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We consider both “bottom-up” and “top-down” approaches to the origin of gauge kinetic mixing. We

focus on the possibilities for obtaining kinetic mixings € which are consistent with experimental constraints

and are much smaller than the naive estimates (¢ ~ 1072~10~") at the one-loop level. In the bottom-up
approach, we consider the possible suppression from multiloop processes. Indeed we argue that kinetic

mixing through gravity alone, requires at least six loops and could be as large as ~107'3. In the top-down
approach we consider embedding the Standard Model and a U(1)y, in a single grand-unified gauge group as
well as the mixing between Abelian and non-Abelian gauge sectors.
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I. INTRODUCTION

While we can be quite certain of the existence of dark
matter (DM), we can with equal certainty claim that we have
no idea as to the nature or identity of the dark matter, as it
pertains to its connection to fundamental particle physics.
This is not because of the lack of options, but rather due to a
great multitude of possibilities for DM. Some well-motivated
weak-scale candidates such as a fourth-generation heavy
neutral lepton [1], have long been excluded by the width of
the Z gauge boson [2] and direct detection experiments [3-5].
However, most DM models have been only partially con-
strained, rather than outright excluded. This includes super-
symmetric DM candidates [6,7] that so far have been absent
in LHC searches [8—11], and in direct detection experiments
[12—14]. Ultralight DM, including axions [15—17], could be
another generic option, but no positive evidence for DM of
this kind has emerged thus far either.

Given the lack of a clear top-down preference for DM, an
alternative approach has been pursued in recent years, that
consists of investigating simple UV-complete theories of
particle DM. This approach has led to the concept of “dark
sectors,” which include not only the DM particles but also
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possible force carriers that allow the DM to interact with itself
and/or with the Standard Model (SM) [18-20]. Constrained
only by the fundamental principles of gauge invariance,
anomaly cancellation etc., such an approach leaves many
possibilities open, and usually does not predict the strength of
the interaction from first principles. This can be contrasted
with the framework provided by supersymmetry, where the
interaction strength can often be fixed from first principles.
Indeed, one of the attributes of supersymmetry as an
extension of the SM is the specific nature of the interactions
between the new particles and SM particles, as they are all
related to gauge or Yukawa interactions using known super-
symmetric transformations. Although very difficult to detect,
even the gravitino interactions with matter can be predicted.

In the dark sector approach, the interaction of DM with
the SM can occur through one (or several) portals. For the
classification and current experimental constraints, see e.g.,
the recent reviews [21,22]. The phenomenology of new
Abelian gauge bosons, as possible mediators of DM-SM
interactions, has been extensively studied in the literature
[23-25]. Being electrically neutral, such new gauge bosons
may exist in a wide mass range, from the sub-eV energy
scale to the weak scale and beyond. The gauge boson mass
may be due to some spontaneous breaking of a dark gauge
group, or in the Abelian case may be given by a Stiickelberg
term in the Lagrangian.

The most natural way of coupling the SM fields to the
dark sector is via the so-called kinetic mixing operator.
Kinetic mixing occurs whenever a term such as

1
LD e3P X, (1)
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FIG. 1. A Feynman diagram depicting the generation of kinetic
mixing at the 1-loop level.

appears in the Lagrangian where ¢ is a dimensionless
parameter. Here F,, = 0,A, — 9,A, is the electromagnetic
field strength which is related to the U(1), hypercharge
field strength B** via cos 6y, where 0y, is the weak mixing
angle, and X, = 0,X, — 9,X,, is the field strength for a
hidden sector U(1)y gauge boson, X,. Assuming that the
kinetic mixing vanishes at a high scale and there are fields
charged under both U(1)’s, the Feynman diagram in Fig. 1
yields the well-known result [26,27]

M2
d9x
S gl @)

for kinetic mixing with U(1), at the one-loop level. Here,
¢ and gy are the gauge couplings of the two U(1)’s, ¥; and
q; are the respective charges of the fields in the loop
with mass M;, and u is a renormalization scale. In the
absence of precise cancellations, this leads to an estimate of
€ ~ (1072=107") x gy, depending on the exact field content
of particles running in the loop, and the scale separation in
the logarithm. The kinetic mixing with the photon is
obtained by multiplying € by cos @8y, which does not
change the order of magnitude estimate for the mixing.
Consequently, to obtain the small amount of mixing
required by experimental limits [18-20], we need either
a very small gauge coupling for the new U(1)y, or an
alternative mechanism which generates kinetic mixing.

