

AD %B/SP—FBCP, Zp%B/Cp—BSp, (47)

where Ap 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 cp = cosfp and
sp = sinfp, 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., arriving at

3g3v>
2 4YP
Zp ™ 46%3 ’ (48)

which is accurate up to numerically negligible O(”y’%d /v%) corrections. The mass of the dark photon,
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meanwhile, can be given up to O(A\?) ~ O(10~2) corrections by

2 ~ 2928% 7 =% — Ap (=% = Ap|/= 2

mi, ~ 200 (T i) bt 7 + G ). (19
w A(AM — uy)?

Hy

" YA (d —un)? + yR(dy +u — 8M)2
o 16M (di — u1)(y4(di — ) (=3M + u1) + yg((—4M + u1)* = Muy + di(=3M + w1)))
2 (v4(dy —u1)? + y3(dy +uy — 8M)(dy +ug — 4M))2 + 16y3y5M2(dy — uy)? ’

where to arrive at this expression, we have exploited the fact that di,u1 > da 3, u2 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)r boson Zp 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).

3 Couplings, Kinetic Mixing, and Low-Energy Parameters

Before computing the observable experimental signatures of this seup, 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 Section 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.

3.1 SU(4)r xU(1)r 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)r x U(1) extension of the SM gauge group. In Section we have determined that only
three of the new gauge bosons are sufficiently light so as to have an observable phenomenological effect:
A (comparatively) light SU(3)r boson that we have dubbed Zr, 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, Ap, 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 Yp4 — 0, the dark photon is given as a simple combination of two U(1)
bosons, described in Eq.. In fact, the results of Eq. are exceedingly numerically accurate, even
once contributions from vp 4 terms are included: Mixing between Ap, the gauge boson Zp, and the gauge
bosons corresponding to the SU(3)r embedded in SU(4)r 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)r generators is suppressed by the latter’s enormous masses — in Section we found
these to be of O(107~®) GeV. Thus, we can use the combinations given in Eq. to derive the couplings
of Ap and Zp without concerning ourselves with any additional complicating effects. Noting that the B’
boson corresponds to the 15" generator of SU(4)r (t!°, as listed in Appendix [A]), 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.. We find that, for up-like and down-like 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 d 9 J O3x3 0O3x3 Osx3 4
94\/;8P(CZ’D’E’V)L,R = —94\/;9PU1LL:R’E7VT O3x3 03wz Osxs | UL FY, (50)
O3x3 03x3 13x3
where we have used the fact that the U(1)p coupling constant, g, is given in terms of the SU(4)p
coupling constant by the relation g1 = /2/3gstanfp. The overall negative sign in this expression is

simply an artifact of the sign conventions we have selected for the definitions of U(1)p and U(1)p. At
this point, we have omitted the additional couplings arising from kinetic mixing with the SM hypercharge
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field as noted earlier — these will introduce shifts of eeQQ1gx9 to the above expression, where e is the proton
charge, € is the kinetic mixing parameter and @ 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 ee@) 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
phenomenologically 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.. In the up-like quark sector, we arrive at the truncated coupling matrices

P)

,\
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where ¢, r, zp1, and zpo are defined as in Eq., and Ny is defined as in Eq.. The down-like quark
sector, meanwhile, has its truncated coupling matrices given by

W vp)®(“/de) Wige
] = UP E — 0351
(Ca,)L = W 1 0 ) (52)
vp
O1x3 0 1
Wiy )L w wiy
( d'YP)U(?)("/p ) 031 — zf:P
(CiD)R ~ O1x3 1 0 ,
_TWa 0 |
vp

where we remind the reader that W is the unitary matrix first described in Eq.7 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., with the sole exception that the matrix
W, must be replaced by the appropriate rotation matrix given the lepton couplings to the scalars ® 4
and ®pg.

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.,
we observe that the analogous terms emerge at the O(7%/v%) 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
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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 couplings 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(7%/v%) terms in the
components of Eqs. and which correspond to mixing among the SM quarksﬂ In spite of their
minute magnitude, with ¥p/vp ~ 10-G=% we have kept them here because they facilitate highly-
constrained flavor-changing neutral currents mediated by the extremely light Ap boson. In Section
we shall in fact derive significant non-trivial constraints on the model parameter space from these
interactions. We do note in passing that similar O(7%/v%) terms exist elsewhere in Eqgs.(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(7p/vp) interactions between the portal matter fermion fields and those uncharged under U(1)p,
namely the SM quarks and the heavy top partner. In practice, due to Ap’s tiny mass compared to
other gauge bosons in the theory, these interactions make meaningful contributions to a number of inter-
esting processes; 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 allowed).
The presence of these couplings for the extremely 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 |yp| ~ ma, ~ 0.1 —1 GeV, we would anticipate that the overall strength of the Ap-facilitated
interaction between portal and non-portal matter would undergo a substantial enhancement over what
the ¥p /vp suppression in its coupling would suggest, since this suppression would be cancelled by m 4,
(at least for the longitudinal mode of Ap). Since obviously such an enhancement doesn’t exist for ¥p /vp-
suppressed couplings for heavier gauge bosons, which in turn mediate the same U (1) p-breaking couplings
as we see emerging from Ap, we therefore can omit a detailed evaluation of O(¥p/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., this time to
get the approximate mass eigenvector for Zp, we arrive at the coupling matrices

lex6  Oex1  Ogx1  Ogx1

g4 u,d,e,vy 94 w,d,e, vt O1x6 1-— 40?3 0 0 u,d,e,v
2\/6(319 (CZP ) - 2\/ECPUL 016 0 43% 0 uL ’ (53)
01><6 0 0 1-— 46%
lox6 Oox1  Ogx1 O6x1
_ 94 ( u,d,e,l/) — _ 94 uu,d,e,uT 01><6 45% 0 0 uu,d,e,u.
206ep 27 2v/6cp Oix¢ 0 1-4cp 0 R
01><6 0 0 1-— 40%;.

We can then determine what the couplings are for the quarks that are light enough to remain phenomeno-
logically relevant, as we’ve already done for Ap, by inserting our results for L{z:‘é from Eqs.7 ,
, and into Eq.. In fact, up to O(7p/vp) corrections, which we note are negligible compared

51In spite of the fact that our expressions for UE,R and for Ap’s mass eigenvector are only valid up to O(7p/vp), these
expressions (at least for flavor-changing interactions, which are of phenomenological interest here) are numerically valid,
because the O(¥% /v%) corrections to the matrices UY¥  don’t contribute to the O(5% /v%) flavor-changing couplings in the

SM, and we shall see that the gauge boson Zp, which may mix with Ap at the O(’?’P/U?D) level, has SM flavor-universal
couplings up to O(7p/vp) corrections.
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to similar interactions arising from Ap, we find that we can write the truncated coupling matrices as

(C%,.)1 ~diag(1,1,1,1,1 — 4¢3, 4s3),

(C%,)r =~ diag(1,1,1,1,4s5p,1 — 4cp), (54)
(CLe)L ~ diag(1,1,1,1 — 4c}, 4s3),

(C%0)Rr ~ diag(1,1,1,4s3,1 — 4c3),

where we have noted that in the absence of corrections due to mixing with heavy partner states and
Yp terms, the coupling matrix for charged leptons here is the same as that for down-like quarks. We
again shall not comment on the neutrino sector coupling matrix, which may be dependent on substantial
additional physics.

