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The nature of dark matter (DM) and how it might interact with the particles of the Standard Model (SM)
is an ever-growing mystery. It is possible that the existence of new “dark sector” forces, yet undiscovered,
are the key to solving this fundamental problem, and one might hope that in the future such forces might
even be “unified”with the ones we already know in some UV-complete framework. In this paper, following
a bottom-up approach, we attempt to take the first steps in the construction of such a framework. The much-
discussed possibility of the kinetic mixing (KM) of the “dark photon” with the hypercharge gauge boson
of the SM via loops of portal matter (PM) fields, charged in both sectors, offers an attractive starting point
for these efforts. Given the anticipated finite strength of the KM in a UV-complete theory, the absence of
anomalies, and the lifetime constraints on the PM fields arising from cosmic microwave background and
nucleosynthesis constraints, PMmust behave as vector-like copies of the known SM fermion fields, such as
those which appear naturally in, e.g., E6-type models. Within such a setup, the SM and their corresponding
partner PM fields would be related by a new SUð2ÞI gauge symmetry. With this observation as a
springboard, we construct a generalization of these ideas where SUð2ÞI is augmented by an additional
Uð1ÞIY factor so that the light dark photon is the result of a symmetry breaking analogous to the SM, i.e.,
SUð2ÞI ×Uð1ÞIY → Uð1ÞD, but with Uð1ÞD now also broken at the ≲GeV scale. While SM fields are
Uð1ÞD singlets, as in the conventional dark photon approach, they transform nontrivially under the full
SUð2ÞI ×Uð1ÞIY gauge group. This approach leads to numerous interesting signatures, both at low
energies and at colliders, and can be viewed as an initial step in the construction of a more UV-complete
framework.

DOI: 10.1103/PhysRevD.101.015014

I. INTRODUCTION

The nature of dark matter (DM) is one of our biggest
mysteries and points to there being new physics beyond the
Standard Model (SM). Historically, the favorite candidates
for DM originated in top-down theories which addressed
other outstanding problems within the SM such as axions
[1,2] and weakly interacting massive particles (WIMPs)
[3]. While so far obtaining only null results, important
experimental searches for such states are ongoing.
However, these as-yet null results, in addition to the
realization of how large the parameter space for potential
DM candidates might be, have inspired both increased
model-building activity and the ever-widening scope of
experimental DM searches [4,5]. In almost all DM

scenarios, new forces carried by non-SM mediator particles
are needed to pass through the SM–dark sector barricade
thrown down by nature and convey the interaction between
the DM and the SM that is responsible for the DM
obtaining its observed relic density [6]. Among these,
one of the most experimentally accessible and also well-
studied scenarios is that of the dark photon (DP)/vector
portal model [7]. In its simplest form, one imagines a new,
broken dark Uð1ÞD gauge group associated with a massive
vector dark photon, V; here we will assume this symmetry
is broken by the vacuum expectation value (VEV) of a SM
singlet dark Higgs field, S, at the ∼GeV scale. While DM
carries a nontrivial dark charge, QD, it is assumed that the
SM fields do not and so are not directly coupled to V.
However, via the kinetic mixing (KM) [8] of V with the
familiar SMUð1ÞY weak hypercharge gauge boson, B, after
electroweak symmetry breaking the SM fields pick up a
small coupling to V proportional to their electric charge,
ϵeQem. Here ϵ describes the strength of the KM [8] and
thus the suppression of our interactions with the dark sector
is due to the small, loop-induced value of this parameter in
such a scenario. While this is an extremely interesting
setup, it is likely to only be an IR shadow of a much larger
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and more complex UV-complete theory which may have
implications beyond just the, now potentially more intri-
cate, dark sector.
In our earlier work [9], hereafter designated as I, we took

the first step on the way to the construction of a more UV-
complete KM scenario; it is the purpose of this paper to
take a further step in this direction. The point of view taken
in I is that the KM-generating mechanism itself may
provide the first hint to the direction we should follow.
As is well known, KM is generated by the existence of sets
of fields, here called portal matter (PM), that carry both
dark charges as well as, at the very least, SM weak
hypercharge thus linking the two Uð1Þ factors via a one-
loop vacuum polarization-like diagram. In I we argued that
in a complete UV theory the strength of KM, ϵ, is a finite, in
principle calculable, quantity as it is in grand unified
theories (GUTs) [10] with split multiplets. This hypothesis,
when combined with the necessity that such new states be
unstable since they carry SM quantum numbers, led to a
number of restrictions on the nature of the possible portal
matter fields. If such fields are fermionic, as posited in I,
they must be also be vector-like [11,12] with respect to the
SM to avoid both gauge anomalies and any conflict with
precision electroweak measurements [13]. This led us to
consider the rather unique possibility that portal matter can
only transform as vector-like copies [11] of one or more of
the usual SM fermion fields.1 In I, in order to obtain a
finite, radiatively generated ϵ, we considered toy models
wherein the portal matter consisted of two vector-like
copies of a single SM field with opposite dark charges
thus rendering ϵ finite in a rather trivial manner. However,
there we also briefly discussed the more complex, and
perhaps much more interesting, possibility that portal
matter may consist of a set of different vector-like fields
with various SM quantum numbers whose infinite con-
tributions to ϵ “naturally” cancel among themselves, as
might be the case if they formed, e.g., a 5þ 5̄ of SUð5Þ, as
a potential way forward in constructing more realistic UV-
complete theories. This is the direction that we will follow
in this paper.
An extension of the SM by an additional 5þ 5̄ of SUð5Þ

cannot help but remind (some of) us of grand unification
based on the group E6, where such an additional set of
fields naturally occurs [15]. Such models proved of great
phenomenological interest some time ago in connection
with the early developments in string theory [15] in the late
1980s. In such a framework, not only was the matter sector
of the SM extended but also generally present were SM
gauge sector augmentations by various species of Uð1Þ
and/or SUð2Þ factors increasing the complexity of the
resulting phenomenology. Of course, in the case under
discussion here, the obvious gauge sector extension of

interest is Uð1ÞD for which all of the SM fields are neutral,
unlike what we find in the case of new the Uð1Þ’s which
appear in E6. However, also with an eye towards future
work, some of the basic ideas in E6-type setups, as we will
see below, can provide a good jumping-off point for
moving forward. The fact that the SM fields all have
QD ¼ 0 tells us that we will actually need to go beyond the
simple E6 picture to obtain a viable model, as has been
recently noted in the literature [16], and we will take a
bottom-up approach in extending the E6 setup in what
follows. The general setup which we present below is, to
say the least, somewhat fine-tuned; how much that should
disturb us at this point is up to one’s tastes. However, we
should be reminded that the work here presents only a
preliminary step on the way to a more UV-complete theory
involving the SM, DM and the portal matter responsible for
their mutual interaction, which may result in a reduction of
this fine-tuning or at least make such fine-tuning more
palatable.
The outline of this paper is as follows. Section II contains

a general background discussion and an overview of our
model setup using arguments from both top-down and
bottom-up approaches. Section III provides a discussion on
the various components of our setup in the gauge and
fermion sectors and the relevant couplings and mixings
among the physical states relevant for the discussions
that follow. Section IV contains a mainly collider-oriented
view of some of the physics associated with the new
exotic particles we have introduced while Sec. V contains a
discussion of some DM physics within the present setup.
Finally, the last section summarizes our results and con-
clusions and points us in the direction of our next steps.

II. BACKGROUND AND MODEL SETUP

In order to attempt to construct a GUT-inspired, UV-
complete theory of both the DM and PM sectors as well as
their interactions with the SM it is necessary to have some
preliminary target properties in mind that we would expect
such a theory to possess. Similarly, we should have a
parallel set of, potentially overlapping, expectations for the
low(er)-energy theory operating at the ∼ few TeV scale and
below as clearly one might also anticipate that the lower-
energy theory will inherit some of the properties found in
the high-scale theory. As was discussed briefly in I and
mentioned above in the Introduction, to allow for their
instability, new vector-like (with respect to the SM gauge
group) candidate fermionic portal matter fields in their
simplest manifestation must transform in a manner similar
to that of some subset of SM fermionic representations,
i.e., SUð3Þc color singlets and triplets which also fall into
SUð2ÞL weak-isospin singlets or doublets.2 As such, these
portal matter states automatically carry a set of weak

1We note that such PM states have gotten little attention in the
literature [14].

2Note that this is already suggestive that a symmetry may exist
relating these portal matter fields to their SM “partners.”
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hypercharges, Yi, matching those of the corresponding
conventional SM fermions. If these portal matter fields are
assigned dark charges, QDi

≠ 0, then a finite, one-loop-
induced value for the KM mixing between a light, ≲GeV,
dark Uð1ÞD gauge field and the corresponding Uð1ÞY
hypercharge field, can be induced. As described above,
and in the notation of I, the parameter describing this KM
is essentially given by

ϵ ∼
gDgY
12π2

X
i

YiQDi

�
poleþ ln

m2
i

μ2

�
ð1Þ

where gD;Y are the Uð1ÞD;Y gauge couplings and “pole” is
the usual singular plus mass-independent constant piece
obtained in dimensional regularization. ϵ will be generated
via the various contributing particle mass differences and
will also prove to be finite and μ-independent provided that
the condition

P
i YiQDi

¼ 0 is satisfied. From a purely
low-energy perspective, this requirement would appear to
be ad hoc but should be expected to be a natural property of
the UV theory as was speculated in I. As is well known, in
a GUT-like framework, for any given representation,
TrTiTj ¼ 0 ði ≠ jÞ is found to hold automatically for
any two distinct generators, Ti, which in the case at hand
renders the KM parameter ϵ finite and calculable in such
models [10] if both Y and QD correspond to (linear
combinations of distinct) generators of the UV gauge
group. This calculability of the analogs of ϵ in GUT
theories with split representations was already made use
of long ago [10] for model-building/phenomenological
purposes.
To gain some further insight into these issues and to

provide a point of departure for the analysis that follows, let
us briefly consider the anomaly-free GUT group E6 [15]
whose fundamental representation, 27, contains the
usual 15 SM chiral fermions together with 12 additional
“exotic,” (almost) vector-like fermions (VLFs). Of particu-
lar interest to us here is the decomposition of E6 into one
of its maximal subgroups SUð2ÞI × SUð6Þ [17] under
which the fundamental 27 representation decomposes as
27 → ð2; 6̄Þ þ ð1; 15Þ, where the first [second] number is
the dimension of the corresponding SUð2ÞI [SUð6Þ]
representation. This SUð2ÞI gauge group will play an
important role in our discussion below. When the SUð6Þ
group then breaks to the familiar SUð5Þ ×Uð1Þ6, where
SUð5Þ will be used here in the following discussion as just
a proxy for the SM, one then has 27 → ð2; 5̄Þ−1 þ ð2; 1Þ5 þ
ð1; 5Þ−4 þ ð1; 10Þ2 where the second number now labels
the SUð5Þ representation and the numbers written as
subscripts are the corresponding Uð1Þ6 charges. Here we
see the well-known result that the new exotic fermions lie in
a pair of SUð5Þ 5þ 5̄ representations as well as a pair of
SUð5Þ singlets. Following Ref. [15] we will denote the
vector (left-handed) fields in the 5̄ as ðN;EÞTL, hcL, with the

corresponding conjugate fields in the 5. While hcL is a color
(anti)triplet, weak isosinglet, transforming similarly to
∼dcL, ðN;EÞTL is a color singlet, weak isodoublet, trans-
forming similarly to ∼ðν; eÞTL, and together with the content
of the 5 these fields form a set of fermions which are vector-
like with respect to the SM. The additional SM singlets in
the ð2; 1Þ5 are usually suggestively denoted as νc and Sc

[15] but here we simply refer to them as S1;2. Why is this E6

structure interesting from the portal matter perspective?
Here we have an anomaly-free setup which already con-
tains vector-like fermions which transform under the SM in
a manner analogous to (some of) the SM fermions thus
being able to play the role of portal matter and which are
related to the SM by the action of the SUð2ÞI group, i.e., the
value of T3I differentiates the SM from exotic fields. Such a
possibility was already foreseen in I. Furthermore, if we
were to (mistakenly as we will soon see) identify QD with
this diagonal generator then the above requirement, the
condition TrYQD ¼ 0 would be automatically satisfied so
that ϵ would indeed be finite and calculable at one loop as
desired. One could go even further and imagine that at
some large scale, say ∼10 TeV, the breaking SUð2ÞI →
Uð1ÞD via a real SUð2ÞI triplet would give heavy masses to

the non-Hermitian “off-diagonal” Wð†Þ
I gauge bosons cou-

pling to the non-Hermitian pair of SUð2ÞI isospin-raising
and -lowering operators and thus identify the diagonally
coupled W0