In fig. 2, we show the strongest bounds on € as a function
of the dark photon mass. These limits come from a variety
of sources which include the magnetic field of Jupiter [28],
the cosmic microwave background [29,30], searches for
deviations from Coulomb’s law [31], the CERN Resonant
WISP Search (CROWS) [32,33], extra energy loss of stars
[34-36], effects of dark photon decay on cosmology [37],
SN1987A [38], as well as fixed target experiments and
searches for dilepton resonances [22].

We see that the limits on the kinetic mixing parameter at
the sub-GeV scale are below the value found at one loop,
which is thus too large for many phenomenological
applications. Notable examples of constraints on € include
the above mentioned astrophysical constraints on a eV-to-
100 keV mass X boson, where the constraint on € can be as
tight as 10713 [34,35]. In addition, DM masses in the range
of 10 to 100 MeV and X-mediated freeze-out often require
values for the kinetic mixing between 10~ and 1073
[41,42], which are also in tension with the one-loop
estimate. Also note that Fig. 2 refers to the limits on €
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FIG. 2. A summary of the experimental bounds on kinetic
mixing, showing the strongest available bound for each dark
photon mass my. Adopted from [39]. Not shown are the addi-
tional “islands” of CMB- and BBN-excluded regions extending
down to e ~ 107!8 for my in the MeV-range [40].

when the X gauge boson has a Stiickelberg-type mass. A
dark Higgs origin for my results in a stronger bound in the
entire range my < 10 keV, where the combination € x gy is
limited to <10~'* from the energy loss by dark Higgs
emission in stars, in particular red giants [43].

While a phenomenological (or “bottom-up”) approach
does not single out any particular value for gy and e,
significant restrictions on their value may come from a
theoretical requirement of gauge coupling unification.
While there are different ways of embedding the SM in
a grand unified theory (GUT), there are few attempts for
augmenting the SM with a new “dark” U(1) gauge group.
One of the questions we wish to address in this paper is the
level of kinetic mixing any new gauge interaction may have
with the SM (the photon in particular), in the context of
a GUT.

If the SM is unified into a GUT, the hidden gauge bosons
may be embedded at some scale into a GUT gauge group
larger than SU(5). If not, kinetic mixing with the unified
field strength will require the presence of effective oper-
ators coupling the adjoint representation of the GUT with
the hidden sector. We will discuss both of these possibilities
with a view of estimating how large or small kinetic mixing
may be.

The GUT-based approach, interpreted naively as
ay ~ asy, Mmay not be inevitable in the top-down approach.
Indeed, in the literature, LARGE volume string compacti-
fications have been pointed out as a way to obtain very small
gauge couplings g ~ 107 (or & ~ 107) [44] and tiny kinetic
mixing via Eq. (2) [45]. Alternatively, in string theory extra
U(1)’s are ubiquitous either from the closed string sector
[46] (including e.g., RR photons [47]) or open string hidden
sectors [48], and these can mix with the visible sector.

Independent of any GUT, we explore the phenomeno-
logical ranges of kinetic mixing that may receive additional
suppression from multiloop mechanisms. Surprisingly,

095001-2



EVALUATING THE PRICE OF TINY KINETIC MIXING

PHYS. REV. D 100, 095001 (2019)

kinetic mixing may also occur through purely gravitational
interactions, provided that there is a source of charge
symmetry breaking in the dark sector. We argue that this
particular type of mixing through gravity requires at least
six loops. Although heavily suppressed by the gravitational
coupling and loop factors, a non-negligible mixing of order
10~13 is possible with a Planck scale cutoff. Furthermore
we argue that this is the minimum kinetic mixing in any
theory with hidden gauge interactions and charge sym-
metry breaking in the dark sector.