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

Asyxz 0343 0343

2‘(]—\;3( whery g = 2\[7/12 VT 03x3 Asxs Osxs UZ:?;’V? (55)
03x3 O3x3 O3x3
1 0 0
A=10 1 3AN(p—in—1) ],
0 3AN%(p+in—1) -2

where we remind the reader that A, A, p, and n are the Wolfenstein parameters. Notably, Zr couples
to SM fields and their heavy partners equivalently, and as such doesn’t 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 possibility, we consider what the coupling matrices for the SM quarks look
like in our setup, arriving at

1 0 0
()%= A (LT =Wiawa~ (0 1 saGoim |,  (56)
0 3AXN%(p+in) -2

where to derive the expression for (Cd )M 7 r» we have used the fact that Wy is simply given by the
CKM matrix, and used the Wolfenstem paramterlzatlon of the CKM given in Eq.(43] ., keeping terms
up to O(N?). Note that in spite of its appearance (and explicit dependence on Wolfenstein parameters),
the coupling of Eq.(56) is not simply an artifact of our choice of SU(4)p gauge: Effecting an SU(4)r
transformation here to a frame which, for example, W is equal to the identity matrix and W, is
non-trivial 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. ignore the sign
flips (phase rotations) of various right-handed quark fields observed in Eqs. and . Since they
cancel in any phenomenological results we shall discuss, we have omitted them above for the sake of
brevity.

3.2 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., we can write the coupling matrix of the Z
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as

(T3, — Qs2)13x3 033 03x1 03x1  O3x1
G udes 9 wdent 033 —Qs2 133 03x1 , 03x1 0341 s
c—(CZ’ N = C—L{L’ O1x3 01x3 (s — Qsy,) 0 0 Uy,
w w O1x3 O1x3 0 —QS?U 0
01x3 O1x3 0 0 —Qs?,
(57)
—Qs2 13,3 033 031 O3x1  O3x1
P 9wt 033 —Qs% 1343 031 , 031 O3x1 e
—(C ) r = Uy 01x3 013 (Tsp = Qsy) 0 0 U™,
w w O1x3 O1x3 0 —Qs?, 0
O1x3 O1x3 0 0 —Qs2,

up to O(e) corrections due to kinetic mixing, which won’t be phenomenologically significant here, since
they’ll only represent a uniform small correction to the couplings of the three portal matter states,
arising from mixing with the dark photon Ap. Here, T3, refers to the left-handed isospin of the SM
fermion species and @ refers to its electric charge. We can then find the coupling matrices for the
phenomenologically relevant mass eigenstates by simply truncating the above matrices to exclude the
extremely heavy states and rotating by the approximate diagonalization matrices given in Eqs., ,
7 and . Up to numerically negligible O(7¥p/vp) terms, we arrive at

3 — 252 0 0 0 0 0
0 3252 0 0 0 0
) 00 g-ds gm0 o0
0 0 0 0 3-2s3 0
0 0 0 0 0 —2s2
-252 0 0 0 0 0
0o -2 0 0 0 0
(C2)p ~ 0 0 —-2s2 0 0 0
ZEZ1L 00 00 0 —282 0 0o |
0 0 0 0 1-2s2 0
0 0 0 0 0 252

where we remind the reader that the variable r is defined in Eq.. 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)y quantum numbers) is between the top quark and
its vector-like 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 Ztt 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
eTe™ colliders. In the down-like and charged lepton sectors, we have an analogous result to Eq.,
however, assuming that the b and 7 partners are too massive to influence the low-energy phenomenology
of the th@ory7 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

6As 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 My ~ 1 TeV,
we would not observe a measurable effect in the tightly-constrained Zbb coupling, since this would still be suppressed by
O(mg/Mf) ~ 1076, assuming M} ~ M, which is several orders of magnitude below present constraints [29)

24



as

133 O3x3 O3x1 O3x1 Osx1

9 0O3x3 O3x3 0O3x1 O3x1 Oszx1 .

EUL 01«3 0143 1 0 0 ur, (59)
O1x3 Oi1x3 O 0 0

O1x3 Oi1x3 O 0 0

O3x3 O3x3 O3x1 Ozx1 O3x1
9 O3x3 O3x3 O3x1 Osx1 Os3x1 .
7(CW)R = EUR 01x3 O1x3 1 0 0 Z’IR'

O1x3 O1x3 O 0 0
O1x3 O1x3 O 0 0

Up to numerically insignificant O(¥p/vp) corrections, we can derive the coupling matrix for the left-
handed phenomenologically relevant fermions using Eqs. and once again, yielding a coupling
matrix (and hence the CKM matrix) of

(Wa)i1 (Wa)i2 (Wa)1s 0 0
(Wéi)Ql (W;l)gg W;j)g?, 0 0
2 m r2 m r2m
(Cw)r ~ (1- %M})(Wd) (1- 7ﬁ:é)(wd)32 (1- 717%)(Wd)33 0 0 (60)
i1 (Wa)si i (Wa)sz i (Wa)ss 00
0 0 0 1 0
0 0 0 0 0

where r remains as defined in Eq.. 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 down-like quarks remain physically relevant (the three SM quarks and two
portal matter quarks), while six up-like 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 (Cw ) 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 Section, 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 Section we can estimate the scalar eigenstate corresponding to the SM Higgs field as in Eq.,
which in turn allows us, with reference to the Yukawa action of Eq., to write the Higgs coupling
matrices to the quarks as

O3x3 O3x3 Osx1 Osxi Osx1
13543 Os3x3 Osx1 Osx1 Osx:
YudCh = yuady™ | 01xs 013 0 0 0 [Up (61)
O1x3 Oi1x3 O 0 0
O1x3 O1xs 1 0 0

where the constants y, 4 are given in Eq.. An analogous matrix for the charged leptons should be
identical to that of the down-like quarks, up to radiative corrections to the parameter y4. 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
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here to simply work in the limit where 4p 4 — 0 using the rotation matrices of Eqs. and . Doing
this, and then truncating the matrix to remove the extremely heavy fermions as earlier yields the coupling
matrix

my, O 0 0 0 0
0 me 0 0 0 0
1/2
0 0 me ( Mioygvs 0 0
V2 e T\ TR
v.Ch =~ — 1/2 ) (62)
[ Mz_yz 2 m Mz_yz 2
0 0  sgn(yyusz)m ’yTgs me g ’nygS 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 O(m?/M?) ~ O(1072) corrections to the Hft 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 vector-like quarks
mixed with the third generation [30]. In the down-like 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.