I with the dark photon which is left to get mass
at the ∼GeV scale or below. Assuming that the SUð2ÞI
gauge coupling, gI , is even remotely close in magnitude to
the usual weak coupling this seemingly successful and
interesting approach hits a significant snag, i.e., in such a
setup the dark photon will have significant couplings,
∼gIT3I , to some of the SM fields (since they carry
T3I ≠ 0) beyond those usually induced by the loop-
suppressed KM. This is inconsistent with the desired
properties of the dark photon outlined above; thus, we
see that we cannot make the identification of QD with T3I ,
and that the dark photon cannot be embedded in this simple
E6-inspired framework. This setup does have a number of
very nice features, but some important ingredients are still
missing. To keep these nice features while repairing the
problems we need to go beyond the simple E6 framework.
First, let us establish some simplifying notation: we will

denote the SM SUð3Þc × SUð2ÞL ×Uð1ÞY group structure
as 3c2L1Y . Similarly, the above E6 decomposition would
then be written as E6 → 2I6 → 2I516 and the relevant
gauge group above the ∼10 TeV scale described above
then would be 3c2L1Y2I , since SUð5Þ is broken at the very
high mass scale ≳1014−16 GeV. Next, we will take a
bottom-up approach to discover what it is we need to
add to the previous E6-inspired setup to maintain the
attractive features above while avoiding the dark photon
coupling problem. For the moment, we keep the fermionic
matter content of the model the same as that in the previous
paragraph. Let us imagine that we augment the 2I gauge
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group by an additionalUð1ÞI0 ¼ Uð1ÞIY (which we will use
interchangeably below) with its own gauge coupling
g0Ið¼ gIY Þ so that above ∼10 TeV the relevant group is
now 3c2L1Y2I1IY. In such an approach, the relevant KM is
then between the usual SM hypercharge gauge boson
and the corresponding gauge boson of 1IY so that, e.g.,
ϵ ∼
P

i YiYIi lnðm2
i =μ

2Þ. In a sense the SM electroweak
group is now seen to be “mirrored” in “I space,” but with
several important differences. We now further imagine that
at the ∼10 TeV breaking scale 2I1IY → 1D, i.e., Uð1ÞD
with a (at this scale) massless dark photon via a 2I doublet
VEV (which we will call vI for the moment), in a manner
completely analogous to the Higgs in the SM. This is now
very familiar physics: to first approximation the WI gets a
mass ≃gIvI=2 while the ZI , which couples to a linear
combination of the T3I and YI generators, gets a mass
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2I þ g02I

p
vI=2 so that MZI

¼ MWI
=cI , etc. (where cI ¼

cos θI with tan θI ¼ gIY =gI , again in complete analogy with
the SM). Similarly, the dark photon, which couples to the
combination QI ¼ T3I þ YI=2, remains massless down to
the ∼1 GeV scale where Uð1ÞD, literally dark QED, is
broken. Note that quite generally the couplings of the ZI to
the additional E6 matter fields will now be quite different
than in the E6 case itself due to the additionalUð1ÞIY factor.
Furthermore, for a range of xI ¼ s2I > 0.75, the ZI can
decay to WIW

†
I , which is kinematically forbidden in the

ordinary E6-inspired setup.
The low-energy theory, at/below ∼10 TeV, in now seen

to have three relevant, but widely separated, scales:
∼10 TeV where a VEV ∼ vI breaks 2I1IY → 1D, the usual
∼250 GeV electroweak scale where 2L1Y → 1QED and the
∼GeV scale where 1D is broken and the dark photon
obtains a mass. We now ask: in such a setup is it possible
to assign the YI charges consistently to the various
3c2L1Y2I1IY matter representations so that QI ¼ 0 holds
for all SM fields while the exotic fermions carry QI ≠ 0,
thus allowing us to identifyQI withQD? As we will shortly
see the answer to this question is in the affirmative.
Since, as we will see, all of the fermions in the 27 of E6

which transform nontrivially under 2I must also have 1IY
charges, while the SM fermions which are singlets under 2I
must not receive 1IY charges to avoid coupling to the dark
photon, it is immediately clear that we cannot identify 1IY
with the 16 arising from the E6 breaking above. This
implies that 1IY is not a subgroup of E6, and furthermore
that the relevant GUT-like group is not the direct product
E6 × 1IY , as this would cause all fields in the 27 to have
the same charge under 1IY.

3 Hence, at higher scales

3c2L1Y2I1IY (or more compactly 2I1IY5) must be part of
a larger group, e.g., SUð8Þ, which does not contain E6 as a
subgroup. Thus, while E6 has and will continue to inspire
and provide us some guidance in our model construction,
especially in the matter sector, it will not directly feature in
the final UVaspects of the present work. In later work [18]
we will more explicitly discuss how the present framework
fits into a more unified GUT-like structure.

III. REALIZING THE BOTTOM-UP MODEL

A. Basic model structure

Although we will not make explicit use of the E6 group
below, comparisons with that quite familiar scenario which
leads to the additional SUð2ÞI gauge group with the
specific model we consider here will often prove useful.
At the most basic level of 3c2L1Y2I1I0 , the fermion fields as
described above will fall into a number of distinct repre-
sentations. Here, where relevant, we assign the (conjugate)
SM fields to be the T3I ¼ 1=2ð−1=2Þ “upper (lower)
member” of 2I left-handed doublets with the corresponding
exotic (conjugate) fields then having T3I ¼ −1=2ð1=2Þ.
The fields in the familiar SUð5Þ 10 representation
—ðu; dÞTL, ucL, and ecL—are thus singlets under 2I1I0 in
analogy with the case describe above, i.e., ðu; dÞTL ∼
ð3; 2; 1=6; 1; 0Þ, ucL ∼ ð3̄; 1; 2=3; 1; 0Þ and ecL ∼ ð1; 1;
1; 1; 0Þ under 3c2L1Y2I1I0, respectively.4 On the other hand,
all the other exotic fields (and the remaining SM ones) are
then found to transform nontrivially, e.g., ðEc; NcÞTL ∼
ð1; 2; 1=2; 1; 1Þ and hL ∼ ð3; 1;−1=3; 1; 1Þ. The remaining
leptonic fields are then seen to form a bidoublet under 2L2I
similar to what one encounters in the left-right symmetric
model [19], ½ðν; eÞT ; ðN;EÞT �L ∼ ð1; 2;−1=2; 2;−1=2Þ
with the 2L (2I) generators acting vertically (horizontally)
while ðhc; dcÞL is a 2L singlet but a 2I doublet
∼ð3̄; 1; 1=3; 2;−1=2Þ. Finally, we also have the SM singlets
ðS2; S1ÞL ∼ ð1; 1; 0; 2;−1=2Þ; as a further distinction from
the pure E6 model we will now make this representation
also vector-like under 2I by adding the corresponding
conjugate fields, ðSc1; Sc2ÞL ∼ ð1; 1; 0; 2; 1=2Þ, to the spec-
trum which will assist in our model-building efforts below.
Note that this is a particular convenient choice and
alternatives are possible where these fields remain two-
component fields which obtain a Majorana mass. A short
calculation shows that indeed the fermionic contributions to
TrYYI ¼ 0 so that ϵ is in fact finite and calculable in this
setup (assuming a similar cancellation happens in the scalar
sector). It is also important to note that the above assign-
ments lead to QI ¼ T3I þ YI=2 ¼ 0 for all SM fields (and
also S2) while their exotic partners have QIðhL;RÞ ¼ 1 and
QIðN;E; S1ÞL;R ¼ −1 so that the dark photon, V ¼ AI ,
prior to mixing does not couple to the SM but couples in a3We note that the generator YI does not, in fact, commute in

general with those of E6, so this is not just E6 ×Uð1ÞI0 and
instead some other large unification group would be relevant at
very high scales.

4Note that when discussing SM fermions we will employ first-
generation labels.
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vector-like manner to all the exotic fermions. Note further
that TrQI ¼ 0 as one might expect from any linear
combination of GUT [here SUð6Þ-like] generators. In
general, it may be that the exotics pair up only with one
of the SM generations and not the others or that there are
exotic partners for all three SM generations; we will keep
these possibilities open in the discussion below but for
convenience continue to employ first-generation labels,
constructing the model in a single generation language.
An observation that we will notmake use of here to keep

the discussion general is that the fermion and Higgs fields
that we introduce naturally fit into the embedding
2I1I0 → 3I, with SUð3ÞI broken at an even larger mass
scale. We will return to this observation in later work as it
provides one of the natural next steps in the construction of
a more UV-complete model.
Given the augmentation of both the low-energy

(∼10 TeV) gauge group and the particle content one can
ask if the gauge and mixed gauge-gravity anomalies still
cancel in the case of 3c2L1Y2I1I0 as they did automatically
in the previously described E6 group; the vector-like nature
of much of the above structure is helpful here, but we note
that fermion fields are generally not vector-like under 2I1I0
itself.5 As might be expected, all of the dozen or so
potential anomaly contributions involving only SM gauge
fields or admixtures of SM gauge fields with those of 2I1I0
or gravity are found to cancel completely as do those
arising from SUð2Þ3I , i.e., TrT3

3Ið¼ 0Þ, and the mixed
gauge-gravity case TrYIð¼ 0Þ. However, two of the
necessary anomaly-free conditions (assuming only a single
generation of exotic fermions), TrT2

3IðYI=2Þ ¼ −5=4 and
TrðYI=2Þ3 ¼ 15=4, are clearly nonzero so that further
additional fermions must be added to the spectrum.
Provided that they are SM singlets, which is certainly
the simplest possibility, we need only ensure that the
condition TrYI ¼ 0 remains valid when these new fer-
mions are included. There are several possible solutions,
with the simplest being the addition of a left-handed 2I
triplet, TL, with YI=2 ¼ 1 plus a left-handed 2I doublet,
DL, with YI=2 ¼ −3=2; the specific choice of such new
fields will not be of direct interest in the discussion below.
Of course, in a bottom-up approach we can always add
further vector-like fermions as long as they do not spoil this
anomaly cancellation. These fields will play very little role
in the phenomenological discussions below. The fermionic
content of the model discussed above, including the
minimal content required for anomaly cancellation, is
summarized in Table I.
In order to generate all of the gauge and fermion masses

as well as the appropriate hierarchy of mass scales,
∼10 TeV, ∼250 GeV and ∼ at most a few GeV, several

different Higgs fields are required which will transform
nontrivially under the SM, 2I1I , or both. This requires a
scalar sector only slightly larger than in the usual SUð2ÞI
model with some parameter tuning necessary to generate
the hierarchal VEV structure. The easiest way to uncover
these Higgs fields is to require that all of the previously
discussed fermions obtain masses at the appropriate scales
while simultaneously maintaining the desired hierarchy of
gauge symmetry breakings. This will, of course, require
some fine-tuning in the Higgs potential. The simplest
situation is the case of the u quark, as neither of its
chiral components carries any 2I1I0 quantum numbers. A
conventional SM-like Higgs doublet H1 ¼ ðHþ; H0ÞT ∼
ð1; 2; 1=2; 1; 0Þ can thus generate a mass term via the
coupling

λuūR

�
uL
dL

�
i

�
Hþ

H0

�
j

ϵij þ H:c:; ð2Þ

when H0 obtains a VEVhH0i ¼ v=
ffiffiffi
2

p
with v ∼ 100 GeV.

For the d quark, a different multiplet,H2, is required, with a
Yukawa coupling of the form

λdð h̄R d̄R ÞJ
�
uL
dL

�
i

�
h01 h02
h−1 h−2

�
jJ

ϵij þ H:c:; ð3Þ

from which it is clear that H2 is a 2L2I bidoublet,
H2 ∼ ð1; 2;−1=2; 2; 1=2Þ. We have adopted the convention
that SUð2ÞL indices i label rows while SUð2ÞI indices I
label columns. Note that since both of the T3L ¼ 1=2
entries in H2 are electrically neutral, h01;2, both of these

fields may obtain VEVs, v1;2=
ffiffiffi
2

p
, with v2 ∼ 100 GeV.

Since QIðh01;2Þ ¼ 1, 0, v2 (in combination with v above)
breaks the SM gauge group but has no impact on Uð1ÞD.
On the other hand, since h01 carries a dark charge its VEV
generates a mass for the dark photon and so v1∼ a few GeV
or less. Thus we see that while v2 generates the d mass,
v1 ≠ 0 generates mass mixing between d and h, a role filled
by the dark Higgs in I. Furthermore, as we will see below,
since h01 has both T3L and QI ≠ 0 it also generates a mass
mixing between the dark photon and the SM Z which is not
suppressed by a KM factor but (essentially) only the VEV
hierarchy ratio squared, a feature not present in I. The
corresponding Yukawa coupling

λeēR

�
νL NL

eL EL

�
iI

�
h01 h02
h−1 h−2

�
jJ

ϵijϵIJ þ H:c:; ð4Þ

is also seen to generate the electron mass as well as e − E
mass mixing via this VEV v1.
A different Higgs field is needed to generate the exotic

fermion masses via the couplings

5We note that the fermions in the analogous SUð2ÞI situation
are also not vector-like under 2I, but that did not prevent the
cancellation of all of the anomalies.
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λhð h̄R d̄R ÞIhLð h03 h04 ÞI þ H:c:; ð5Þ

and

λE

�
N̄R

ĒR

�
i

�
νL NL

eL EL

�
iI

ð h03 h04 ÞJϵIJ þ H:c:; ð6Þ

where H3 ¼ ðh03; h04Þ ∼ ð1; 1; 0; 2;−1=2Þ, with both neutral
members, h03;4, generally obtaining VEVs, v3;4=

ffiffiffi
2

p
. Here

we see that QIðh03Þ ¼ 0 so that v3 ∼ 10 TeV generates the
large N, E and h masses while simultaneously breaking

2I1I0 → 1D giving masses to theWð†Þ
I and ZI gauge bosons.