The outline of this paper is as follows: We begin with a
survey of phenomenological (bottom-up) approaches to
kinetic mixing, including possible multiloop generation
mechanisms. In particular we discuss mechanisms via
graviton exchange, and point out the conditions needed
to generate this particular type of kinetic mixing. In Sec. III
A, we survey the various top-down possibilities for grand
unification which includes the hidden sector. The gener-
ation of effective operators that mix an extra U(1)y with a
SM GUT is discussed in Sec. III B. Our conclusions are
given in Sec. IV.

II. PHENOMENOLOGICAL (BOTTOM-UP)
APPROACHES

In this section, we consider some ideas for generating
kinetic mixing using a bottom-up approach, demonstrating
a wide variety of possibilities. However before we do that,
some general comments based on symmetry arguments are
in order. Consider the schematic Lagrangian

L=Ly+ Ly+ Liy(X,A), (3)

that includes two “separate” Lagrangians, £,y which
contain kinetic terms for gauge bosons and their interaction

with currents built from matter fields, £, = —%Fﬁy -

A*J ,<4A> + --- Here J, ,(,A) is the current of particles charged
only under a U(l), gauge group. The interaction
Lagrangian between the two sectors can include kinetic
mixing as well as other generic forms of interactions
between the fields charged under U(1), and U(1)y. One
can introduce two separate charge conjugation symmetries,
C, and Cx that act on the fields as C4(A) = —A,
Cx(X) = —X. The operator F**X,,, is obviously odd under
these separate charge symmetry transformations. Notice
that if X is massless and there is no matter charged under X,
the kinetic mixing operator can be removed by a (A, X)
field redefinition. In this case, even in the presence of the
kinetic mixing operator, one can define two independently
conserved charge conjugation symmetries. However the
introduction of a mass term, m%Xz, makes € observable, so
that it is the e x m% parameter that breaks two charge
symmetries down to one common C.

If C4 and Cy are separately good symmetries of the full
Lagrangian, then kinetic mixing cannot be induced at any

perturbative order [46,49]. In order to generate kinetic mixing,
the individual charge symmetries must be broken, either
completely or down to a common charge symmetry. For
example, if both £, and Ly are QED-like, thenC4 (L) = L4
and Cx(Ly) = Ly. If in addition the interaction term L, is
also invariant under separate charge symmetries, then the
kinetic mixing term cannot be generated.

As an explicit example, consider two scalar QED
theories with one field ¢ charged under A, and another
field y charged under X with an interaction Lagrangian in
the form of a scalar portal, Ly, = —A(¢"¢)(¥"y). In such a
theory, the full Lagrangian £ is invariant under separate
charge conjugation symmetries, and therefore kinetic
mixing will never develop at any perturbative order because
at least one of the C symmetries would need to be violated,
either in £, x or in L.

The one-loop example from the previous section dem-
onstrates that commonly charged matter does indeed break
individual charge conjugation symmetries down to a
common C-symmetry. In other words, matter interactions
with both gauge bosons, e.g., ry, Dy, where D}y is the
covariant derivative with respect to the A and X fields,
cannot be made separately C4, and Cy symmetric. This
interaction is of course invariant under a usual charge
conjugation symmetry: C(yy,yw) = —yy,y, under which
both fields are transformed, C(X) = —X, and C(A) = —A.

Moreover, the charge conjugation symmetry is indeed
maximally violated in the SM, as is parity, due to a drastic
asymmetry in the charge assignments between the left- and
right-handed fields. However this does not mean that
kinetic mixing will be induced for any “dark” gauge boson
X, as Cy must also be broken. Therefore the most crucial
assumptions affecting the kinetic mixing depend on the
structure of the dark X-sector (QED-like or chiral, SM-like)
and the presence or absence of commonly charged matter
fields. In all the examples considered below, we will
assume that the separate Cy symmetry is violated.

A. Gauge-mediated kinetic mixing

We begin with the one-loop estimate of Holdom, Eq. (2),
and “work our way down” in e by pursuing different
choices of X interactions. What are the generic ways of
making the kinetic mixing e smaller without assuming the
gauge couplings are tiny?