3.3 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)r 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)p x U(1)p. At this scale, the only Abelian groups which may enjoy kinetic mixing are the
U(1)r and U(1)y groups, so we shall compute this mixing herem As in II, we note that both SM and
portal matter fields will contribute to the kinetic mixing via vacuum polarization-like diagrams at one
loop. In the original basis, the SM hypercharge boson B will mix with the U (1)r boson Bp via a term
of the form,
€ N A

B, By’ (63)

Lxm =
2cyCp

where ¢,, is the familiar Weinberg angle and c¢p = cosfp is the cosine of the angle 6p described directly
above Eq., and By, and By are the field strength tensors of the U(1)y and U (1) fields, respectively.
Given this normalization convention, the kinetic mixing term € here becomes

/2 (g5w)(gasP) Yi\ . mi
€= g 247'('2 ; ? Ql lOg ,LL2 ) (64)

where s,, and sp are simply the sines of the same angles referenced in ¢,, and cp, g is the SU(2), coupling
constant, and g4 is the SU(4)r 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)p, m; is its mass, and

7As was noted in Section 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 polarization-like diagram is forbidden. However,
higher-order operators stemming from insertions of scalar vev’s will still generate kinetic mixing here, and a truly concerned
reader can assume that the U(1) g is unified with either the SU(4). or SU(2)g, the two Pati-Salam groups which contain
the U(1)y 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)f.
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1 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)F, the effects of which are numerically
negligible anyway, gives

4\ [ 9asP m§ m{ Mmpy A, My mg
ez(4.2><10_)< )[log fl—l-log 51+21g P2+21g +710g ” 1% P3 (65)
Sw Mpy mpy Mpy Mpy 5 mPS 5 Mp3
3 M Mei
+ —log 71 71 71
- Z < 5 mm 5 g Mauyi 5 Muz 5 o8 Mul):| 7

where here we have used the same mass labelling convention as Eq., with the sub/superscripts u
referring to the up-like quark sector, d to the down-like 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 completeness). We
note that some of logarithms of ratios of the exotic particles’ masses may have either sign. In the absence
of significant hierarchies, we would anticipate that e would be of O(10™%) if g4sp were approximately
equal to gsw, however, we note that there exist several mass ratios in Eq. 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 the portal matter fields mlfgfﬁ,;m are close to degenerate (that is,

mbp,; ~ m‘}gi ~mp,; ~mh, 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. by noting that log(mgi.ei/mui) ~ —1log(Ma; ei/Muyi),
which holds as long as there are no significant hierarchies between the couplings to the scalar H among
the charged leptons, up-like quarks, and down-like quarks. We then arrive at a rough numerical estimate
of

e~ (3%1079) <94SP) (66)

9Sw

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 g4sp ~ 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 g4sp should likely be somewhat smaller, perhaps
closer to ~ 0.1e.

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

3.4 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 phenomenological 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 Section [2] 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 Section 2} The
“low-energy” model shall refer to the model only the fields of mass < O(10 TeV), namely those which
might have an observable effect on current and upcoming experiments, retained.

In Section we found that the quark sector of the model is uniquely specified by the SM Higgs
Yukawa-coupling parameters yg ~ O(1) and a € [—m, 7], the two portal matter Yukawa couplings
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yp1 ~ O(1) and ypy ~ O(1), the vector-like mass term M, the scalar vev parameters yp, ¥4, vp,
and ysvsﬂ and finally the signs of the eigenvalues of the matrices u (defined in Eq.) and d (its
analogous quantity in the down-like sector). In the limit where fields 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 Section 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 Egs.(|18]) and , their analogous values in the down-like sector, and the mass eigenvectors

given in Egs.(30), (31), (37), and (38), simply with the vev parameters vp, ysvs, 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 Section 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)r coupling constant g4, and the angle
0p which functions as a Weinberg-like angle for the group SU(4)r x U(1)p. Turning to Section we
note that while the mass of Zp, given in Eq.7 is entirely specified by the parameters g4, vp, and 0p,
the masses of the gauge bosons Zr and Ap arise as complicated functions of parameters which aren’t
otherwise relevant in the low-energy theory, namely the parameters u; o (defined in Eq.) and dj 23
(their counterparts in the down-like quark sector), the Yukawa couplings y4 and yg, and, in the case of
Ap, the U(1) p-breaking vev components 7,. Because the mass of Ap depends on one set of parameters
that the mass of Zr doesn’t, meanwhile, there is no obvious rigid relationship between these masses. It
is therefore easier to simply specify the masses of Zr 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’ve posited that the charged lepton spectrum will be generated by the
same mechanism as that of the down-like quarks, up to radiative corrections in the couplings to the
scalars ® 4, ®p, the parameters yy and «, 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 in the up-like sector in Eq.), rather than it being precisely equal to
W, its counterpart in the down-like sector which must be approximately given by the CKM matrix.
Referencing the couplings of various interactions in Section [3.I] 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 mediated by Ap, u~ — e~ Ap, is essentially always kinematically disallowed in
the range of dark photon masses that we consider (my4, > 100 MeV)ﬂ 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.

8For the purposes of this analysis, we have combined the coupling yg with the vev parameter vg 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.

91t 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™ — et 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].
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Our full parameterization of the lower energy observable sector of the model then simply consists
of two vev parameter vp and ysvg, a three-component complex vector of vev’'s 7p, two gauge coupling
parameters g4 and 0p, 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 mz, of the “favor Z”
boson Zp, and the mass m4, 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 [4] 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
experimentally accessible, as well as the ranges that we have assumed here.

Table [5| 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 [} we present
the parameters which may be used in lieu of those of Table [5| when probing the model parameter space
where only phenomenologically accessible new particles are included. Notably, while there are simple
expressions for m%ld and m;’Qd in terms of the parameters of Table |5 in Eq. |D 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 @, namely the masses My, ma,, and mz,, are not immediately obvious: There are
no such compact expressions for these masses, at least in terms readily corresponding to those in Table
Since m 4, is the only parameter which directly depends on the magnitude of ¥p, rather than the ratio
¥p/vp, we find that by specifying vp, ¥p, and 74 properly we can reproduce virtually any m 4, 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
myz,, we see from Eqs.7 , and that the mass matrix which produces Zr (namely, the first
8 rows and columns of the matrix given in Eq., up to tiny O(Yp,q) corrections) should only have
terms which depend on the matrices u (as defined in Eq.) and d, its down-like quark counterpart
— even dependence on the parameter M cancels out in this portion of the gauge boson mass squared
matrix. Furthermore, inspection of Eq.7 in particular the SM fermion mass expression which may
be rewritten (in the up-like sector, with a corresponding expression applying in the down-like sector) as
u? ~ yivi(yZo?/(2m?2,) — 1), that the eigenvalues u; 2,3 and dj 2,3 of u and d are all directly proportional
to ysvg. That is, for all other model parameters held constant, the matrices u and d scale directly with
ysvs. 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 ysvg, and therefore the mass mz,
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. that we may rewrite the equation for the mass of this fermion
as M? = y%v%ygvz/@mf), and hence this mass is also directly proportional to ysvg. Therefore, when
probing the masses mz, and m4,,, we only need to consider the range of these parameters at one specified
value for ysvg and extrapolate from there, and not probe the entire range we list in Table [l Similarly,
we need not probe the entire range of the SU(4)r x U(1)r gauge coupling parameters g4 and 0p, rather
noting that my,., consisting up to tiny corrections entirely of SU(4)r bosons, is proportional to g4.