Since QIðh04Þ ≠ 0 the VEV v4∼ a few GeV or less
contributes to the breaking of 1D (while not generating
any additional Z–dark photon mixing) and leads to a further
contribution to e − E and d − h mass mixing (of the
opposite helicity) at the ∼GeV scale. Finally, we note that
at this level of discussion ðS2; S1Þ can have a bare Dirac
mass term, M, consistent with all the 3c2L1Y2I1I0 gauge
symmetries. For now it will be assumed that M can be
either quite large, of order the scale of 2I breaking, or it
might be as small as ≲1 GeV, where the DP gets a mass,
although this would likely be a very highly tuned value. As
mentioned earlier, we could instead choose the potentially
more interesting path to make the Si Majorana fields

employing an SUð2ÞI triplet in the case when the exotic
fields come in two or more generations. Furthermore,
perhaps even more interestingly, we could imagine even
more complex scenarios where other mass terms exist due
to linking the Si with the other neutral fields ν, N so that we
can make interesting models of neutrino masses; this will
require additional Higgs fields. However, neither of these
paths will be followed here and we leave this for later work.
We emphasize that we are free to add additional (vector-
like) fermion fields, so long as they do not violate the
“finiteness” condition TrYYI ¼ 0. Finally, note that we
will also add one new SUð2Þ singlet, electrically charged
scalar, H4 ∼ ð1; 1; 1; 1; 1Þ, which (clearly) does not get a
VEV, and is introduced solely to ensure that the scalar
contributions to TrYYI vanish in this bottom-up construc-
tion, playing no role in the phenomenology below. The
various Higgs fields, and their VEVs, are summarized in
Table II. Note that the Higgs sector structure just described
is somewhat more complex than that seen in the traditional
SUð2ÞI scenario, though they both have many of the same
features.
Now that we have elucidated the necessary set of Higgs

fields needed to generate all the fermion masses and the
breakings of the necessary gauge symmetries we can write
the corresponding potential in the form

TABLE I. Fermionic Field Content The fermionic content of the theory, including the additional SUð2ÞI doublet
and triplet fermions DL and TL which are necessary to cancel anomalies involving Uð1ÞI . Note that ðdLhLÞc and
ðLLHLÞ are doublets of SUð2ÞI , the latter being a bidoublet under SUð2ÞL × SUð2ÞI.
SUð5Þ SUð3ÞC T3L Y=2 T3I YI=2 QD

10 Q≡
�
u
d

�
L

3

�
1=2
−1=2

�
1=6 0 0 0

ucL 3̄ 0 −2=3 0 0 0

ecL 1 0 1 0 0 0

5̄ L≡
�
ν
e

�
L

1

�
1=2
−1=2

�
−1=2 1=2 −1=2 0

dcL 3̄ 0 1=3 1=2 −1=2 0

5̄ H ≡
�
N
E

�
L

1

�
1=2
−1=2

�
−1=2 −1=2 −1=2 −1

hcL 3̄ 0 1=3 −1=2 −1=2 −1

5 Hc ≡
�
E
N

�
c

L
1

�
1=2
−1=2

�
1=2 0 1 1

hL 3 0 −1=3 0 1 1

1

�
S2
S1

�
L;R

1 0 0

�
1=2
−1=2

�
−1=2

�
0

−1
�

1 DL ≡
�

D−
D−−

�
L

1 0 0

�
1=2
−1=2

�
−3=2

�−1
−2
�

1 TL ≡
 Tþþ

Tþ

T0

!
L

1 0 0

 
1

0

−1

!
1

 
2

1

0

!
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V ¼ μ21H
†
1H1 þ μ22TrðH†

2H2Þ þ μ23H
†
3H3 þ μ24jH4j2 þ λ1ðH†

1H1Þ2 þ λ2½TrðH†
2H2Þ�2

þ α1TrðH†
2H2H

†
2H2Þ þ α2TrðH†

2H2H̃
†
2H̃2Þ þ λ3ðH†

3H3Þ2 þ λ4jH4j4
þ λ5H

†
1H1TrðH†

2H2Þ þ λ6H
†
1H1H

†
3H3 þ λ7H

†
1H1jH4j2 þ λ8H

†
3H3TrðH†

2H2Þ
þ λ9jH4j2TrðH†

2H2Þ þ λ10H
†
3H3jH4j2 þ ρH3H̃

†
2H1 þ ρ�H†

1H̃2H
†
3; ð7Þ

where we have maintained the convention thatH3¼ðh03h04Þ
andH1 ¼ ðHþH0ÞT , and we have defined H̃2 ≡ ϵH�

2ϵ. The
phase of the coupling ρ may be absorbed into the relative
phases of H1 and H3, leaving us with 17 real parameters.
From the form of this potential it is obvious that after
spontaneous symmetry breaking several fine-tunings in the
various parameters are necessary to generate the required
hierarchy of the VEVs discussed above.
From this discussion, and as we will see below, it is clear

that the dark photon will eventually couple to the SM fields
in several ways: (i) via the usual KM ∼ eϵQ, (ii) via ϵ-
unsuppressed mass mixing with the SM Z boson induced
by v1 ≠ 0 and (iii) via the v1;4 ≠ 0 induced mass mixing of
the exotic fermions with their SM partners. Note that the
latter two possibilities automatically lead to parity-violating
interactions of the dark photon with (some of) the SM
fields. If all these effects are of a similar magnitude the
nature of the dark photon interactions with the SM fields
may be quite different than is usually anticipated.

B. Gauge boson masses and KM

The couplings of the various physical gauge fields to the
previously introduced fermions and scalars is determined
by both the presence of KM as well as mass mixing among
the various weak eigenstates. Based upon the Higgs sector
described in the previous subsection, it is straightforward to
determine to leading order of the masses of the non-
Hermitian gauge fields, i.e., the SM W and the WI which
couple to the two sets of raising and lowering operators of
the two SUð2Þ’s; these (diagonal) mass terms are given by

M2
W ¼ g2

4
ðv2 þ v21 þ v22Þ ≃

g2

4
ðv2 þ v22Þ;

M2
WI

¼ g2I
4
ðv23 þ v21 þ v22 þ v24Þ ≃

g2I
4
v23; ð8Þ

where in the second step we have noted and made use of the
large VEV-squared hierarchies v23 ≫ v2, v22 ≫ v21;4 based
on the suggestive numerical values discussed above. Here
we can define the sum v2SM ¼ v2 þ v22 for later use below.
As in the type II two-Higgs-doublet model (2HDM) [20],
we see that v gives mass to the u quarks while v2 provides
mass to the SM d quarks; by analogy, we may write v ¼
vSM sin β and v2 ¼ vSM cos β in familiar notation. Note that
WI can have subleading mixings with the neutral Hermitian
gauge bosons, primarily with the dark photon, via the v1;4
VEVs that we will discuss further below.
In the case of the real neutral, diagonally coupled gauge

bosons, the relevant part of the covariant derivative (sup-
pressing Lorentz indices here) is given in the weak basis by
the combination

gT3LW3 þ gY
Y
2
B̂þ gIT3IW3I þ gYI

YI

2
B̂I: ð9Þ

Before we can analyze the masses and couplings of the
three massive neutral Hermitian gauge bosons in the
present setup, we first must remove the effects of KM
that arise from a Lagrangian term, now following conven-
tional normalization, of the form (keeping the w ↔ I0
symmetry)

LKM ¼ ϵ

2cwcI
B̂μνB̂

μν
I ; ð10Þ

where B̂μν is the field strength of the SM 1Y gauge field, B̂
μν
I

is the corresponding 1I0 field strength and the finite value of
the fermionic contributions to ϵ (which, to be general,
we will assume are chiral) are now given in the notation
above by

TABLE II. Higgs Sector Content The Higgs content required to generate masses for the fermionic content of the
theory. The charges under relevant gauge groups are summarized, and the VEVarrangement and approximate scales
of the VEVs are listed. The VEVs are assumed to be real.

Φ SUð2ÞL Y=2 SUð2ÞI YI=2 hΦi

H1 2 1=2 1 0 1ffiffi
2

p
�
0

v

�
∼
�

0

100 GeV

�

H2 2 −1=2 2 1=2 1ffiffi
2

p
�
v1 v2
0 0

�
∼
�
1 GeV 100 GeV

0 0

�
H3 1 0 2 −1=2 1ffiffi

2
p ð v3 v4 Þ ∼ ð 10 TeV 1 GeV Þ

H4 1 1 1 1 0
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ϵ ¼ cwcI
gYgYI

24π2
X
i

Yi

2

YIi

2
ln
m2

i

μ2
: ð11Þ

An additional overall factor of 1=2 is present in the
corresponding sum of potential complex scalar contribu-
tions. Here we see explicitly that in this setup the exotic
vector-like fermions as well as their SUð2ÞI (bi)doublet
SM partners are both playing the role of portal matter
fields. In the case of a single generation of exotic fermions
we can already evaluate this sum explicitly to find that
(treating the Dirac mass of the SM neutrino to be ∼me
for now)

ϵ ¼ 3.87 × 10−4
�
gIsI
gsw

��
3 log

mE

mh
þ log

me

md
þ log

mH4

mH2

�
;

ð12Þ

where the term in the square brackets is Oð1Þ (and likely to
be negative) since there are no large hierarchies anticipated.
Since ϵ ∼ 10−ð3−4Þ we can safely work, most of the time, to
leading order in this parameter, removing the KM by the
mapping B̂ → Bþ ϵBI=ðcwcIÞ and B̂I → BI and dropping
terms ofOðϵ2Þ or smaller. Following this step, it is useful to
make the following familiar rotations as the mass eigen-
states are not far from the usual SM expectations, with A, Z
being the usual SM fields:

W3 ¼ cwZ þ swA; B ¼ cwA − swZ; ð13Þ

and correspondingly for the 2I1I0 gauge fields with
sw → sI , etc. Then the above piece of the covariant
derivative, after the removal of KM, can be written as

eQAþ g
cw

ðT3L − s2wQÞZ þ eI

�
QI þ η2

Y
2

�
AI

þ gI
cI

�
T3I − s2IQI − η1

Y
2

�
ZI; ð14Þ

where here we have used the usual relation e ¼ gsw
(similarly eI ¼ gIsI) and defined the ηi parameters to be
the combinations of couplings and mixing angles

η1 ¼
ϵgswsI
gIc2w

; η2 ¼
ϵgsw
gIsIc2w

¼ η1
s2I

: ð15Þ

To determine the gauge boson masses we recall that the
above covariant derivative expression acts on a set of
electrically neutral Higgs multiplet members so that
T3LjVEVs >¼ − Y

2
jVEVs >. In the case of ZI, the η1 term

only acts on Higgs fields which have SM couplings and
which have VEVs much smaller than v3. Since this term is
already ϵ suppressed it can be dropped. Thus, to leading
order in the small parameters and hierarchical squared VEV
ratios, the relevant piece of the covariant derivative acting
on Higgs VEVs is simply (recalling that some Higgs
carry QI ≠ 0)

g
cw

T3LZ þ
�
eIQI −

g
cw

ϵtwT3L

�
AI þ

gI
cI
ðT3I − s2IQIÞZI:

ð16Þ

Note the familiar form of the dark photon, AI , coupling
to SM matter before mass mixing. The 3 × 3 symmetric
AI − Z − ZI mass (squared) matrix can now be written as

M2 ¼

0
BBB@

ðgIsIÞ2ðv21 þ v24Þ þ g2

4c2w
ϵ2t2wðv2 þ v22Þ ggIsI

2cw
v21 −

g2

4c2w
ϵtwðv2 þ v22Þ M2

13

− g2

4c2w
ðv2 þ v21 þ v22Þ ggI

4cwcI
½ð1 − 2s2I Þv21 − v22�

− − g2I
4c2I

½v23 þ v22 þ ð1 − 2s2I Þ2ðv21 þ v24Þ�

1
CCCA; ð17Þ

and where

M2
13 ¼

g2I sI
2cI

½v21 þ v24�ð1 − 2s2I Þ þ
ggI

4cwcI
ϵtwv22: ð18Þ

Further note that, e.g., since v24 ≪ v23, up to corrections of
order ðv2; v22Þ=v23, one finds cIMZI

¼ MWI
as expected.