In the bottom-up picture, we do not have any information
about the tree-level value of € at very high energies, which
is determined by unknown UV physics. We are therefore
restricted to determining the radiative corrections in the
low-energy theory. These can be viewed either as the result
of the running of € from high to low energy or as loop
corrections evaluated directly at the low-energy scale
relevant for observations. The results will usually depend
on an unphysical renormalization scale yu, as in Eq. (2), for
example. As long as we do not specify the precise
observable sensitive to ¢, it is not obvious which value
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to choose for u. However, since p only appears logarithmi-
cally, this does not introduce an uncertainty of more than an
order of magnitude, which is sufficient for our purposes.

We will consider the value of the lowest-order nonzero
correction to € as a generic lower limit. Of course, smaller
values can be obtained if there is a cancellation between a
nonzero tree-level value and radiative corrections.'

One obvious possibility for suppressing € is to introduce
several particles in the commonly charged sector in such a
way that the sum in Eq. (2) is small. If, for example, there are
two heavy matter fields, y and y, with the same charges under
one gauge group and opposite charges under the other,
then the kinetic mixing parameter is suppressed. Indeed,
at a loop momentum scale much above the particle masses,
the sum gives zero, and only threshold effects due to m,, ,
give a nonzero result. Thus, in this case we will have
Yimy, Yidi In(M?/p?) simplifying to Y,q, In(M;,/M3)
(or more precisely to a difference of polarization diagrams
for y and y). In the limit of degenerate masses, the logarithm
can be very small, approximately AM?/M?, where M is the
common mass scale and AM is the mass splitting. Such a
mass degeneracy could result from an underlying GUT
symmetry, as further discussed in Sec. III A. Similar effects
are also found in string theory, and result from an underlying
mass degeneracy in the string spectrum [46].

With the exception of matter fields with degenerate
masses, kinetic mixing generated at one-loop is generically
too large for the phenomenological applications discussed
in the introduction. This suggests trying to realize the
suppression of ¢ by devising a multi-loop generation
mechanism. A known example is the mirror-symmetric
twin Higgs model, where kinetic mixing is at least four-
loop-suppressed, leading to € ~ 10713-10710 [51,52].

We begin with two loops, and it turns out that it is
not entirely trivial to find a working example. Consider
the generic two-loop diagram in Fig. 3. If we choose
U(1)y x U(1)y charges (q,0) for y and (0, g) for y, we
obtain kinetic mixing if ¢ has charges (g, —q), while the
one-loop diagram of Fig. 1 with y or y in the loop cannot
contribute. However, the analogous one-loop diagram with
¢ in the loop does contribute and will lead us back to the
estimate (2).

Aworking example can be obtained at the three-loop level
by using the neutrino portal between active (SM) and sterile
(SM-singlet) neutrinos. We consider a U(1), gauge boson
that couples only to the sterile neutrino sector. In addition to
the “standard” Yukawa interaction yyLHN; (with Yukawa
coupling yy) that couples heavy singlet neutrinos N;, with
Majorana mass my, to the SM Higgs H and lepton doublet
L, we introduce the yyN;HxNyx portal (with Yukawa
coupling yy) that further couples N; to a Higgs field Hy
and a fermion Ny charged under U(1)y [53]. The typical

'Such fine-tuning can have the upside of an interesting
cosmology [50].

FIG. 3. A Feynman diagram depicting the generation of kinetic
mixing at the 2-loop level.

mass hierarchy is my > my, > my > mNX.2 Kinetic mix-
ing will be induced as shown on the left in Fig. 4, and we
estimate

2.2 2
oty Mz ~ 1070w (@)
assuming the log factor is of order one.

By cutting the internal H y line, we can form a dimension-
six operator, B* X ,,,,H;H x and after replacing both Hy’s
with the dark Higgs vacuum expectation value (vev), vy, we
obtain a two-loop diagram shown on the rightin Fig. 4, which
gives a contribution of similar size, depending on parameter
values. It is important to note that the result is now propor-
tional to the Yukawa couplings yy and yy. Therefore, the size
of the kinetic mixing can be dialed to an almost arbitrarily
small value, by choosing yyyx to be very small (although
doing so, may cause other model dependent problems with
multiple very light fermions).