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 ysvs = 1 TeV, and selecting yg, o, 8, M,
ya, and yp randomly (i.e., with flat priors) in the ranges described in Table |5 We also impose several
additional conditions on yg, «, and 3, the three parameters which govern the SM-like Higgs bidoublet
sector. Specifically, we require that y, and yg, as defined in Eq., are such that y2 > (2m?)/v? and
yfi > 1/100. The condition on y, ensures that the SM quark spectrum can be reproduced using the
relations of Eq., while the condition on y4 ensures that it 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 the aforementioned constraints on y, and y4, we generate yz, o, and
B, then re-generate 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 yg, «,
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and 8 that meet the y, and y, constraints without bias. Finally, we note that outside of numerically
negligible corrections, the particular values of the parameters Yp, ¥4, vp, yp1, and ypo 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 [f] 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 mz,.. To get a sense
of the shapes of the M; and myz, distributions, we depict probability histograms of them in Figure
Consulting this Figure, we see that while M, has a straightforward (if nonuniform) distribution in which
smaller values of M;/(ysvs) are slightly favored over larger ones, the distribution of my, is somewhat
more complex, with a large peak appearing near mz, ~ 30g4ysvs 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 [6] is unusually large. As we shall see in Section however, the phenomenologically
interesting region of parameter space lies in the region where myz, < 60g4ysvs, so we shall restrict our
attentions there, merely noting that ample parameter space exists for significantly larger myz, without
significant fine-tuning.

Ysvs vp TP g4 Op
1-10 TeV | 1-10 TeV | 0.1-1 GeV | (0.1-0.6) | 0-

jus
2

Table 4: 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 ysvg, vp, and Yp are discussed
in Section while we assume that g4 < g to keep the magnitude of the kinetic mixing < O(1072), as
discussed in Section

YH a ] YA YB Yp1 yp2 M/(ysvs) Yd

£[1/3,3] | [=m, 7] | [0,arctan(0.8)] | £[1/3,3] | £[1/3,3] | £[1/3,3] | £[1/3,3] | [-10°,10°] | 0.1-1 GeV

Table 5: 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 S is restricted based

on the requirement for perturbativity in the left-right-symmetric model Higgs sector. The magnitudes of
M and 7, are discussed in Section

M, mp, = m%‘l Mmpy = m%Z MAp Mzg
(1.1 =32)ysvs | (1/3—=3)vp | (1/3—=3)vp | 0.1-1 GeV | gaysvs(17 — 210)

Table 6: The parameters which 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 [5| The large range of mz,,
and the shape of the mz,. distribution in the numerical probe, is discussed in the text and Figure
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Figure 1: (Top) A probability histogram of the values of mz,. in units of g4ysvs 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).

31



4 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.

4.1 Flavor-Changing Ap 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. allow for
b— s+ Ap,b—d+ Ap, and s — d + Ap transitions. As in IT, we shall assume that the on-shell long-
lived light dark photon will escape our detector and/or decay to DM, and therefore these interactions can
facilitate meson decays which mimic to some extent the highly-constrained rare decay channels B — Kv7,
B — wvr, and K — wvv.

It should be noted that the naive bounds from the three-body B — Kvv, B — mvv, and K — wvw
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 — m Ap constraints
in particular: Searches in the “golden channel” K™ — w"v¥, which are normally highly constraining,
are substantially weakened in cases where Ap ~ m;, due to high backgrounds from the KT — 7t mg
channel [33435]. 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, which are not subject to the
same limitations. Specifically, to derive for our model’s constraints from K — myX branching fractions,
we compute the branching fraction for this decay arising from Ap emission and compare it to the 90%
CL 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 — 7+, KTvv searches, which lack the same troubling
kinematic cuts as appear in KT — 7tu¥ searches, doesn’t result in significant differences from the
constraints derived by simply quoting the 90% CL upper bounds of B(BT — 7Tvv) < 0.8 x 1075 [36] and
B(Bt — KTvw) < 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; — mg Ap
system, we also note that the changes in restrictions on the parameter space from O(1) changes in these
constraints are not significantly large.

A straightforward calculation employing the coupling constants in Eq. gives us the decay width
of the process K; — mgAp

21¢. 12 13 2 232 2 2\ 3/2
m my _ —ms 2(m%  +mz
Dicyonyap = afsp SLEE IO (1 Mo 1), 2000 PIE) Ttz o)
24w ma my mi
_ (Wayp)i
g = LRk
vp
where my and m, are the masses of the neutral K and 7 mesons, respectively, fO’TO 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 — mpAp), and we remind the reader that, also up to percent level corrections, W is equal
to the CKM matrix. Expressions for BT — KT Ap and B* — 7T Ap decays can be easily determined
by replacing the appropriate indices of £ and meson masses in Eq., and extracting the appropriate
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Figure 2: Maximum values of the products &€ (top left), &€ (top right), and £3&5 (bottom) based
on the 90% CL measured limits on B(K — mX) (where X is some invisible long-lived particle) [35],
B(B* — 7tvw) [36], and B(BT — KTuvv) 37|, respectively. Benchmark values of gysp are taken as 0.1
(blue), 0.2 (red), and 0.3 (magenta). The £ parameters are described in the text.

hadronic form factors from [39]. Consulting the definition of &; in Eq., we see that these decay
processes should naturally undergo substantial suppression, since Yp ~ 0.1 —1 GeV and vp 2 1 TeV. We
might expect, therefore, that a natural value of & would be in the realm or 10~4, leading to a ~ 10716
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 m 4, and g4sp 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 — mg Ap, the
mass-dependent limits on the branching ratios B(Kj; — mp X)). The maximum values of the relevant
components of (Wzﬁp) /vp as functions of my4 at various values of g4sp are depicted in Figure

From Figure [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 ~ O(10~%) that we might expect. Up
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to O(1) variations as depicted in this Figure, we arrive at the rough constraints

& K107 66 51078, &E <1078, (68)

where the first (and most stringent) constraint, coming from Kj — myAp, only applies when m4, <
260 MeV, past which the study of [35] doesn’t offer constraints due to overly large K; — wtm mg
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 4, we consider. Because the constraints in Eq. 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 ~ 10~%, while the other stays at the natural
higher magnitude, or we can require that &; ~ & ~ 3 x 1076, Given that the other constraints here are
or comparatively little significance, we can outline several phenomenologically allowed benchmark values
of the parameters &;, listed in Table[7] An astute reader may be concerned that, in suppressing various
& (and hence vp) values to such low values, we may anticipate that contributions to fermion mixing
from %4, which we have neglected in our treatment of the low-energy phenomenology, may be significant.
However, in practice we find that even assuming all components of §; are as small as O(10710), the 7p
effects still dominate all phenomenologically significant couplings in the model.