While AI − ZI mixing is seen to be very highly suppressed
by the ratios v21;4=v

2
3 ∼ 10−ð7−8Þ, Z − ZI and Z − AI mixing

may be of some phenomenological importance. To leading
order in the VEV ratios one finds

θZZI
≃
gI=cI
g=cw

M2
Z

M2
ZI

v22
v2 þ v22

; ð19Þ

where the last ratio of VEVs is cos2 β in the language above
and in the 2HDM, and is Oð1Þ, and similarly

θZAI
≃ −ϵtw þ ggIsI

2cw

v21
M2

Z
≡ −ϵtw þ σ: ð20Þ

Thus we see that the SM Z picks up additional suppressed
couplings to the “dark” fields via its mixing with both
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AI and ZI and that the ZI also picks up an additional
coupling to the SM. These couplings are given by the terms

�
gIsIQIθZAI

þ gI
cI
ðT3I − s2IQIÞθZZI

�
Z

−
g
cw

ðT3L − s2wQÞθZZI
ZI: ð21Þ

These highly suppressed mixing-induced modifications to
the SM couplings and the corresponding new couplings to
previously “invisible” matter are too small to be presently
observable. The corresponding Z mass shift is then to
leading order

δM2
Z

M2
Z
≃ −θ2ZZI

M2
ZI

M2
Z
¼ −γ

M2
Z

M2
ZI

; ð22Þ

where γ > 0 is a ≲Oð1Þ parameter. On the other hand, AI
itself picks up new interactions with the SM fields through
its mixing with the Z which, after some algebra, implies
that AI now would couple to the combination

gIsIQI þ eϵQ − σ
g
cw

ðT3L − s2wQÞ: ð23Þ

Recall that eI ¼ gIsI is what one usually calls the “dark”
coupling, gD, in an effective field theory approach. Note
that the Z-like coupling term, proportional to σ ∼ 10−4 for
typical parameter values, is absent in most treatments but
arises here due to a Higgs field in the bidoublet carrying
both weak isospin and, effectively, a nonzero value of QI .
Such a term clearly produces parity violation, which can
lead to important phenomenological implications. Also,
importantly, AI via σ ≠ 0 now necessarily couples to the
SM neutrinos in a generation-independent manner, leading
to a potential impact on sensitive neutrino experiments such
as DUNE. Correspondingly, due to this mixing, the
physical AI mass to next-to-leading order in the small
parameters from the above considerations is

M2
AI

¼ g2I s
2
I ðv21 þ v24Þ þ σð2ϵtw − σÞM2

Z; ð24Þ

where the second term, which can sometimes be numeri-
cally important for lighter dark photons and can be of
either sign, is also new and thus can be of some general
significance. To see that both signs are possible in principle,
consider the ratio r0 ¼ σ=ðϵtwÞ so that the coefficient of the
M2

Z term is just r0ð2 − r0ÞðϵtwÞ2. Numerically, we indeed
find that r0 can easily be Oð1Þ,

r0 ≃ 0.256

�
10−4

ϵ

��
v1

1 GeV

�
2
�
gIsI
gsw

�
; ð25Þ

so that the additional term can be negative for some
parameter space regions. We note, however, that for dark

photon masses ≳50–100 MeV and ϵ≲ 10−ð3−4Þ the
first term in the expression above is likely to be the far
dominant one.
Thus far we have not analyzed the impact of the light

VEVs v1;4 ≠ 0. Since these lead to the breaking of Uð1ÞD,
thereby generating the AI mass, the non-Hermitian fields

Wð†Þ
I may also mix (slightly) with both the ZI and AI by

terms such as

g2I sIv3v4
2
ffiffiffi
2

p ðWI þW†
I ÞðAI − tIZIÞ: ð26Þ

While the ZI physics we are concerned with here is not at
all significantly influenced by this effect, for AI this mixing
induces an additional new coupling term given by

−gIsI
v4
v3

ðTþ
I þ T−

I Þ; ð27Þ

where T�
I are the SUð2ÞI raising and lowering operators.

Here we see that although AI mixes with the non-Hermitian
WI andW

†
I , it does so in such a way that AI remains real, as

it should. Note that this new interaction is only suppressed
by a single power of v4=v3 ∼ 10−4 ∼ ϵ, so it can be of some
numerical consequence and leads to an off-diagonal cou-
pling between the exotic fermions and their SM partners for
the dark photon. Further note that a second term of this type
of order v1v2=v23 is also induced, but it is numerically
negligible in that the further shift in AI couplings is only of
the order ∼10−6. When both of these WI and W†

I terms are
combined they lead to a negative shift in the AI mass
squared δm2

AI
≃ −g2I s2I v24 which is of the same order as

discussed already above, resulting in the final leading-order
result for the physical AI mass squared given by

M2
AI

¼ g2I s
2
I v

2
1 þ σð2ϵtw − σÞM2

Z: ð28Þ

As noted above, for the parameter ranges of interest to us
we expect that the first term will generally be numerically
dominant in this expression.
Without studying the details of the rather complex Higgs

potential of this setup described above (which is beyond
the scope of the present work) we can make some simple
observations with respect to the numbers of degrees of
freedom that remain after spontaneous symmetry breaking;
the most straightforward case is the number of charged
states. H1 contains one charged state Hþ, while the
bidoublet H2 contains two, h−1;2, and one linear combina-
tion of these three states must be eaten to supply the
longitudinal components of W�

L implying that (including
also the state H4) three charged states remain in the
physical spectrum. In the neutral Higgs sector there are
a total of ten real fields: five CP-even states and five CP-
odd states. In the case of the original five CP-odd neutral
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fields, we need to supply longitudinal components to the
ZI , Z, and AI , which implies that three linear combinations
of the CP-odd states become Goldstone bosons. The AI

likely eats some combination of the QI ≠ 0 CP-odd a01;4
states. The final gauge boson in need of a longitudinal

component isWð†Þ
I . Since it carries a nonzeroQI ,W

ð†Þ
I must

eat both a real CP-even state, likely some linear combi-
nation of h04 and h01, as well as a CP-odd state, likely the
linear combination of a01 and a04 not eaten by the AI. Thus,
we find that four CP-odd states and one CP-even state
become Goldstone bosons, leaving five neutral real scalars
remaining in the spectrum, made of some linear combina-
tions of the four uneaten CP-even states and one uneaten
CP-odd state. We identify one of these linear combinations,
most likely an admixture of the CP-even isodoublet fields
within H0 and h02, with the SM Higgs.

C. Fermion mixing

As was seen in the previous section, the exotic fermions
naturally mix with their SM SUð2ÞI partners via the same
set of Yukawa couplings that generate all of the “diagonal”
fermion masses themselves. There are several model-
building possibilities here, but for the simplicity of our
discussion wewill assume that this mixing only occurs with
the first generation. It is easy to mutate this into the case
where the mixing is dominated by a different generational
choice, where multiple families of exotic states exist each
mixing primarily with a single SM generation, and the
more general case where the mixing can be quite complex.
In this simple single-generation case that we consider, e.g.,
the 2 × 2 d − h mass matrix in the weak eigenstate basis
D̄0

RMdD0
L, where D0 ¼ ðd0; h0ÞT , is given by

Md ¼
� m0

d m0
h
v4
v3

m0
d
v1
v2

m0
h

�
; ð29Þ

where we have defined m0
d;h ¼ λd;hv2;3=

ffiffiffi
2

p
employing the

notation above. Clearly since the off-diagonal elements are
“small,” straightforward algebra leads to m0

d;h ≃md;h,
which are the corresponding physical particle masses, to
a very good approximation. This mass matrix is easily
diagonalized, as usual, via the biunitary transformation
MD ¼ URMdU

†
L, where MD is diagonal so that DL;R ¼

UL;RD0
L;R are the mass eigenstates. Note that UL is

determined via the relation M2
D ¼ ULM

†
dMdU

†
L while

UR is similarly determined via M2
D ¼ URMdM

†
dU

†
R. To

leading order in the small parameters corresponding to
VEV ratios from above we then find that

UL ≃

0
B@ 1 − m0

d
m0

h

v1
v2

m0
d

m0
h

v1
v2

1

1
CA; ð30Þ

implying that UL is numerically very close to the unit
matrix (which we will assume from now on) since the off-
diagonal term is ∼Oð10−8Þ or less, while for UR we find
instead to this same order in the small parameters

UR ≃
� 1 − v4

v3
v4
v3

1

�
; ð31Þ

where, as we saw above, θR ≃ −v4=v3 is of order ϵ, and can
be phenomenologically important. Note that these same
conclusions would hold if hmixed with any of the three SM
generations. A very similar result is obtained in the case of
e − E mixing with identical results as above, but with the
interchange UL ↔ UR. These results are qualitatively
similar to what was obtained in I and lead to similar
phenomenological implications as we will discuss below.
We now see that the combined effect of the AI coupling

term ∼ðTþ
I þ T−

I Þ discussed in the last subsection above
and the fermion mixing seen here now yields an effective
exotic-SM off-diagonal coupling for the dark photon that is
not explicitly ϵ suppressed and is given by

−2gIsI
v4
v3

ðh̄γμdR þ d̄γμhRÞAμ
I ; ð32Þ

with a similar result holding in the case of, e.g., e − E
mixing with mh → mE and with R → L in the expressions
above. Here we see that this coupling is roughly of order ϵ,
as will generally be assumed in the phenomenological
analysis below and as was anticipated in I. From this
expression we can determine the induced coupling of the
longitudinal component of AI to this current structure as
well as that of the associated Goldstone boson by employ-
ing the equivalence theorem [21]. Approximating mAI

¼
gIsIv1 in our mass range of interest (given the arguments
above), we find that the overall strength of this interaction,
λ, is given by

λ ¼ −
�
v4
v1

��
2mh

v3

�

¼ −0.3
�
v4
v1

��
mh

1.5 TeV

��
10 TeV

v3

�
∼Oð1Þ; ð33Þ

especially if v4 > v1 which can easily happen. This is
semiquantitatively similar to what we obtained in I for
the toy model we constructed there. As was found there,
this implies that decays such as h → dAI or E → eAI via
the AI’s longitudinal component experience no ϵ-like
suppression and will be completely dominant over other
anticipated processes such as h → dZ;H and h → uW. The
fact that λ is Oð1Þ leads to numerous phenomenological
implications, some of which were hinted at in I. Explicitly,
the Goldstone boson associated with AI , i.e., GAI

, has an
off-diagonal coupling given by
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iλðh̄dR − d̄hLÞGAI
; ð34Þ

with an analogous term, e.g., for E − e-type interactions
with the opposite helicity structure. It is easy to see that
the physical CP-even scalar state(s) containing a signi-
ficant Reh04 component will also have off-diagonal, SM-
exotic fermion couplings of very similar strength, i.e.,
∼λðh̄dR þ d̄hLÞS, as was found in the toy model presented
in I. This state would essentially be the real, CP-even
partner to the CP-odd AI’s associated Goldstone boson
above. In the limit where the 2I1IY breaking scale becomes
large, as in the toy model case, we would expect that this real
scalar state, S, is light, ≲ a few GeV, and with a mass set by
the Uð1ÞD breaking scale. Without a detailed study of the
Higgs potential of the present setup shown above (which is
comparable in complexity in our case to, e.g., that of the left-
right symmetric model with Dirac neutrinos [22], though
here there is no left-right symmetry relating the 17 free
parameters in the potential), which is beyond the scope of the
present work, we will assume that the vacuum structure of
the potential allows this state to be present in the spectrum
with the anticipated mass and couplings as in I.
The introduction of vector-like fermions which mix with

SM fermions via Yukawa couplings, as outlined above,
may induce new flavor-changing neutral currents (FCNCs)
through, e.g., the SM Z boson coupling. FCNCs in this
context have been studied in the literature [23–25], and are
proportional to products of the VLF-SM Yukawa couplings
and the ratio of the SM VEV to the VLF mass, λiλ�jv

2=M2.
The case here is slightly different, however, as the mixing
between the VLF and the SM fermions are only non-
negligible for the SM fermion which transforms the same
way under the SM gauge groups as the VLF, i.e. above
we have dR − hR and eL − EL mixing but no dL − hL or
eR − ER mixing at order ϵ. Since the fermions which
experience mass mixing couple identically to the Z, there
are no Z-mediated FCNCs in this model at order ϵ.6

Nevertheless, we see that there are FCNCs that are also
mediated by the dark photon AI which we will briefly
discuss, using the down-like quark sector as an example.
The most general flavor structure of this model has an

additional set of VLFs for each generation, so that the
relationship between the mass eigenstates and the gauge
eigenstates, DR ¼ URD0

R, becomes a mixing between six
states which may be written in block form as

UR ≃
� DR − v4

v3
UR;12

v4
v3
UR;21 HR

�
; ð35Þ

whereDR mixes the SM down-like quarks with themselves,
HR mixes the VLFs with themselves, and UR;12 and UR;21

mix the SM and VLF components. We have defined the
SM-VLFmixing blocks with a prefactor of v4=v3 ≃ 10−4 to
emphasize the small mixing between the SM and VLF
states, so UR;12 and UR;21 may have components which
are of order unity. This mass mixing induces tree-level
FCNC couplings between the down-like quarks and the AI ,
given by

gIsIA
μ
I D̄RiγμVI

ijDRj; ð36Þ

where VI is a 6 × 6 matrix which may be written in block
form as

VI ≃

 v2
4

v2
3

UR;12U
†
R;12 − v4

v3
UR;12H

†
R

− v4
v3
HRU

†
R;12 HRH

†
R

!
: ð37Þ

Since the AI is much lighter than the SM Z, it may be
produced on shell in meson decays, which could provide
constraints on the flavor sector of these models. As an
example, we consider the tree-level processes b → sþ AI ,
b → dþ AI , and s → dþ AI , with a long-lived AI which
escapes the detector. These decays mimic the SM processes
B → Kνν̄, B → πνν̄, and K → πνν̄, respectively, and thus
may be constrained by limits on the branching fractions of
these decay channels. We estimate the branching fractions
for the corresponding new physics processes B → KAI ,
B → πAI , and K → πAI using the hadronic form factors of
Refs. [26,27], taking mAI

¼ mlight, the mass of the light
meson in the decay product, and assuming g2I s

2
I ≃ 0.1. Our

estimates of these branching fractions and the current limits
are summarized in Table III.
From these estimates we see that the observed branching

fraction of Kþ → πþνν̄ imposes sizable constraints on the
flavor structure of the model, requiring either a flavor
structure such that jðUR;12U

†
R;12Þsdj2 ≲ 10−8, which can

happen if, e.g., UR;12 ≲ 10−2, or that the decay be kine-
matically inaccessible with mAI

> 350 MeV in order to
trivially avoid the constraint. The constraints from B decays
are comparatively weaker, with a relatively mild flavor
suppression factor jðUR;12U

†
R;12Þbdj2 ≲ 0.1 proving suffi-

cient to evade the bound on BðBþ → πþνν̄Þ, and the
bound on BðBþ → Kþνν̄Þ providing little constraint, even
for jðUR;12U

†
R;12Þbsj2 ∼Oð1Þ.