In the effective theory valid below the electroweak scale,
which corresponds to the model considered in [54,55], the
three-loop diagram in Fig. 4 can be reduced to the two-loop
diagram shown in Fig. 5 with a four-Fermi vertex. After the
electroweak symmetry and U(1), are broken, SM neu-
trinos mix with N; and Ny. Although kinetic mixing with
the photon cannot be generated at one loop since there is no
field with both an electric and a U(1)y charge, it can
instead arise from Fig. 5. A very rough estimate is

€9x 2 _if mx \?([ 0)?
~ Grm}0? ~ 10717 (X V(27 (s
T lhe)z X (1 MeV) <0.1 )

where 0 is the active-sterile neutrino mixing angle (e.g.,
0 ~yyv/yyvy if the masses of N; are similar and
my, > m,) and we have assumed gy ~ e ~ 1.

Next we discuss mechanisms that use not only charged
matter but also intermediate gauge bosons of an additional
third group. Consider a bottom-up model with two suffi-
ciently heavy vectorlike fermions y and y as well as an
additional gauge group U(1),, that is spontaneously broken
at a high scale. The charge assignments are specified in
Table I.

*Note that at least two N ; are needed to avoid a massless state.
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N

N

FIG. 4. The Feynman diagrams depicting the generation of kinetic mixing in a neutrino portal model.

FIG. 5. The generation of kinetic mixing in the low-energy
effective theory arising from the neutrino portal model. The
particles in the loops are a charged lepton # and a neutrino mass
eigenstate v, which is a mixture of a SM neutrino, Ny, and N.

The two-loop diagram in Fig. 6 is proportional to
4, (k%) DA TIGY (K2) ~ k*/m3,, where T1 denotes a self-
energy contribution. Consequently, this diagram leads to an
operator containing derivatives of B* and X** and thus
does not contribute to kinetic mixing. The corresponding
three-loop contribution with a second U(1),, gauge boson
vanishes due to Furry’s theorem (diagrams containing a
closed fermion loop with an odd number of vertices do not
contribute). Consequently, the leading contribution to
kinetic mixing stems from the four-loop diagram in
Fig. 6, which is of course highly suppressed,

J9x45 _
o ST

where gy, is the U(1),, gauge coupling. A similar mecha-
nism for generating kinetic mixing was discussed recently
in [56], with the intermediate gauge group corresponding to
a Yang-Mills field.

TABLE I. The particle content of a bottom-up model yielding
kinetic mixing at the 4-loop level. Here “light” refers to mass
scales at the electroweak scale and below, while “heavy” refers to
mass scales significantly above the weak scale.

Charge
Mass U(l)y u(l),, U(l)y
7 Heavy 1 1 0
X Heavy 0 1 1
B Light 0 0 0
MH Heavy 0 0 0
X+ Light 0 0 0

B. Gravity-mediated kinetic mixing

So far we have considered the outcome for the kinetic
mixing parameter ¢, when there exist matter fields com-
monly charged under both the SM and the dark U(1)y or
another new gauge group. We have seen that there is
considerable freedom in the choice of the mediation
mechanism, and as a consequence, in the expected value
of e.

In this subsection, we would like to address the question
of how gravitational interactions alone could result in a
finite kinetic mixing parameter. We imagine a series of
diagrams that join the SM and the U(1l)y sector by
gravitational interactions, i.e., loops of gravitons. The size
of such diagrams is controlled by some nth power of the
gravitational constant, Gy = Mp?. The dimensionless
nature of e tells us that such diagrams may indeed be
UV divergent, and one could expect the result to scale as
o A¥, /M3, Since the UV cutoff, Ayy could be compa-
rable to the Planck mass Mp,, the extreme smallness of the
denominator can be mitigated by a larger numerator,
rendering this to be a very UV-sensitive mechanism.

First we consider a case when the SM is supplemented
by a noninteracting dark U(1),. While the charge con-
jugation symmetry is broken in the SM, as discussed
earlier, there is a separate charge conjugation symmetry,
Cy in the dark sector, X, — —X,, that leaves the action
invariant (for instance, the dark sector could be QED-like).
At the perturbative level this means that any vertex between
the gravitons and the X-boson will contain an even number
of gauge fields, X,. Therefore, the perturbative result in this
case is € = 0. Since gravity is expected to preserve both
discrete and gauge symmetries, we do not expect this
conclusion to change even at a nonperturbative level.