Benchmark 51 €2 53
Al <1074 0 0
A2 0 <1071 0
A3 0 0 <1071
B1 <1077 0 <107
B2 0 <1071 | <1077
C1 <107 <107t [ <107
C2 <1079 <107 | <107

Table 7: The different benchmarks for & magnitudes which can satisfy the rough constraints of Eq..
Scenarios A1, 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 &3, while £3(&1) is hierarchically smaller.
Scenario C1, in which all &’s are approximately equal, is only viable if m4, 2 250 MeV, and hence

the decay Kj — moAp is either hidden by K; — 77~y backgrounds or is kinematically inaccessible;
scenario C2 is the equivalent of C1 in the event that ma, < 250 MeV.

Before moving on, we note that, as mentioned in Section 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 complexity of the scalar sector within this
model, computing the exact magnitude of these contributions is highly non-trivial, and will likely depend
on a number of additional parameters 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 appearing in Figure [2| and given the highly
non-trivial 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 up-like quark and charged lepton sectors
(e.g.,t = cAp, c = uAp, p — eAp). However, in the case of up-like quarks the experimental constraints
on decays mediated by these processes are much weaker, while the case against including restrictions in
the leptonic sector was discussed in Section [3.4l In either case, these processes provide no significant
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limit on our model parameters at present.

4.2 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 dangerous flavor-changing couplings in
the theory. In particular, we find that By — By and B, — B, oscillations can suffer significant contributions
to their dispersive amplitudes, given by (Mi2), = <§2|H$?:2\B2>/(2m3q) (where HeAf?ZQ is simply the
effective Hamiltonian for the relevant flavor-changing interactions) from two additional sources: The
flavor-changing Zr couplings, identified in Eq., 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 Zp vanish at O(\?).
To obtain our results, we shall compute the new physics contributions to (Mi2), and parameterize them
as [27Lj400/41]

(Mi2)q = (M12)M (1 + hge®9), (69)

where (Mlg);fM is the SM contribution to B, meson mixing, while h, and o, are real parameters for the
contribution of new physics to these processes. (Miz)5 is in turn given by [42]

GZm?
(M12)S]\/I ~ MffziquqBBq(Ai(gQ))zSO(l't),

a 1272
(A =11z +22) 3z log(xy)
So(zy) = ( 10— 20— ) (70)
pole\2
)\EQ) =ViVig, ®i= (mi”7)” ,
ibVigy  Ti m2,

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

ha < 0.26, hy <0.12 (71)

at the 95% CL 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 hy and hg values, which we shall see is not
the case here, and ignore non-trivial constraints on the phase o4, which we shall see may substantially
tighten constraints on hy. In spite of these limitations, however, we find that the limits in Eq. will
afford us an approximate picture of the effect our model has on meson oscillation parameters.

4.2.1 Neutral Meson Oscillation: Top Partner Loop Contribution

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 By mesons, is significant enough to warrant
discussion, and as its computation can be performed in direct analogy with the SM contribution to these
oscillation processes, we shall begin our discussion here. Before continuing, 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., tree-level modifications of the SM CKM matrix
elements Viq, Vis, and Vi 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 contributes to hq s and o4s. We can now determine
the contribution of the top partner here in direct analogy to the SM calculation done in, for example, [42].
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Inserting Eq. for the CKM couplings of the top partner, we find that up to O(10~2) corrections due
to subdominant loops featuring up and charm quarks, the top partner’s contribution to (Miz), is

(Mi2)y T 20T r?  m? ~ - - ,m? -
—m _ pTeRi (=2 2 2 —t 2
(Mi2)5M q€ So(z) Mtg( S(xe,z¢) +25(0, 24) + 28 (24, 27) + 7 MES(xT,xT)), (72)
S(zi,z;) = 4 - Twx, n (4 — (8 — @)z;)a? log(w;) L (4 — (8 — @j)w;)a7 log(x;)
v 4(17$17I]+$2£€]) 4(.%171)2(.%17%]) 4(35] — 1)2(1']‘ 71'1') ’
M2 mpole 2
:cTE—mzt, xtzi(ﬂt#),
w w

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(z;) is the Inami-Lim function
given here in Eq.7 and we remind the reader that r is the variable first defined in Eq.. 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 Section , the scale at which we
assumed the SM fermion masses were generated via a seesaw mechanism. Hence, m; in Eq. refers to
the top quark mass at this scale, or in this case my(~ 1 TeV) a2 144 GeV, and not its pole mass, which
is explicitly denoted by mP®® ~ 173 GeV. As both the pole mass mP®® and the RG-evolved mass my
appear in Eq., 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 xp > x;, which applies here, we can combine Egs.(70))

and as

2 2 6x 3(—=1+ 3z) 2 my \° mpele
Bl o L T N 28 e () 9 : 73
d,s 2SO(xt) Mt2 (_1 _|_ xt)2 (_]_ + xt)?, Og(xt) + 2 m?ole Og Mt ) ( )

T _
o4 =0.

Inserting mP®® &~ 173 GeV, m; ~ 144 GeV, and z; ~ 4.63, we arrive at

1 TeV\? Y202 M? 1 TeV
hT  ~0.064 1— 255 )1 +40.102 1) —-0.5921 4
omoosa( 0] (1 |1 oaoe (g 1) o ()|

where for clarity we have explicitly inserted the equation 72 = M2/ (y%v%) — 1 in the above expression.
Notably, we see that the heavy top partner contributes the same correction to both By and Bj oscillation,
and also that this correction can be quite significant, even of O(10%). Obtaining a realistic range for
M;/(ysvs) from Table |6) we can then consider the correction th,s as a function of the parameters ysvg
and M;/(ysVs). In the case of hy, the top partner loops represent the dominant new physics contribution
to this parameter, so our computation of this variable can be completed here. We depict the results for
hq for various values of ysvg and M;/(ysvs) in Figure |3| (we remind the reader that M; > ysvg, which
can be straightforwardly seen from the equation for M? = M2, in the last line of Eq.).