We note that FCNCs may also impact neutral meson
oscillations, but due to the light mass of the AI these effects
are difficult to estimate, and an analysis of the impact of
weakly coupled FCNCs with light mediators on neutral
meson oscillations is beyond the scope of the present work.
Further, we note that a similar set of AI-mediated FCNCs
will be present in the lepton sector, which could be probed
by, e.g., μ → e measurements, though the rate would be

6We note that Z-mediated FCNCs do occur due to mixing in
the left-handed down-like quark sector, but as noted in the above
analysis of UL, we expect these terms to be Oð10−ð10−16ÞÞ,
depending on the mass of the down-like quark, and we will
neglect these couplings.
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suppressed by a factor of ϵ2v44=v
4
3 ∼ 10−24 at least. Decays

forbidden in the SM, such as Kþ → πþμþe−, could also
provide a very clean probe of the FCNCs discussed here,
though this rate would be further suppressed by a factor of
Oð10−16Þ relative to the Kþ → πþAI discussed above.

IV. SURVEY OF SOME BOTTOM-UP
PHENOMENOLOGY

Given the rich structure we have introduced above, we
might expect that this setup will have a complex phenom-
enology which has partial overlap with both the SUð2ÞI
models and the conventional dark photon picture, perhaps
augmented by some of what we discussed previously in I.
The first and most obvious topic to address is how the
physics of the new heavy gauge bosons and exotic fermions
differs from the more familiar and well-studied SUð2ÞI
from E6-inspired models. One certain issue we need to
address is the nature of the interplay between the exotic
and SM sectors: is there a single set of exotic states that
primarily mixes with the corresponding fields in a single
SM generation (and which one is it, e.g., do we have
dominant h − d, h − s or h − b mixing?) or is there a set of

exotic fields corresponding to each generation? In tradi-
tional E6-inspired models the answer is clear, while here we
see that there are several different possibilities which lead
to somewhat different phenomenology. In the discussion
that follows wewill ignore issues related to flavor-changing
processes and consign such discussions to later work.
These model-dependent differences make themselves

felt in even the simplest production process, i.e., that of
ZI production in the Drell-Yan channel when the ZI can
only decay to SM final states with the most trivial differ-
ence being the overall ZI coupling strength which in E6

models is proportional to ∼
ffiffiffiffiffi
5s2w
3

q
due to GUT coupling

requirements. Here, the overall coupling is set by gI=cI so
that ZI production cross sections can be determined up to
an overall factor of r ¼ ðgI=cIÞ=ðg=cwÞ which we expect to
be Oð1Þ.7 Of course, a potentially more significant differ-
ence is whether the ZI couples only to dd̄, ss̄ or bb̄ initial
states (or all three) and whether it will appear in only the
eþe−, μþμ−, or τþτ− channels (or, again, all three). For
example, we are reminded that in the more well-studied
case, there is a universality of interactions among the
generations so that all three initial states as well as all three
final states will contribute to the potential ZI Drell-Yan
cross section and corresponding decay signatures at the
LHC. In the present situation, all of these scenarios need to
be explored independently.
The simplest situation, and the one that allows us to

make most direct contact with previous studies, is the
production of ZI with identical couplings to all three SM
generations but which is kinematically forbidden to decay
into any of the exotic vector-like fermions or intoWIW

†
I . In

such a case, σBl in the narrow-width approximation is
shown in Fig. 1 assuming that r ¼ gI=cI

g=cw
¼ 1; note that the

overall cross section in this case is independent of the value
of xI (since SM states all haveQI ¼ 0) and that it is simply
proportional to r2 so that other cases are easily obtained by
a simple overall rescaling. As can be seen from this figure,
the present ATLAS null searches [30] employing 139 fb−1

of 13 TeV integrated luminosity exclude ZI masses below
≃5.2 TeV under this set of assumptions. A similar nullFIG. 1. σBl for ZI production at the

ffiffiffi
s

p ¼ 13 (red) and 14
(blue) TeV LHC where only decays to SM fields are assumed to
be kinematically allowed and with r ¼ gI=cI

g=cw
¼ 1 being assumed.

Here the ZI is assumed to couple universally as in the original
most well-studied scenario.

TABLE III. FCNC Branching Fraction Estimates vs. SM Bounds Tree-level estimates of AI-mediated FCNC
branching fractions were made using the hadronic form factors of Refs. [26,27], assuming mAI

¼ mlight, the mass of
the light meson in the decay product, and g2I s

2
I ≃ 0.1.

Tree-level estimate Current SM limit

BðKþ → πþAIÞ ∼ 3 × 10−3jðUR;12U
†
R;12Þsdj2 BðKþ → πþνν̄Þ ¼ ð1.7� 1.1Þ × 10−10 [28]

BðBþ → KþAIÞ ∼ 8 × 10−6jðUR;12U
†
R;12Þbsj2 BðBþ → Kþνν̄Þ < 1.6 × 10−5 [29]

BðBþ → πþνν̄Þ ∼ 6 × 10−5jðUR;12U
†
R;12Þbdj2 BðBþ → πþνν̄Þ < 1.4 × 10−5 [29]

7In what follows we will employ the narrow-width approxi-
mation for our ZI analyses.
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search performed at the 14 TeV HL-LHC with 3 ab−1 of
luminosity [31] would increase the exclusion limit on a ZI
to masses below ≃5.9 TeV under the same set of
assumptions.
A second possibility, as discussed above, is that only a

single set of exotic fermions exist which mix with a
particular SM generation. In such a case only a single
SM generation couples to ZI and so only the searches in a
particular dilepton channel are applicable for setting con-
straints. Thus, e.g., if only the third generation carries
nonzero 2I1I0 quantum numbers, the relevant process to
examine is then bb̄ → ZI → τþτ−. We first consider the
simplest case where the ZI still cannot decay to any of the
exotic states so that the cross section remains xI indepen-
dent with only an overall sensitivity to the coupling ratio r
as above. The production rates for this case at the

ffiffiffi
s

p ¼ 13
and 14 TeV LHC are shown in Fig. 2.8

Figure 3 then shows how these ZI production cross
sections in the various dilepton channels translate into
current LHC search limits and the expectations for the
HL-LHC assuming either universal couplings or coupling
to only one of the SM generations. In order to obtain these
results in the case of the τþτ− third-generation couplings,
we have recast the results from an ATLAS bb̄ → H →
τþτ− study[32,33] making corrections for the acceptance
differences between spin-0 and spin-1 resonances.

It is interesting to explore how these results change as we
move further away from these rather vanilla scenarios. In
addition to variations in the overall coupling, i.e., r ≠ 1, the
ZI may also decay into one or more exotic fermion final
states and also into WIW

†
I which would modify the

branching fraction for the leptonic decay mode used in
the search. Furthermore, the ZI may not couple universally,
perhaps only to dd̄, ss̄ or bb̄ initial states and consequently
only leptonically decay to eþe−, μþμ− or τþτ− final states,
respectively, as we saw above. In such cases one also needs
to employ the individual constraints as applicable to each of
these final states as previously considered [30].
When the ZI is sufficiently massive it can also decay into

some if not all of the exotic non-SM states; the partial
widths for these decays, unlike those to SM final states, will
explicitly depend upon the value of xI . Furthermore, once
xI > 0.75 the ZI → WIW

†
I channel also opens up via the

usual non-Abelian trilinear coupling. The main effect of
these new decay modes of the ZI for our discussion is to
reduce the value of the relevant leptonic branching fraction,
Bl, and thus a correspondingly reduced signal rate resulting
in a suppression of the search/exclusion reach. This effect,
however, is expected to be relatively mild over most of
parameter space as Bl is reduced by at most a factor of
≃6.8, even in the extreme case when all three generations
of exotic states (without much phase-space suppression)
as well as WIW

†
I are allowed to contribute to the total ZI

width, and this maximum reduction only occurs when
xI ≃ 1. Figure 4 gives us a feel for how large a reduction in
Bl may occur where, for purposes of demonstration in the
universal case, we have included decays into three gen-
erations of degenerate N;E; h; S1;2 states as well as WIW

†
I

for xI > 0.75. Very similar reduction factors will also occur
in the cases where there is only a single generation of
exotics which mix with only a single SM generation. From
Fig. 4 we see that the typical leptonic branching fraction
seen here will have very little influence on the ZI search
reach at the HL-LHC.
Perhaps at a similar level of relative “simplicity” is the

direct pair production of the exotic fermions h, E, N, etc.,
which themselves may be accessible to LHC experiments.
As in I, once produced h will dominantly decay into its
associated SM partner q ¼ d, s or b, which will appear as a
jet, plus AI or S which produce either missing transverse
energy (MET) or lepton-jet signatures. h, being a color
triplet, is certainly pair produced via QCD from, at leading
order (LO), qq̄, gg annihilation, as is the case for the top
quark as well as other more familiar vector-like quarks. For
the

ffiffiffi
s

p ¼ 13 TeV LHC the cross section due to these
processes is given in I while for the case of

ffiffiffi
s

p ¼ 14 TeV
[34,35] the slightly larger cross section is shown in Fig. 5
with the caveat here that no additional, nonelectroweak
interactions are present; this caveat needs some explan-
ation. As discussed in I, the decay of hh̄ are not those of

FIG. 2. σBl for ZI production at the
ffiffiffi
s

p ¼ 13 (lower) and
14 TeV (upper) LHC for each pair of curves assuming that the ZI
only couples to a single SM generation and decays to exotic
partners are forbidden, taking r ¼ 1. From top to bottom, the ZI
couples to the first, second, and third generation of the SM,
respectively.

8Here, and in what follows, we will ignore the possible effects
of small intergenerational fermion mixings which could result in
flavor-changing dark currents. Note that in the quark case this
involves possible intergenerational mixings among the right-
handed fields which are not well probed by SM measurements
and may even be absent in some scenarios.
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conventional vector-like states but instead will lead to two,
non-back-to-back jets plus MET, if AI=S are very long
lived, or lepton jets [36–38] if the decays occur inside the
detector. Decays of AI=S far from the detector may be
captured by specialized experiments looking for long-lived
states [39,40] such as FASER and MATHUSLA.
While the gg → hh̄ process is left unaltered by the

additional interactions described above, the qq̄ → hh̄
process may be significantly modified when q ¼ d, s or
b via a t-channel longitudinal AI exchange (or equivalently,
the GAI

Goldstone boson) as well as that due to the
corresponding light CP-even scalar, S, provided that the
parameter λ is sufficiently large. In a similar vein, the t-
channel WI exchange may also produce a potentially
important contribution but it is suppressed by both the
relatively small SUð2ÞI gauge coupling as well as the large

mass of the WI itself; the neglect of this contribution at this
level of discussion is similar to the neglect of Z exchange in
the case of top pair production within the SM context.
Clearly, the numerical impact of these new exchanges will
differ significantly depending upon which SM quark mixes
with the exotic partner h. To quantify this possibility,
consider the modification to the qq̄ → hh̄ differential cross
section at LO, wherewewill neglect the masses,≲1 GeV, of
the exchanges in the t channel compared to other mass scales
in the process. Defining the coupling ratio χ ¼ λ2=ð4παsÞ,
with λ as given above, and defining z ¼ cos θ�, with θ�
being the partonic center-of-mass frame scattering angle, we
find, for the quark that mixes with h, that

dσ
dz

¼ πα2sβ

9ŝ

�
B1 þ 2χB2 þ

9

2
χ2B3

�
; ð38Þ

FIG. 3. (Top left) Limits from the
ffiffiffi
s

p ¼ 13 TeV LHC on the values of the parameter r as described in the text, as a function of the
mass of the ZI , employing the results from ATLAS searches for dilepton decays [30,32]. From left to right the curves correspond to only
third-generation couplings (green), only second-generation couplings (gold), universal couplings (red), and only first-generation
couplings (blue). (Top right) Extension of the results in the previous panel for the case of third-generation couplings to lower ZI masses.
(Bottom left) Same as the top left panel, but now employing an ATLAS analysis assuming a null result at the HL-LHC with

ffiffiffi
s

p ¼
14 TeV and L ¼ 3 ab−1 [31]. (Bottom right) Corresponding limit in the τþτ− case employing the ATLAS heavy Higgs study [33] with
acceptance corrections included for a spin-1 state.
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where β2 ¼ 1–4m2
h=ŝ, and where

B1 ¼ 2 − β2ð1 − z2Þ; B2 ¼
ð1 − βzÞ2 þ 1 − β2

ð1þ β2Þ=2 − βz
;