If, on the other hand, there exists some matter content of
the dark sector that results in a separate breaking of the
dark charge conjugation symmetry, then there is a pos-
sibility of inducing nonzero kinetic mixing by means of
gravity mediation. Consider, for example, a theory that
contains a “mirror” SM-like sector, SM’, but no commonly
charged fields under any of the SM and SM’ gauge groups.
Schematically, the action of such a theory can be approxi-
mated by the sum of three terms,
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M/\

FIG. 6. The generation of kinetic mixing at the 4-loop level. The left Feynman diagram does not yield the correct operator and hence

gives no contribution to kinetic mixing.

S= SSM + SSM’ + Sgravity- (7)

Both SM and SM' necessarily participate in gravitational
interactions, such that a diagram schematically shown in
Fig. 7 is always possible. The middle section of this
diagram connecting two fermion loops in the SM and
SM’ sectors contains an unknown number of gravitons, 7”7,
It turns out that the minimum number of such inter-
mediate gravitons is three. The best way of showing this is
by cutting the diagram through the intermediate gravitons,
and representing the left- and right-handed parts as effec-
tive operators composed of the U(1) field strength and
gravitationally gauge invariant operators. To be gauge
invariant, these operators must be composed of the metric
g and gauge-invariant derivatives of the metric, i.e., the
curvature R:
F,, x O, O=0(gR). (8)
It is easy to see that for one or two intermediate graviton
exchanges the operator O either does not exist or can be
reduced to a total derivative, such that the operator F,, O*
would not lead to kinetic mixing. For one intermediate
graviton all possible candidate structures for O** must
contain at most one power of the curvature, such as ¢**;
R, VEVVR etc., where V¥ is the gravitational covariant
derivative. All of these structures are u <> v symmetric, and
give zero upon contraction with either X, or F,,. For two
intermediate gravitons, we also find that the required O"
tensors do not exist. The following candidate structures are
explicitly symmetric under the interchange of indices
contracted with the U(1) field strength F,,: RFPR,y,
RFRY,. Expressions that contain extra derivatives, such
as RFV,V*R and RFIV?RY can be simplified using
integration by parts, and the result is either y <> v sym-
metric, or contains VF, and therefore does not lead to
kinetic mixing.
Finally, at order R?, one can indeed find the required
operators O that do not vanish. These include structures

heo

FIG. 7. The mediation of kinetic mixing via gravity, where the
dots represent an unknown number of additional gravitons.

like RﬁRM,RMP“ and many other possible terms with
derivatives. Such operators would generically lead to three
graviton two-loop exchanges generating €. Moreover, the
absence of a gravitational anomaly means that the sum of
the respective hypercharges of all fermions in the SM and
SM' is zero. Therefore to avoid a null result the matter loops
contain not only a fermionic loop, but also require an
exchange by for example, the Higgs and Higgs' fields
inside the fermionic loops, as shown in Fig. 8, so that
Tr(Y;y?) # 0, where Y, are the U(1) charges and y; are the
Yukawa couplings.
This raises the loop count to 6, and we have the
following extremely crude estimate:
6 A6
1 > ><AUV (9)

1672 M16>1 ’

BﬂvXaﬂ<OﬂDOaﬂ> — €gray X g/ng%yg( (

where ¢ (gx) are the U(1)(U(1)y) gauge couplings, y, is
the top Yukawa coupling, and yy is the Yukawa coupling in
SM'. In this expression, (...) stands for the result of the
gravitational loop mediation of the R-containing operators.

If Ayy is of the same order as the Planck mass, the
gravitationally-induced kinetic mixing estimated in (9)
could be as large as €y, ~ 10713, Interestingly, probing
such a small kinetic mixing observationally is not out of the
question: astrophysical probes of e can be very sensitive,
particularly if the dark sector mass scale is in the eV-to-keV
range [57]. At the same time it is worth mentioning that in
theories with a parametrically large number of species, e.g.,
when the SM is extended by A -copies, one also expects
that A3y, < M3, x N1, and the proposals of Refs. [58,59]
are perhaps not challenged by this mechanism.