From Figure [3] we can see several interesting characteristics of this new physics contribution. First,
comparing the magnitude of the effects in this Figure to the constraints in Eq., 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 experimental constraints. We do, however, note that for regions
with the largest effect, which can reach hy ~ 0.14, the results exceed the expected sensitivity of LHCDb
and Belle-IT data in the coming years, which may be sensitive to hq ~ 0.07 within the next decade [27].
Furthermore, we note that a quick reference to Eq. allows us to see that o4 = 0 from this contribution
(indicating a positive proportional contribution to (Miz)q), while the best-fit value of o4 in the fit of [27]
is oqg = —1.40f8:g§ (or roughly corresponding to a negative proportional contribution to the mixing
matrix— see [40] for a full chart of allowed values in the hy — o4 plane, albeit with slightly outdated data
but exhibiting similar favored regions of hy — 04 as the present constraints). We might therefore expect
that constraining our model more rigorously, with a CKM fit of our own, might result in non-trivial
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constraints on the scenarios with low ysvg values from measurements of By oscillation. However, the
sharp dropoff of these contributions as ysvg increases likely removes this sensitivity as ysvg 2 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 ysvs ~ 1 TeV from effects in this sector.

4.2.2 Neutral Meson Oscillation: Zr Contribution

While the top partner loops represent by far the dominant effect in the Bg-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. that the dominant contribution of the Zz 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

H2P=? = Ci(mz,)O1(mz,) + Ci(mz, )O1(mz,) + Ca(mz,.)Os(mz,) + Cs(mz,.)Os(mz,),  (75)
with
o o8 ~ o o 7B 0 o 7B o B\ 7B o
0, = (bL’Yu‘JL)(bL’Yqu)a 01 = (bR’YuQR)(bR%LQ}B:g)a Oy = (bRsL)(bszﬁ%)a Os = (bng)(bLsR)v (76)

using operators defined identically to those of [44]. Our computation of (Mi2), 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., we can straightforwardly see that at some high scale jinigh,
we have

- 3g2
C1(tthigh) = C1(Unigh) = J1

. 393 .
T2 A2 X (p+in)?, Calpmign) =0, Cs(tinign) = —%AQV(P +in)?. (77)
my. Mz

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 jinign = 10 TeV, which should
be within a factor of ~ O(a few) from my,, consulting the range for this parameter given in Table |§|
and assuming g4 ~ 0.3, ysvs ~ 1 TeV. We also assume, consulting the likely ranges for these masses
in Table [6] that at the scale ~ 10 TeV, only five non-SM quark flavors are dynamical: The top partner,
two up-like portal matter quarks, and two down-like 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. down to the b quark mass, extracting the
expectation value of the operators 01 4 5 (and the bag parameter as well as the decay constant from the
SM contribution to By oscillation given in Eq.(70)) from [44], we arrive at

(MIQ)ZF Zp 21 ZF 2i(—0.099 10 TGV 2 ga 2
s plreliost  (0.024)e2H (0099 (20 — | . 78
(My2)5M o © ( Je mz, 0.3 (78)

We note that while this correction has a magnitude which varies depending on the SU(4)r coupling g4
and the mass mz,., its phase remains fixed. This is the result of the coupling constants in Eq. all
having the same complex phase, that of p + i1, which is of course fixed by the Wolfenstein parameters.
The result of Eq. suggests, as in the case of the loop-level corrections due to the top partner, that
we may anticipate roughly O(a few%) corrections from Zp exchange: That is, these two processes have
roughly comparable effects. We should, then, estimate total contribution to hs as

. Zp . T
hs — |hfpe2w's + hz“ehas

; (79)

with hZF and 0¥ given by Eq.7 hT given by Eq., and o = 0, as noted in Section Taking
numerical results of Eq. and comparing the results to the constraints on hs in Eq.7 we can also
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Figure 4: The full value of hg, including tree-level Zp and top partner loop contributions, for

mz./(9aysvs) = 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% CL limit on

hs is depicted in each plot as a dashed orange line.

extract some rough constraints on the parameters ysvg for various choices of the proportional mass
parameters M;/(ysvs) and mz, /(gaysvs). In Figure we depict the combined effect of the Zr and top
partner contributions to the variable hg.

Comparing the results of Figure Il—_ll to those of Figure [2 which should be identical to h7,

or the

new physics parameter in the absence of any Zp contributions, we see that for lower masses of Zp, in
particular mz, = 20g4ysvg, the lower end of the range we consider, the effect of the Zr boson on hg is
significant, on the order of 0.06 for ysvg = 1 TeV. For lower values of M;/(ysvs), the Zp contribution
at these low masses is even the same magnitude as the contribution due to vector-like quarks. However,
some caveats are required here. First, a Zp mass as low as 20g4ysvs ~ Tysvs is the result of somewhat
finely-tuned parameters in the high-energy theory: Our numerical probe of the high-energy parameter
space in Section places such a mass only just above the 5% quantile. Larger values of myz,, such as
60g4ysvs ~ 20ysvg, which is close to the median mz, of 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 200g4ysvs ~ 70ysvs in our sample, the effects of the Zp boson quickly
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become negligible. We also note that, as discussed in Section the Zr boson’s mass may be sensitive
to modifications in the model to accomodate the SM neutrino sector. In particular, the mass of any gauge
bosons corresponding to the SU(3)r flavor group may increase dramatically. As a result, we might see
any observable new physics contribution from Zg vanish.

These concerns aside, however, we do see in Figure [4] that any constraint from B, meson mixing is
quite mild — while there do exist points in parameter space which can exceed the 95% CL upper bound for
hs ~ 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 hs cannot be evaded by simply requiring ysvs 2 1.1 TeV, a mere
10% increase from the lowest value of ysvg we consider, occur when we have assumed myz, = 2094ysvs,
near its 5% quantile value in our numerical sample, and M; > 2.5ysvs. As in the case of By mixing,
however, we can note that future improvements to hs observations from Belle-II and LHCb measurements
(and improvements in lattice computations of hadronic matrix elements), which might be expected to
reduce the 95% CL bound on hy to ~ 0.06 [27], may begin to place more meaningful constraints on our
model parameter space for the Zr and top partner masses.

5 Phenomenology: Portal Bosons and Exotic Matter

Having discussed the low energy flavor-violating implications 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.

5.1 Phenomenology: Portal Matter Fermions

We shall begin our discussion of the phenomenology of our fields with the portal matter: The fermion
fields which possess non-trivial U(1)p charge. From Section we note that our theory anticipates two
such fields for each sector of the theory (up-like quarks, down-like 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 up-like portal matter quark with mass mY%, (as given in Eq.), while P} will be the up-like
portal matter quark with mass m, (again given in Eq.)‘ Analogous definitions exist for the portal
matter in the down-like 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, Pﬁ ’Qd.