B3 ¼
ð1 − βzÞ2

½ð1þ β2Þ=2 − βz�2 ; ð39Þ

with B1 being the conventional LO pure QCD result. The
impact of this exchange will not only depend on the value of
λ, but even more importantly on which of the q ¼ d, s, b
initial-state quarks participates in the mixing with h since
their parton densities are all quite different. As we will see,
not only is h (h̄) production pushed more forward (back-
ward) due to this t-channel exchange as one might expect,
but the overall total hh̄ production cross section also
increases, in some cases significantly.
To get an idea of the impact of λ ≠ 0 for the various

nonuniversal q ¼ d, s, b choices, we have taken the LO qq̄
and gg processes and reweighted them by K factors to
recover the corresponding next-to-next-to-leading-order
(NNLO) SM total cross section result when they are
combined and λ ¼ 0 is assumed[34,35]. Figure 6 shows
these modifications to the hh̄ angular distributions for the
three nonuniversal choices assuming mh ¼ 1.5 TeV at the
14 TeV LHC, and taking rather large values of λ for
purposes of demonstration. Here we see the obvious result
that for any fixed value of λ the overall impact of the
t-channel exchange increases dramatically as the choice of
q goes from b to s to d. For example, in the case q ¼ b, a
substantial impact is only found when λ is quite large ≃3.
However, for q ¼ d, we see that a reasonable impact is seen
even for values of λ less than unity. In all cases, as expected,

we see that the impact is largest in the forward direction due
to the t-channel nature of the exchange. Since the QCD
aspects of heavy vector-like quark production are well
known [34], a measurement of the total cross section for hh̄
production would perhaps give us a rough indication of the
value of λ in some cases. Figure 7 shows the total hh̄ cross
section at 14 TeV as a function of λ for the three choices
q ¼ b, s, d. Here we see that noticeable effects may be
visible for λ ≃ 3, 1 and 0.3, respectively, for these
three cases.
Unlike for the QCD color triplet exotic fermion h, N and

E form a vector-like SM weak isodoublet so they can only
be produced via the 2L1Y2I1I0 interactions. Apart from
possible resonant production in the decay of the ZI andWI
gauge bosons (as was discussed above and will be
discussed further below), SM W� exchange provides the
largely dominant, model-independent production mecha-
nism at the LHC: Z-mediated production is smaller by
roughly an order of magnitude.9 The rate for this process as
a function of mEð¼ mNÞ for both the

ffiffiffi
s

p ¼ 13 and 14 TeV
LHC is shown in Fig. 8, where the possible effects of λ ≠ 0
have been ignored. Here we see that such states may be
visible out to masses ∼1.5 TeV, depending on their decays
and the relevant SM backgrounds. As noted above and in I,
these differ from the vector-like leptons usually discussed,
i.e., E → eAI; S rather than E → eH; eZ; νW. However,
present limits from the LHC on vector-like leptons with
these “conventional” decay paths are, and may likely
continue to be, rather poor due to large SM backgrounds
except in the case where they mix with the τ [42].

FIG. 4. Multiplicative Bl suppression factor for the ZI as a
function of xI due to the additional non-SM decays into three
generations of degenerate exotic fermions plus WIW

†
I (for

xI > 0.75) as discussed in the text. From bottom to top the
curves assume mexotic=mZI

¼ 0, 0.2, 0.3 and 0.4, respectively.

FIG. 5. Pure QCD NNLO hh̄ production cross section at theffiffiffi
s

p ¼ 14 TeV LHC as a function of mh using HATHOR follow-
ing Ref. [34].

9For some range of masses gg-induced off-shell Z; ZI con-
tributions may also be significant [41] here but we will neglect
this possibility in this brief discussion.
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We now turn to the production of the WI gauge boson;
there are several possible mechanisms for this in the present
setup, one of which does not occur in any form in the usual
traditional treatment. In the original SUð2ÞI scenario [15], it
was noted that since WI coupled an exotic vector-like
fermion to a SM one it could not be singly produced at
colliders in the usual Drell-Yan fashion, the only options
then being pair production via qq̄ annihilation, which we
will further discuss below, or in association with an h via
gluon-quark fusion, i.e., qg → hWI where q ¼ d, s, b. In
the present setup, this represents three distinct possibilities.
The LO subprocess differential cross section for this
reaction can be easily extracted from the result given long
ago (in a somewhat different context) in Ref. [43] with a
few obvious alterations, such as u → d, assuming coupling
to the first SM generation, WR → WI, etc., including a
rescaling by an overall factor of g2I =g

2. The resulting cross

sections as a function of theWI mass for various choices of
mh are shown in Fig. 9. The two upper panels correspond to
the cases where q ¼ d for

ffiffiffi
s

p ¼ 13 and 14 TeV, respec-
tively, while the lower panels are for 14 TeV with q ¼ s or
b, respectively; in all cases one sees that a large part of
the model parameter space is potentially accessible for all
choices of q at

ffiffiffi
s

p ¼ 14 TeV. Once WIh is produced,
h → qAI; qS (with q ¼ d, s or b) as discussed above and, if
mWI

> mh;E, thenWI → hq; Ee with h, E then decaying as
previously described.10 For WIh, this final state is some-
what similar to that for hh̄ production as discussed above
(which provides a significant background) but with an extra
jet which if not b tagged could be easily mimicked by QCD
initial-state radiation. Within that region of parameter space

FIG. 6. (Top left) Angular distribution for hh̄ production at the 14 TeV LHC assumingmh ¼ 1.5 TeV and where the h’s SM partner is
the b quark. From bottom to top the curves assume that λ ¼ 0, 1, 2, 3, respectively. (Top right) Same as the previous panel but now taking
the h’s SM partner to be the s quark. (Bottom) Same as the previous panel but now taking the h’s SM partner to be the d quark. Very
similar distributions are obtained when, e.g., mh ¼ 2 TeV is assumed.

10If WI is less massive than h (or E, N etc.) it could possibly
decay into a three-body final state as will be discussed below.
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where V, S decay inside the detector so that the h’s can be
reconstructed, the corresponding reconstruction of the WI
mass peak using the extra q jet would substantially reduce
the QCD background. This production process requires
further study.
Another possibility that is more model dependent (and

thus we only briefly mention it here) is that the two SM
singlet states S1;2 might be relatively light with theQI ¼ −1
state, S1, split from and slightly heavier than the QI ¼ 0

state, S2, by 2I1I0 gauge boson loops. In this scenario, if
these states are indeed light,WI can always decay into them.
The S2 − S1 mass splitting, being radiatively generated, is
rather small so that if both states are light S1 will generally be
relatively long lived due to the three-body nature of the
decay over most of the parameter space. Hence, it may likely
appear that S1 is stable on detector length scales given the
significant boost from the large WI mass. In such cases this

final state appears as WI → MET at a collider detector,
implying that h −WI associated production may likely
produce a monojet signature due to the h → qAI; S decay.
Of course, this scenario may be altered once any significant
mixings among all the neutral fields are taken into account.
WI may also be produced in pairs at the LHC. Since the

WI is electrically neutral and carries no weak SM charges
and also QIðdÞ ¼ 0, the dominant pair-production proc-
ess qq̄ → WIW

†
I , proceeds via s-channel ZI exchange as

well as h exchange in the t channel (whose amplitudes
destructively interfere to satisfy unitarity as s → ∞). This
is similar to the SM WþW− process, but without the
photon contribution and with a massive neutrino. We
recall that only two independent mass parameters,mh and
mWI

, enter into the cross section for this process since
MWI

¼ MZI
cI at tree level in this setup. However, we note

that both the values of (the overall factor of) ðgI=gÞ4 and

FIG. 7. (Top left) Total cross sections corresponding to the angular distributions for hh̄ production at 14 TeV shown in the previous
figure but now as a function of λ and assuming that mh ¼ 1.5 (2) TeV for the top (bottom) curve. Here h − b mixing is assumed. (Top
right) Same as the previous panel but now taking the h’s SM partner to be the s quark. (Bottom) Same as the previous panel but now
taking the h’s SM partner to be the d quark.
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of xI ¼ s2I are both undetermined in the bottom-up
approach that we are following here. Recall that the
traditional pure SUð2ÞI limit of the current setup is
achieved in the xI → 0 limit so that the additional
Uð1Þ is then decoupled. Furthermore, in the present
setup, this cross section will be highly sensitive to the
choice of q ¼ d, s, b as we saw in the case of several other
production processes above. The full differential sub-
process cross section for this reaction can be extracted,
with some care, from the detailed analysis presented in
Ref. [44]. A final “variable” in this calculation is the
width of ZI which enters into the s-channel exchange and
is particularly important for the range xI > 3=4 where
ZI → WIW

†
I can occur on shell as discussed above. For a

reasonable set of choices of exotic fermion mass varia-
tions, we generally find that ΓZI

=MZI
usually lies in the

range ∼0.01–0.03 when gI=g is not far from unity, which
we will assume in the numerical analysis that follows.
Defining as above β2 ¼ 1–4M2

WI
=ŝ and with z ¼ cos θ�,

one finds the subprocess cross section to be given by

dσ
dz

¼ g4I
g4

G2
FM

4
W

12π

β

ŝ

�
E2 þ

−2ŝðŝ −m2
ZI
ÞI þ Aŝ2

ðŝ −M2
ZI
Þ2 þ ðmZI

ΓZI
Þ2
�
; ð40Þ

where the functions E2, I; Aðŝ; t̂; ûÞ were given in Ref. [44]
with

t̂; û ¼ m2
WI

−
ŝ
2
ð1 ∓ βzÞ: ð41Þ

Cross sections for this process at the 14 TeV LHC are
shown in Figs. 10 and 11, which show some of the detailed
model parameter dependence for this process. As noted,
these can depend quite strongly on the value of xI as it

determines the ZI −WI mass relationship and thus whether
or not the ZI → WIW

†
I process can happen on shell and is

thus resonantly enhanced. Since on-shell ZI production
has already been discussed above, here we will mostly be
interested in the case where xI < 0.75. In Fig. 10 we see
that for values of xI ≲ 0.6–0.7, away from the potential ZI
contribution, the cross section is only weakly dependent
on xI. We see in the top left panel that, not unexpectedly, as
we increase mh we essentially turn off the destructive s-=t-
channel interference and the cross section rises, reaching an
asymptotic value due to the ZI exchange diagram alone.11

For this same range of xI , with mh held fixed, the upper
right panel shows that the production rate falls rapidly with
increasing mWI

in a manner which is, again, relatively
insensitive to the specific value of xI . The lower panel
shows the rather strong xI sensitivity to the properties of the
ZI resonance once the on-shell decay process ZI → WIW

†
I

becomes allowed.
Similarly to the other production processes considered,

this cross section depends upon the choice of q ¼ d, s, b.
Figure 11 shows this cross section as a function of mWI

for
various values of mh while holding xI ¼ 0.25 fixed but
varying the choice of q ¼ d, s, b at the 14 TeV LHC. Here
we see that, e.g., assuming mh ¼ 1 TeV and demanding a
target cross section of at least 10 (1) ab for purposes of
demonstration, mWI

is restricted to be ≲1.7ð2.2Þ, 1.4 (1.9)
and 1.1 (1.5) TeV, respectively, assuming q ¼ d, s, b.
Clearly, we see that the associated production channel
generally provides the largest signal rate forWI production
provided that the value of mh is not too large.

Once the Wð†Þ
I is produced its main decay paths are back

into a SM-exotic fermion pair, e.g., ēEðeĒÞ; ν̄NðνN̄Þ or
S̄2S1ðS2S̄1Þ and d̄hðdh̄Þ.12 These two-body partial widths
are completely fixed by the WI and h; E=N, etc., masses
apart from an overall factor of g2I =g

2. However, it is always
possible that mE;N and/or mh are larger than mWI

so that
such decay modes are blocked.13 Of course through the
previously discussed fermion mass-mixing effects, gov-
erned by θ ∼ 10−4, decays into eþe− and/or dd̄ are always
allowed, but with partial widths that are highly suppressed
by θ2 ∼ 10−8. Much larger partial widths are potentially
possible via the off-shell, three-body modes such as
WI → eE� → eþe−ðdd̄ÞAI=S, where here AI is essentially
the longitudinal mode, i.e., the Goldstone bosonGAI

. These
are suppressed by relative three-body factors of ∼λ2=16π3,
which prove not to be too prohibitive, and asymptotically

FIG. 8. qq̄ → W��
SM → EN̄ þ NĒ production cross section at

the
ffiffiffi
s

p ¼ 13 (red) and 14 TeV (blue) LHC as a function of
mN ¼ mE.

11The asymptotic cross section value as mh → ∞ with
mWI

¼ 1ð5Þ TeV is roughly ∼25% larger than that when
mh ¼ 5ð10Þ TeV.

12Here e, ν, d are being used to represent any of the
corresponding fermions of the three SM generations.