C. Clockwork mechanisms

The clockwork mechanism was proposed to generate
very small couplings in the absence of small fundamental
parameters [60]. In its gauge theory implementation, we

FIG. 8. The mediation of kinetic mixing via gravity showing
the minimal three graviton exchange as well as the Higgs
exchange inside the fermion loops to prevent a null result from
gravitational anomalies.
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consider N + 1 U(1) symmetries labeled by i =0, ..., N
with corresponding gauge fields A;, and equal gauge
couplings, g. The gauge symmetry is broken to a
single U(1) by the (equal) vevs (¢;) = f/v/2 (for all
Jj=0,...,N—1) of N Higgs fields ¢;. Each of these
scalars has charges (1,—¢) under U(1); x U(1);;, (and
charge 0 under the other groups). Diagonalizing the mass
matrix for the gauge bosons yields a massless zero mode,
the gauge boson of the unbroken U(1) = U(1)y. Once this
group is broken as well, this field becomes the hidden
photon. If a field is charged only under U(1),, its coupling
to the hidden photon is exponentially suppressed,
ot = %, where Ny ~ 1 is a normalization factor.

Likewise, if the U(1), gauge boson kinetically mixes

only with A;}' , its kinetic mixing with the hidden photon is
suppressed,
Noe
Ceff = q—ON (10)

Thus, we can use the gauge clockwork mechanism to
generate a tiny kinetic mixing starting from ¢ ~ g ~ 1. The
required number of clock gears is given by

Noye
gqefoh (11)

eff

N =lo

where [x] denotes the ceiling, i.e., the smallest integer
larger than x. The result is shown in Fig. 9 as a function of ¢
for Ny = 1 and two different values of e;. For example,
€eit ~ 1077 requires N = 24 for g = 2.

As quite a few U(1)’s are needed for a significant
suppression, we might consider the continuum limit
N — o0, in which case the clockwork mechanism becomes
equivalent to a 5-dimensional theory with localized bulk
gauge bosons [61] and Higgs fields. In this case the

suppression factor becomes e %L, where L is the size of
A0 e
L
Lo\
30
i Eeff~107"°
Z 20+ -
10+ -
I €eif~ 107"
OV 1 1 1 1
2 4 6 8 10
q

FIG. 9. The number of U(1) gauge groups required to obtain
the given kinetic mixing parameter e.; via the clockwork
mechanism as a function of the charge ¢.

the extra dimension (for an orbifold L = zR with R the
radius of the extra dimension), and k is the equivalent of q.

To summarize this section, we remark that the bottom-up
approach leaves enough flexibility to cover a wide range
of values of the mixing parameter e. Indeed, the one-loop
result can be turned into a multiloop generation mecha-
nism. Moreover, in certain examples given in this section,
the kinetic mixing parameter vanishes if some correspond-
ing Yukawa couplings vanish. Since Yukawa couplings
are not necessarily fixed by unification, one could exploit
some features of these mechanisms even within a GUT
framework.

III. THEORETICAL TOP-DOWN APPROACHES

The bottom-up approaches discussed so far have the
disadvantage that they can only provide lower limits on the
size of kinetic mixing because they do not contain
mechanisms ensuring € = 0 at tree level (i.e., forbidding
the term F,, X" in the original Lagrangian). In addition,
these lower limits can be avoided by a fine-tuned cancel-
lation between a nonzero tree-level value and the loop
contributions considered above. We note that when the
U(1l)y gauge group is embedded in a GUT, we cannot
assume a Stiickelberg mass for the dark photon. Instead, we
must assume the presence of a dark Higgs of similar mass
in which case the stronger limits on ¢ discussed earlier
apply. This will in addition require fine-tuning beyond that
already needed for the doublet-triplet splitting in SU(5), in
order to obtain a light Hy. We now turn to top-down
models where the absence of kinetic mixing at a high-
energy scale is guaranteed by a symmetry.