Much of the behavior of the portal matter phenomenology in the present setup is analogous to that
of T and IT, and as such does not bear particular repeating. However, the additional structure present in
this model does introduce some non-trivial complications to the existing frameworks discussed there. In
particular, the couplings of the portal matter states to various generations of SM matter are entirely con-
trolled by the orientation of the vector ¥p in three-dimensional flavor space: Couplings of i*"-generation
up-like quarks are proportional to (Yp);/vp, while couplings of the i‘"-generation down-like quarks are
proportional to & = (W:rfy’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 Al is taken from
the & benchmarks in Table [7} for example, the branching fractions of the up-like portal matter to the
second- and third-generation up-like quarks will be suppressed 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 up-like sector, where corrections
occur due to mixing between the SM top quark and its non-portal partner, the magnitude of P, and P
couplings to SM states are the same, with P; states coupled to left-handed (SU(2)r 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
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fact that the Py states overwhelmingly couple to SU(2)r doublet SM fields and the P, overwhelmingly
couple to SU(2), singlet fields is unsurprising: Given that the P; states are SU(2)r doublets, mixing
between P; states and right-handed (SU(2)r, singlet) fields violates SU(2)r,, and so only occurs due to
mass terms in Eqs. and 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 ITI 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 ¢g — R-“Pi“ 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 generations may mix with the portal matter states, depending on the orientation of the vector vp,
the contribution of the ¢-channel Ap exchange to portal matter pair production may stem from mixing
with multiple generations at once. However, we also note that the effect of this exchange varies radically
depending on the generation in question, with mixing with lighter quarks having a dramatically stronger
effect than mixing 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 down-like sector of our
model, that restricting considerations of mixing in this contribution to just that of the lightest generation
for which the mixing is non-trivial (in the language of Section the & for the lowest index ¢ that
isn’t 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 up-like sector, we anticipate this
approximation to be even more accurate for up-like portal matter.

Finally, we can discuss the decay branching fractions of portal matter fields to SM states. As in I
and ITI, 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 Eqs.7 7 and
, we find that the decay widths for these processes are given by

. gzsi(m%,m)g |(Wjﬁp)¢\2
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where di = d, dy = s, d3 = b, analogous definitions hold for the up-like quarks, and we have neglected
the effects of the top quark mass (which should only introduce O(mf/(m}ém)% ~ O(1072) corrections).
For clarity, we note that the enormous ratios (m}ﬁ’f{ po)?/(may)? in these expressions are cancelled by
the comparably tiny ratios |(7p):|?/v3, leading to results with reasonable magnitudes — this is in fact
analogous to the discussion in Section 3.3 of IT 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 4, — 0) contributions from a light scalar, corresponding to a physical
scalar mode associated with U(1)p 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 Section 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 4p’s orientation in flavor space, plus a significant
amount of missing energy stemming from the dark photon decays. Perhaps more interesting in this model
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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 accessible. We should note
that, because the masses My, m%,, and m%, 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 Section 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(m3?/M?) corrections and assuming that ma, and ¥p are much smaller than any other mass scale
in the expression, we find that these decay widths are given by

e S R T b
Crg gy = BB (M YRS Gt
w5t \' " i) 0 g

The somewhat strange dependence of these decay widths on the fourth power of the ratio M;/mp, ,
bears a brief discussion here: It occurs because the phase space factor in the decay (which approaches 1—
M2/ (mpy po)? in the limit where m 4, — 0) multiplies the combination of coupling constants appearing
in the squared amplitude, which are proportional to 1 + M?/ (mff,L po)?. Meanwhile, we also note that
the decay of P}* to a top partner quark is suppressed by a factor of mf/(y%v%) < 1072, and so is unlikely
to have much phenomenological impact. However, the decay of P5* to the heavy top partner can be quite
significant. The branching fraction for this decay should be given by

4 1}2
(1 - (,,%;)AJ y]sw?s |(Yp)al
B(PY — T Ap) = . (82)
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Note that because M; < (m%,), ysvs < M, and |(Yp)3|> will always be less than 7% - 7p 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 Figure [5| for some of the benchmarks of ¥p
orientation outlined in Table|7] We note that the benchmarks in Table [7|list values of &; = (W];'_y'p)i Jvp,
not §p, however, the corrections due to letting & ~ (Vp);/vp to Eq.(82) will be suppressed by O(\?) ~
10~2 CKM factors and so are negligible for demonstrative purposes.

In Figure 5| we can see that when kinematically allowed, the branching fraction of Pj' to the top
partner can be quite significant. In cases where the portal matter mixes predominantly with the top
quark, it can even account for nearly half of possible decays. As we shall see in Section 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 Ps* 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.

5.2 Phenomenology: Top Quark Partner

Other than the portal fields, the top partner T 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 up-like vector-like quarks, we have quoted the constraint of [24], which places a
95% CL limit on the mass of a generic electroweak singlet vector-like 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 — W™ b. In our present construction, additional decay
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Figure 5: (Top) The branching fraction of the P} quark to the top partner, assuming that M;/(ysvs) =
1.5 and that 4p is oriented according to the benchmarks A3 (blue), By (red), and C; (magenta), described
in Table [7] (Bottom) Same as above, but assuming that M;/(ysvs) = 2.

43



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 vector-like
quarks in other models; most notably, as we can see from the couplings in Section [3:2] the SM Z, W,
and Higgs all mediate interactions between the top partner and the SM top, facilitating the T" — Z't,
T — Wb, 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?) ~ 10~2
corrections)

Grm? [ M? — y%v
Trowe = 20726 = 2D p = \/g 8;( ty%yf S)Mt, (83)
SYSs

where Gp = 1.1663787 x 1075 GeV ™2 is the Fermi constant. Notably, while there are no decays of this
quark into other SM up-like 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' — W+ d and
T — W s; these are, however, suppressed by at least A\* ~ O(1073) compared to the T — W b decay,
and therefore have no observable experimental 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
vector-like quark. The scenario can become more complicated, however, when the up-like 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
Pl and P3 are
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We see that, analogous to the case for the reversed decay pattern discussed in Section[5.1] the decay width
from T to P} is suppressed by a factor of m?/ (y%vg) < 1072, and so is likely not numerically significant,
while the decay width from T" to P3* has no such suppression and may be large. Furthermore, we note (as
discussed in Section , we would anticipate from Goldstone boson equivalence that a physical scalar,
the ‘dark’ Higgs, which we shall call Sp, associated with the breaking of U(1)p will likely also exist, with
a decay width such that I'p_, prsp, = Ur—pp ap, at least in the limit where m4, — 0. Unlike in the
case of portal matter decays, for which each numerically significant decay channel has such an identical
channel with Sp, 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 Sp 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' — P3* Sp explicitly, arriving at the combined branching

fraction from Eqs. and of

21— py Ap
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To get a sense of the possible magnitude of the branching fraction given in Eq., we depict it for various
choices of My and M;/(ysvs) in Figure@, assuming that |(Yp)s|/vp = 1074, the “natural” magnitude we
discussed in Section .1l