13However, if the bare mass M is sufficiently small then the
S̄2S1 mode will always remain open.
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scale as ∼ðmWI
=mEÞ2. Figure 12 shows the reduced partial

width for this decay process, in units of gIλ=g, as a function
of δ ¼ mE=MWI

; an analogous result is obtained in the case
of h exchange except for an additional multiplicative factor
of ∼3 for color and QCD corrections.
In the present setup, WI can also be produced by a new

mechanism not present in the classic SUð2ÞI scenario.
Since AI contains a small admixture of WI þW†

I , the

process qq̄ → Wð†Þ
I AI=Sþ H:c: via t-channel h exchange,

with q ¼ d, s, or b becomes possible via λ ≠ 0; again, we
see that it is the longitudinal component of AI (or,
equivalently, the Goldstone boson GAI

) that is mainly
responsible for this reaction. This process has a kinematical
advantage over both WIW

†
I and WIh production in that

only a single heavy particle needs to be produced in the
final state and thus it can lead to the largest signal cross
section forWI production in some parameter space regions.

Also, unlike the pair production case, the amplitude is
proportional to the product λgI instead of g2I ; this can be
especially advantageous if λ is indeed large. The subprocess
cross section for this reaction is given (in the limit where
the dark photon and light scalar masses can be safely
neglected) by

dσ
dz

¼
�
λ2g2I
g2

�
GFm2

W

96
ffiffiffi
2

p
πŝ

m2
h

m2
WI

�
1 −

M2
WI

ŝ

�
Aþ 1 − β2z2

½1 − βzþ C�2 ;

ð42Þ

where here β ¼ ðŝ −m2
WI
Þ=ðŝþm2

WI
Þ, z ¼ cos θ� as above

and

A ¼ 4m2
WI
ŝ

ðŝþM2
WI
Þ2 ; C ¼ 2ðm2

h −m2
WI
Þ

ŝþm2
WI

: ð43Þ

FIG. 9. (Top left) gd → hWI þ H:c: associated production cross section, taking ðgI=gÞ2 ¼ 1, as a function of the WI mass assuming,
from top to bottom, that mh ¼ 1; 1.25;…; 3 TeV, respectively, at the 13 TeV LHC with d being the h’s SM partner. (Top right) Same as
the previous panel but now for 14 TeV LHC and for mh ¼ 1; 1.5;…5 TeV. (Bottom left and bottom right) Same as the previous panel
but now assuming that s (b) is the SM partner coupling to h, respectively.
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The resulting cross section for this new associated pro-
duction process as a function ofmWI

is shown in Fig. 13 for
all three choices of initial-state SM quark q ¼ d, s or b.
Here we see that, e.g., if λgI=g ≃ 1 then cross sections of at
least 10 (1) ab are obtained for mWI

≲ 3.9ð4.9Þ TeV
assuming q ¼ d. This is a substantially larger reach than
found in the case of pair production, but is somewhat
inferior to the rates found in the case of hWI associated
production under the same assumptions. For comparison,
the corresponding results for the cases q ¼ s and q ¼ b
are mWI

≲ 2.5ð3.5Þ and ≲2.0ð2.9Þ TeV, respectively.
Depending upon the WI decay mode, this final state can
also easily lead to MET-, monojet- or monolepton-type
signatures, although lepton jets are possible when the AI
decays sufficiently rapidly.

Finally, we consider the qq̄ → 2AIð2SÞ production
process which proceeds via t- and u-channel h exchanges.
In the case of the AI final state this is by far dominated by
the longitudinal polarization mode, and so is well repre-
sented by the production of the corresponding Goldstone
boson. Summing over both final states and neglecting the
AI , S masses in comparison to other mass scales, the
subprocess differential cross section for this identical
particle final-state process is given by

dσ
dz

¼ λ4

48πŝ
z2ð1 − z2Þ
ða2 − z2Þ2 ; ð44Þ

where a ¼ 1þ 2m2
h=ŝ and z ¼ cos θ�. Note that the out-

going AI=S states will generally appear at large pT and not

FIG. 10. (Top left) qq̄ → WIW
†
I total cross section at the 14 TeV LHC as a function of xI ¼ s2I assuming MWI

¼ 1 TeV and, from
bottom to top mh ¼ 1; 2;…; 5 TeV, respectively, with d being the h’s SM partner. Here an overall scaling by ðgI=gÞ4 is still required as
in the case of associated production. (Top right) Same as the previous panel but now with mh ¼ 1 TeV and, from top to bottom,
mWI

¼ 1; 1.5;…; 3 TeV, respectively. (Bottom) Same as the previous panel but now assuming mWI
¼ mh ¼ 1 TeV and including the

ZI resonance region at large xI assuming that ΓZI
=mZI

¼ 0.01 (0.03), shown as the top blue (bottom red) curve.
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along the beam directions. Examining the numerator, we
see that in the limit of large mh this cross section is pure d
wave, as we might expect from the production of pairs of
identical spin-0 particles in the final state; this is the result
of the destructive interference between the t-channel and u-
channel exchange amplitudes. The resulting integrated
cross section is shown in the lower left panel of Fig. 13
for the different choices of q ¼ d, s, b, as above. This result
is numerically smaller than might be expected for the pair
production of two very light states due to this strong
destructive interference, and we see that in the large-mh
limit this interaction turns into an effective dimension-eight
operator. For the analogous qq̄ → AIS process, where
constructive interference now occurs instead, one obtains
the resulting ∼p-wave cross section

dσ
dz

¼ λ4

24πŝ
a2ð1 − z2Þ
ða2 − z2Þ2 ; ð45Þ

which is seen in the lower right panel of Fig. 13 as a
function ofmh for the different choices of q ¼ d, s, b. Here,
unlike in the case of 2S or 2AI production, we see a
substantial event rate qualitatively similar to our naive
expectations. As in the case of pair production, we note that
the outgoing AI=S states will generally appear at large pT
and not along the beam directions.
For both of these processes on their own, unlike the

others considered previously, one sees the potential lack of
an obvious signal to trigger on at the LHC if the AI=S is
sufficiently boosted so that it decays far outside the
detector. In such a case one must rely on the production
of an extra jet(s) produced by QCD to act as a trigger to
produce a monojet signature. Even in the case where AI=S
decay inside the detector, this additional radiation may act
as a useful trigger.
In order to analyze the production of monojet events at

the 13 TeV LHC, we use FeynRules [45] to produce UFO

FIG. 11. (Top left) Same as in the previous figure but now assuming that xI ¼ 0.25 and displayed as a function of mWI
with, from

bottom to top at the left axis, mh ¼ 1; 2;…; 5 TeV. (Top right and bottom) Same as the previous panel but now assuming that s or b is
the SM partner to h, respectively.

TOWARDS A UV MODEL OF KINETIC MIXING AND PORTAL … PHYS. REV. D 101, 015014 (2020)

015014-21



files that may be passed to MadGraph5_aMC@NLO [46] in
order to generate parton-level events. We generate events
for 2AI, 2S, and AISþ 1 − 3 generator-level jets final
states, as all of these subprocesses will produce large
missing ET , though the 2AI and 2S final states are sup-
pressed by the destructive interference between the t and u
channels as discussed above. It is important to include the
additional generator-level hard jets in the final states, as
these allow for processes with qg, q̄g, and gg initial states to
contribute to the Emiss

T þ jets signal, though they do not
contribute to the exclusive 2AI , 2S, AIS production
considered above. At the generator level, we require the
leading jet to have pT;j1 > 150 GeV and that Emiss

T >
150 GeV, and that all jets have pT;j > 20 GeV. We employ
the five-flavor number scheme (5FNS), treating the b quark
as massless and including it in the proton parton distribu-
tion function, and calculate the production cross section
at leading order. These parton-level events are then show-
ered and hadronized within PYTHIA8 [47]. We use the MLM
matching scheme in order to avoid double counting jets
from the parton-level generation and the parton showering
procedure, using the merging parameters xqcut ¼
20 GeV and QCUT ¼ 30 GeV. In order to compare
generated events to present searches, we use DELPHES
3 [48] to simulate detector effects, and make the cuts on the
final states as outlined in the most recent ATLAS search
[49]. In particular, the leading jet must have pT;j1 >
250 GeV and jηj < 2.4, Emiss

T must be at least 250 GeV
(this is the requirement for the IM1 search in Ref. [49]; the
subsequent IM2-IM10 searches have successively higher
cuts on Emiss

T ), there must be no electrons with
pT > 20 GeV, no muons with pT > 10 GeV, and there

may be at most four central jets with jηj < 2.8 and pT >
30 GeV in the event. The left panel of Fig. 14
shows the signal cross section at the 13 TeV LHC after
the IM1 cuts have been applied as a function of the mass
of the down-like quark partner h, for the cases of h
coupling individually to each of q ¼ d, s, b as well as
the universal coupling case, taking λ ¼ 1 in all cases. The
coupling to the first generation dominates the production
cross section in the universal case, and the two are nearly
equal for mh ≳ 3 TeV.
Since the cross section scales as λ4, the 36.1 fb−1

ATLAS monojet search can be used to constrain λ for
the various coupling scenarios. Using the tightest limit on
the signal cross section from the IM1-IM10 searches of
Ref. [49], we place an upper bound on λ for each coupling
scenario as a function of the h mass, shown in the right
panel of Fig. 14. We note that the searches with higher
missing ET thresholds tend to be more constraining, with
the IM7 search, corresponding to Emiss

T > 700 GeV, being
the most constraining for mh ¼ 1 TeV, and the IM10
search, with Emiss

T > 1 TeV, becoming the tightest con-
straint as mh increases. The constraints on λ from this
search are not very stringent, especially at largermh and for
the cases of h coupling to the second and third generations.
For mh ¼ 1 TeV, we find an upper limit λ < 0.49 for the
universal coupling case, while the upper limits on λ for h
coupling to d, s, and b are 0.59, 0.76, and 0.81, respec-
tively. These limits weaken considerably as mh increases,
as can be seen in Fig. 14. One may expect increased
sensitivity in this search channel at the

ffiffiffi
s

p ¼ 14 TeV HL-
LHC, but even a gain of ∼23 in sensitivity only translates to
a factor of ∼2.2 in λmax, since the cross section scales as λ4.

V. DARK MATTER?

An issue that we have not yet addressed is the identity
of the DM state in the present setup.14 By definition, we
require that this DM state be a stable, SM singlet which
predominantly couples to the SM via the dark photon and,
hence, must necessarily have QD ≠ 0. Among the set of
exotic fermions introduced in our discussion so far, we
see that the QD ¼ −1 state S1, which sits in an SUð2ÞI ×
Uð1ÞYI

isodoublet and is vector-like with respect to this
gauge group, would naturally fulfill these basic desired
requirements. Considered in isolation, S1, together with S2,
will have a common Dirac mass, M, but radiative correc-
tions will split these two states with the S1 state ending up
being the heavier of the two and thus disqualifying it as a
stable DM possibility. SinceQDðS2Þ ¼ 0, it too is not a DM
candidate since it does not couple to AI . Furthermore, given

FIG. 12. Reduced partial width, Γ=mWI
, for the process WI →

ēE� → eþe−AI=S as a function of δ ¼ mE=mWI
and in units of

ðgIλ=gÞ2. Apart from a color factor of 3, a suitable redefinition of
both λ, δ and a small correction from QCD, a similar partial decay
rate would be obtained for the WI → d̄h� → dd̄AI=S process.

14For simplicity in the discussion that follows, we will consider
only the simpler situation of a single set of exotic fermions that
mix/couple to only one of the SM generations but the discussion
can be directly generalized.
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the set of Higgs fields that we have already introduced
above, Hi, most of the neutral fermion states ν, N, S1;2 will
generally obtain Dirac masses and mix among themselves
such that their gauge interactions will allow for their
eventual decays down to SM particles and thus none of
them can be the required stable DM. Interestingly, at the
renormalizable level so far discussed, one linear combina-
tion of these states will necessarily remain massless (due
to a lack of a partner with the opposite chirality) and may
only obtain its mass via the introduction of Majorana mass
terms or, more generally, via the introduction of higher-
dimensional operators; these possibilities will warrant
further study elsewhere. The only other SM neutral fields
that we have seen above are the chiral doublet and triplet
fields,D, T, for which we would need to produce Majorana
mass terms and that were introduced simply to cancel the

gauge/gravity anomalies. Such states are not likely to be
present in a top-down approach or in the next step up the
ladder to a more UV-complete theory where such cancel-
lations are generally more subtle.
The implications of these considerations in the bottom-

up approach are that we need to introduce a further new
neutral, SM singlet state to play the role of DM without
upsetting either the anomaly cancellation conditions or the
requirements associated with the finiteness of the ϵ param-
eter. One tempting choice is to add to the fermion spectrum
a new vector-like, SM singlet, S3, with a mass M3 (which
we assume to be somewhat fine-tuned) that is of order
∼Oð1 GeVÞ, but which is also an SUð2ÞI singlet and
carries a dark charge QDðS3Þ ¼ −QDðS1Þ ¼ 1 ¼ YI0 since
such a state also has T3I ¼ 0. Given the set of Higgs fields
Hi above, S3 will not mix with any of the other neutral