In Figure |§|, we have selected values of g4sp and m 4, so as to maximize the branching fraction to the
portal matter fields, selecting m 4, at the bottom of the range we consider, while selecting gssp close to
the upper end of the range that still permits O(10~2) kinetic mixing (as discussed in Section [3.3). Given
that the decay width of the top partner to mp; is proportional to the square of g4sp, and the inverse
square of m4,, we can anticipate that larger values of my4,, and smaller couplings gssp will result in
dramatically smaller branching fractions — letting m4, = 0.3 GeV, for example, will reduce the branching
fraction by a factor of 9. Even in the maximal case we depict in Figure[6] we generally only attain limited
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Figure 6: (Top) The branching fraction of the top partner quark to P} as a function of the ratio of
their masses, assuming that gssp = 0.3, ma, = 0.1 GeV, |(Yp)3|/vp = 107, and M,/(ysvs) = 1.5, for
M; = 2 TeV (blue), 4 TeV (red), and 6 TeV (magenta). (Bottom) Same as above, but assuming that

M;/(ysvs) = 2.
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branching fractions of T to P? 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 |(¥p)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)3|/vp much larger than 10=%, as we have taken it
to be in Figure [6] begins to be in tension with constraints on flavor-changing B meson decays discussed
in Section 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 T'— Zt, T — ht, or T — Wb, and the other
that decays to a top (or, depending on the orientation of ¥p in flavor space, a lighter up-like 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'— Z't
with an invisibly decaying Z — Dv may be of interest, but lies beyond the scope of this work.

5.3 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 (specifically, those associated with SU(4)p generators other than ¢!, so in principle
any gauge boson except Ap) 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 Eqs.
and , we can then straightforwardly determine the decay widths of the Zp boson. In particular, for
decay into any particular SM fermion, we have

2/.2 2
91/cp [ ( my )]
r, .~C¢C mzp |1+ 0 (86)
Z f Z )
il 288w " m%,
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 to mz,, however, Zp may also decay into
these states. For the top partner, the decay width is

2/.2 2 2
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The phenomenologically relevant portal matter fields, meanwhile, yield decay processes with widths
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where P;* refers to the portal matter field of mass mf%,;, and analogous expressions exist for the portal
matter in the down-like quark, charged lepton, and neutrino sectors (note that the factor of 3 in front of
Eq. 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 Figure |7} we depict the maximum value of g4/cp allowed as a function
of mz, 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
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into SM final states (in which case the branching ratios for the dielectron or dimuon channels are simply
1/24).
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Figure 7: (Top) The maximum allowed value of g4/cp (left) and the minimum allowed vp (right) for
different values of myz,, 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 gs/cp = g/c,, for a given myz, 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|

Examining Figure[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 mz, 2 5 TeV; if we assume that g4/cp = g/cy, where
g is the SU(2) 1, coupling constant and ¢, is the cosine of the Weinberg angle, the limit is, for example,
mz, > 5.15 TeV. A null result at the HL-LHC meanwhile suggests that these limits could be increased
by approximately 1 TeV: If g4/cp = g/cy, 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;' shew
are sufficiently light to allow for Zp to decay into them (which, assuming g4/cp ~ O(1), would require
at worst a mild O(10~!) tuning of the Yukawa coupling parameters yp; and yps). While the decay into
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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 — [T1™) assuming that some or all portal matter states
are kinematically accessible in Figure |8] where we note that, as Eq. suggests, the suppression factor
is a function of cp.

In Figure [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 yp; & yp2, 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 < yp2). The suppression factors in Figure |8 in turn, correspond to as much as O(1) increases in the
maximum allowed g4/cp values (or equivalently, O(1) decreases in the minimum vp values) depicted in
Figure [/} 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 g4/cp values are only increased by a factor
of ~ 2. A cursory inspection of Figure [7] indicates that this amelioration is enough to perhaps allow
myz, ~ 4 TeV while maintaining a reasonable O(1) value of g4/cp (at least based on 13 TeV data), but
certainly cannot enable much smaller mz, values. Of course, the potential ameliorating 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 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 non-trivial constraint on the possible mass of the Zp as well, however
treating this situation quantitatively is beyond the scope of this paper.

6 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 SM-charged particles suggest that these fields are vector-like, albeit with collider
signatures that are quite different from those seen with more “conventional” vector-like fermions. Here, we
have seen that highly complex additional 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)p 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)r x U(1)r = 4plp, in which the 4p1p 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)r and U(1)y occurs. Scalars
in the adjoint representation of SU(4)r then break the 4p1p down to 11, completely breaking the
embedded SU(3)r flavor symmetry, at multi-TeV scales to avoid flavor constraints and generate the
fermion mass hierarchy observed in the SM. The 1p/1p symmetry is then broken down to U(1)p at a
scale of ~ 1 —10 TeV, and U(1)p, the gauge symmetry corresponding 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 labelled P{f ’Qd’e’”, and a vector-like
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
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Figure 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 c¢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.
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we have anticipate, we find that other than the dark photon Ap, only a heavy TeV-scale boson which
has flavor-universal couplings, which we have dubbed the “portal Z”, Zp, and a flavor-changing neutral
boson Zp associated with a combination of generators of the flavor group SU(3)r, may potentially have
effects at observable scales.

With the model set up, we proceeded to explore the phenomenological implications of the experimen-
tally observable (that is, TeV-scale or less) sector of the theory, in particular focusing on the phenomenol-
ogy 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 constraints from
flavor-changing neutral currents arising from the dark photon, in particular from K — wAp transitions,
placed harsh limits on the form of the vev parameters which might break U(1)p, and in turn can sub-
stantially influence the branching fractions of portal matter fields to SM particles. We next noted that
the vector-like top partner 7" and the new vector boson Zp contributed non-trivially 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 ysvg, a dimensionful quantity
which set the scale of both T and Zp’s mass. However, even when combined the sum of these contri-
butions still provided only a limited constraint on our parameter space based on present measurements,
although Belle IT 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 P3* to decay into T (or vice versa, depending on the particles’ relative masses), which can pro-
vide distinctive collider signatures appearing in neither the treatments discussed in I and IT nor more
conventional models of vector-like 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 non-minimal 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) p x U (1) p symmetries are broken,
or explicitly incorporating either scalar or fermionic DM in the construction. Perhaps a broader conclusion
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 phenomenological signatures, some of which do not
appear in more conventional portal matter models or models with local flavor symmetries individually,
such as a potential correlation between portal matter lifetime, branching fractions, and the allowed dark
photon masses, or decays of portal matter to more conventional vector-like 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 conventional new physics searches.
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A  SU(4) Generator Matrices

Here we list the generators of the SU(4) algebra, ¢!

group SU(3)r in SU(4)r, and are given by
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. The first eight generators correspond to the embedded
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Finally, !5 is the generator corresponding to the embedded group U(1)} in SU(4)r, which mixes with
U(1)r to form the dark charge group. It is given by
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