FIG. 13. (Top) The Wð†Þ
I AI=S associated production cross section as a function of mWI

and in units of ðgIλ=gÞ2 at the
ffiffiffi
s

p ¼ 14 TeV
LHC. Here the curves are for the choice of dd̄ (solid), ss̄ (dashed) or bb̄ (dotted) initial states assuming, from top to bottom in each set,
thatmh ¼ 1;…; 5 TeV, respectively. (Bottom left) AI or S pair production cross section in units of λ4 as a function ofmh assuming, from
top to bottom, q ¼ d, s, b, respectively. (Bottom right) AIS associated production cross section in units of λ4 as a function of mh
assuming, from top to bottom, q ¼ d, s, b, respectively.
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fields that we have already introduced (at the renormaliz-
able level) and hence it will have no obvious decay paths
allowing it to be stable. Such states can arise naturally, or at
least in a less ad hoc fashion, at the next step towards a
more UV-complete model [18].
The state S3, by virtue of having a nonzeroQI charge, will

couple to the ZI in addition to AI. Since the ZI is much more
massive than the DM, with mZI

≃ 5 TeV, it will be a
subleading contribution to DM-electron scattering. At high
temperatures in the early Universe, the ZI interaction may
help bring the DM into thermal equilibrium with the SM,
and ZI-mediated reactions will freeze out long before
AI-mediated reactions, so the latter will control the relic
density. However, it is well known that scenarios with light
Dirac fermion states with masses less than a few GeV are
constrained by measurements of the cosmic microwave
background (CMB) power spectrum [50]. These constraints
arise from DM annihilating via s-wave processes into SM
electromagnetic final states (e.g., eþe−) so that light S3 states
annihilating via dark photons are excluded [51,52], as the
annihilation cross section is guaranteed to be s wave, either
proceeding through s-channel AI exchange formS3 < mAI

or
through the t-channel process S3S3 → AIAI for mS3 > mAI

.
One alternative to these vector-like fermionic DM states

is that a (purely) dark Higgs plays the role of dark matter.
In the simplest scenario a complex scalar ϕ with mass
mϕ ∼Oð1 GeVÞ < mAI

, charged only under Uð1ÞI so that
its interaction with the SM is mediated only by AI and ZI ,
will have p-wave annihilations into SM electromagnetic
final states, thus avoiding the stringent CMB constraints.
We note that mϕ < mAI

is required for the annihilation
cross section to be p-wave suppressed, as the process
ϕϕ → AIAI is s wave, and would dominate for mϕ > mAI

.

While several physical scalar states remain after the
symmetry breaking, as described at the end of Sec. III B,
none fit the requirements of a stable, light, complex scalar
thermal relic with interactions primarily mediated by AI.
The three physical charged states obviously cannot be dark
matter, and in the neutral sector we do not have the proper
degrees of freedom to form a light Uð1ÞD charged scalar
which only interacts via the dark gauge bosons AI and ZI .
Three of the four electrically neutral states which carry
Uð1ÞD charge in the gauge eigenbasis, h01;4 and a01;4, are

likely eaten by the AI and Wð†Þ
I , so that the remaining

physical neutral states only have a single real CP-even
Uð1ÞD charged component. Indeed, since it is likely that

Wð†Þ
I eats a Goldstone which is predominantly h4, the

remaining state would likely have an appreciable inter-
action with the SM Z as well. In any event, this state cannot
be combined with the presumably Uð1ÞD neutral CP-odd
field which remains after the symmetry breaking to form a
complex scalar with QD ¼ 1, so we see that the scalar DM
described above must lie outside of the scalar field
content proposed in Sec. III A to provide appropriate
fermion masses.
One may well ask how the conventional DM physics

associated with the canonical KM scenario, where DM-SM
interactions are mediated by the exchange of a dark photon
with purely vectorial couplings alone, is altered by the
additional structure introduced above. In particular, we
have in mind the calculation of the thermal relic cross
section and the DM-electron scattering cross section, σe, as
relevant for DM direct detection in this mass range
∼1 GeV. From the above discussions we know that this
simple interaction picture is modified not only by the new

FIG. 14. (Left) The signal cross section σ × ϵ × A for IM1 for pp → 2AI, 2S, AISþ 1 − 4j as a function of mh up to an overall factor
of λ4 at the

ffiffiffi
s

p ¼ 13 TeV LHC in the 5FNS. IM1 corresponds to Emiss
T > 250 GeV in addition to the cuts on jets and leptons described

in the text. The red (blue, gold, green) line corresponds to h coupling to all generations (only d, only s, only b). Asmh increases, the case
of universal couplings becomes increasingly dominated by the first generation. (Right) Upper bounds on λ from the monojet search of
Ref. [49]. As mh increases, the case of universal couplings is dominated by the first generation and the upper bounds on λ converge.
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interactions introduced by the additional gauge bosons and
their mixing with the corresponding SM fields but also by
the mass mixing of the portal fields and the corresponding
SM partners. While some of these effects will influence all
of the SM fermions, other possible effects will, of course,
be influenced by which SM generation mixes with the new
exotic fields. It is interesting to note that the coupling of a
single set of exotic fields to a specific SM generation would
produce nonuniversal couplings which might be explored
in flavor experiments, but a study of such effects is beyond
the scope of this work. The case considered in Sec. III C
dealt with a single exotic generation, but in principle there
may be several exotic generations as was briefly discussed
above. In this case there would be a rather more complex
mass mixing structure, but the overall effect would remain
roughly of the same order of magnitude. Certainly, if the
single set of exotics couple only to the second or third
generation, the influence of all the new portal matter fields
on σe, will be completely absent at tree level. Fortunately,
more generally, since both DM annihilation and electron
scattering are dominated by the DM-DP ∼ GeV mass
scales, or below, they are generally protected from much
of this new physics, even when the exotics mix with the
first SM generation, which is generally seen to decouple
as is certainly the case with the new gauge interactions.
For example, the influence of ZI exchange is clearly
inconsequential since its mass is likely (at least) several
TeV, making a relative contribution to the amplitudes of
both processes which is at most ∼10−3. The contributions
of the W, WI gauge bosons are similarly either mass
mixing, mass ratio, or loop suppressed, or some combi-
nation of these. However, due to the Z − AI mixing
discussed above, and the canonical kinetic mixing, all
SM fields will experience a coupling to the DP given by
the combination eϵQ − σ g

cw
ðT3L − s2wQÞ where σ ¼

ðggIsIÞðv1=mZÞ2=ð2cwÞ ∼ ϵ as previously defined; note
that σ can have either sign relative to ϵ. This Z − AI
mixing term induced a parity-violating interaction
between all the SM fermions and the DP. On top of
this general effect, the mass mixing of, e.g., the first-
generation SM fermions with the exotics can produce
some additional nontrivial effects. As was discussed
above and in I, e − E mixing induces a new contribution
to the AI coupling which is purely left-handed and whose
(relative) magnitude is controlled by the parameter ratio
y ≃ −eIðv4=v3Þ2=ðeϵÞ, which may also have either
sign. Thus for electrons, explicitly, one finds the DP
coupling to be

eϵēγμðvl − alγ5ÞeAμ
I ; ð46Þ

where vl¼−1− y
2
− σg

2cwϵe
ð−1

2
þ2s2wÞ and al ¼ − y

2
þ σg

4cwϵe
,

respectively. The first term in the vector coupling is the
canonical one from KM, the second term arises from
the AI − Z mass mixing induced by the light VEV of the

bidoublet H2, and the final term is induced by the e − E
mass mixing due to the light VEV of the SUð2ÞI doublet
H3. (This last term will, of course, be absent, i.e., y → 0, if
the exotics mix with the second- or third-generation SM
fermions.) DM scattering off of electrons will then be
modified by an overall factor of v2l þ a2l relative to the
canonical KM result. For a DM pair annihilating into
eþe−, since we are far above threshold there is also an
identical rescaling factor. However, if the exotics mix with
the second SM generation, near but above the μþμ−
threshold, the impact is a bit more complex with a
rescaling of the canonical result for this final state by a
factor of v2l þ 2β2a2l =ð3 − β2Þ, where to lowest order in
the velocity expansion β2 ¼ 1 − ðmμ=mDMÞ2. Once above
the hadronic threshold, the existence of both vl, al ≠ 0
will reweight the usual annihilation cross sections in a
complex manner as various specific particle thresholds are
crossed but these effects will remain Oð1Þ.

VI. DISCUSSION AND CONCLUSIONS

The dark photon as a mediator between the dark sector
and the SM provides a compelling scenario for extending
the WIMP idea to smaller DM masses. However, the
generation of the necessary kinetic mixing at one loop
requires the existence of new states—portal matter—which
are charged under both the SM and the dark Uð1ÞD gauge
group. In order to satisfy anomaly freedom, constraints
from precision Higgs/electroweak data as well as those on
particle lifetimes from nucleosynthesis, these portal matter
states must be vector-like (with respect to the SM gauge
symmetries) copies of (at least some of) the SM fermions.
Furthermore, if the strength of the kinetic mixing is a finite
quantity, as might be expected in a UV framework, then the
various couplings of the portal matter states must be in
some way correlated with one another as might be expected
within a non-Abelian group structure.
In this work we took a bottom-up approach to building a

theory of the portal matter necessary for one-loop kinetic
mixing, beginning with fermionic matter inspired by E6,
but we augmented the SUð5Þ × SUð2ÞI subgroup of E6 by
an additional Uð1ÞI , which kinetically mixes with the SM
hypercharge. This allowed us to avoid a scenario where the
SM fermions are charged under the eventual Uð1ÞD group,
as they would be if we identified Uð1ÞD as a subgroup of
SUð2ÞI . The SUð2ÞI ×Uð1ÞI breaks to Uð1ÞD at a scale of
several TeV, leading to the generation of masses for the

gauge bosons ZI and Wð†Þ
I as well as the exotic fermions at

the TeV scale. This TeV scale symmetry breaking can be
probed at the LHC, primarily through the production of ZI ,

Wð†Þ
I , or the down-like quark partner h, and the absence of

such signals to date allows us to place some constraints on
the strength of the dark coupling constants and s2I , the
analog of the weak mixing angle associated with the
SUð2ÞI ×Uð1ÞI → Uð1ÞD breaking pattern. The exotic
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and SM fermions are both charged under Uð1ÞI, so that
both contribute to the kinetic mixing parameter ϵ. The
relatively degenerate masses of the exotic fermions at the
TeV scale and the SM fermions at the GeV scale allow
the contributions to ϵ to be suppressed, so that the leading
contributions go like logðmE

mh
Þ and logðme

md
Þ. This cancellation

generically gives ϵ ∼ 10−ð3−4Þ, an interesting portion of
parameter space for dark matter.
The gauge charges of the exotic fermions impose

requirements on the Higgs sector of the model, both to
generate their TeV scale masses and to ensure mass
mixings with SM fermions that allow them to decay
promptly. Three scales emerge from the pattern of VEVs
required to give the fermionic content of the theory
appropriate masses while producing a GeV scale dark
photon: the few-10-TeV-scale VEV v3, responsible for the
SUð2ÞI ×Uð1ÞI → Uð1ÞD breaking and exotic fermion
masses, the weak-scale VEVs v, v2 responsible for the
electroweak symmetry breaking of the SM and the SM
fermion masses, and the GeV-scale VEVs v1, v4 which are
responsible for breaking Uð1ÞD as well as generating mass
mixings which allow exotic fermion decay. Interestingly,
since the light VEVs lie in the SUð2ÞI doublet and the
SUð2ÞL × SUð2ÞI bidoublet, this symmetry breaking pat-
tern creates a nonstandard phenomenology of the dark
photon AI, which now acquires a new coupling to the SM
through mass mixing with the Z and a new SM-exotic
coupling through mass mixing with the Hermitian combi-
nation WI þW†

I . These mixing effects produce parity-
violating couplings to the AI in addition to the traditional
vector ϵeQ coupling. The additional Z-like coupling
modifies cross sections in direct-detection experiments,
and the SM-exotic coupling can produce a rich collider
phenomenology, for instance allowing pair production of
hh̄ through t-channel AI exchange, which was explored in
Sec. IV. The mass mixing between exotic fermions and
their SM counterparts can also induce new diagonal
couplings to AI, though these are subdominant and enter

at order ϵ2. For general SM-VLF mixings, FCNCs can yield
some important constraints on the details of the model
structure.
The extensive exotic field content of this model, and its

original E6 inspiration, beg the question of a top-down
unified theory approach, which is the topic of a future work.
The construction of such a model clearly requires a
unifying group larger than E6, and the vector-like dark
fermionic states S1;2;3 hint at a unification of SUð2ÞI ×
Uð1ÞI → SUð3ÞI in a GUT context. Furthermore, the GUT
symmetry-breaking pattern may yield a more predictive
phenomenology by fixing the relative coupling strengths
and mixing angles which were treated as free parameters
above. This further work should also seek to provide a more
compelling dark matter candidate, as there are quite tight
constraints for DM coupling to a kinetically mixed dark
photon in the GeV mass range.
In summary, we have analyzed the implications of

fermionic portal matter inspired by the exotic content of
E6=SUð2ÞI-based models, which gives rise to a kinetic
mixing between a massive dark photon AI and the SM
photon. Requiring that the exotic fermions have TeV-scale
masses and decay into SM particles implies a Higgs and
gauge sector which has many nonstandard couplings as
outlined in Sec. III, and a rich phenomenology which may
be explored in low-energy experiments and at colliders as
detailed in Sec. IV. The question of thermal dark matter and
the implications of the nonstandard couplings of the dark
photon for direct-detection experiments were summarized
in Sec. V, and a further exploration of a unified theory
approach is reserved for future work.
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