A. Embedding in a single group

Let us first assume that both the SM gauge group and
U(1)y are embedded in the same group. This implies that
the rank of the group is 5 or larger. In this case realistic
symmetry breaking patterns often lead to light states that
are charged under both U(1), and U(1)y, and conse-
quently to large kinetic mixing via Fig. 1. However, for
sufficiently large groups, it is possible to construct counter-
examples. In what follows, we consider progressively large
gauge groups and their symmetry breaking patterns
and comment on their suitability for generating kinetic
mixing. In particular, we try to identify which group and
field content could account for mixing below the 1-loop
estimate.

SO(10) - SU(5) x U(1)x: The SO(10) multiplet 16

decomposes into  (1,-5) + (5,3) + (10,—1) of
SU(5) x U(1)y [62], where the SM matter fields
are contained in the 5 and 10, which are both charged
under U(1)y. Equivalently, all SM matter is charged
under U(1)pz_;, which is related to U(l)y via
B—L =32Y-1X. Consequently, in this case we
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cannot obtain a kinetic mixing parameter much below
the Holdom estimate (2).

Eg — SO(10) x U(1)y: The E¢ multiplet 27 decom-
poses into (1,—4) + (10,2) + (16, —1), where the
SM matter fields are in the 16 and charged under
U(1)y. Thus we would again obtain kinetic mixing at
the 1-loop level.

Eg — SO(10) x U(1), » SU(5) x U(1)4, x U(1)g: In
this case we have two dark U(1) groups at our
disposal, which allows us to choose U(1)y as a linear
combination of U(1), and U(1), such that either the 5
or the 10 of SU(5) is uncharged under U(1)y.
However, as these multiplets stem from the same
16 of SO(10), they have the same U(1), charge,
whereas their U(1), charges are different (see first
item). As a consequence, one multiplet, either the 5 or
the 10, unavoidably ends up with a nonzero charge
under both the SM U(1) and U(1)y.

E; - EgxU(1), » SO(10) x U(1), x U(1)p: We can
again choose U(1)y as a linear combination of U(1),
and U(1)g. In this case, we can ensure that the
complete 16 of SO(10) inside the 27 of Eg is
uncharged. Using LIEART [63] we find that the E;
multiplet 56 decomposes into (1,3)+ (1,-3)+
(27,—1) + (27, 1). Hence, the decomposition of the
27 under SO(10) x U(1), x U(1)5 is (1,—1,-4) +
(10,-1,2) + (16, —1,—1). Consequently, the choice
X = A — B leads to a vanishing U(1)y charge for all
light matter fields that arise from the 16.

However, the light Higgs belongs to a 10 of
SO(10), which is usually assumed to arise from the
same Eg4 and E; multiplets as the 16 containing the
matter fields. In this case, Higgs and matter multiplets
have the same U(1), charge but different U(1)g
charges, so their U(1)y charges cannot vanish simul-

E;. The 10 containing the Higgs also resides in a 27 of
E¢, however, the latter originates from a 133 of E5. In
this case, there are no light fields with nonzero charges
under U(1)y.

Eg — Eg x SU(3): All SM fields can be assigned to

the Eg multiplet 248, which decomposes into
(1,8) + (27,3) + (27,3) + (78,1), where (27,3)
can accommodate the Higgs and matter fields. If
we break SU(3) to the U(1)y that is generated by
the diagonal SU(3) generator A3 = diag(1,—1,0),
there is an uncharged state in the triplet. If in addition
the other two states obtain GUT-scale masses in the
course of the symmetry breaking, all light states
remain uncharged under U(1)y. While this example,
is simpler and all SM fields reside in a common 27 of
Eg, we are forced to a larger unification group and
parent representation. In addition, in many Eg uni-
fication models, the SU(3) subgroup plays the role of
a (gauged) family symmetry so that all three matter
generations reside in the (27, 3). That is not the case
here, and we must require a separate 248 for each
generation.

Eg — SU(5) x SU(5): We assume that the second

SU(5) contains U(1l)y and we consider the Ejg
representations 248 and 3875. The options for the
SM matter multiplets are (5,10), (5,15), (5,40),
(10,5), and (10, 45). Considering the decompositions
of 5 and 45 under SU(5) - SU(4) x U(1)y and
SU(5) —» SU(3) x SU(2) x U(1)y, we find that there
are no states uncharged under U(1)y. However, if we
do not restrict ourselves to maximal subgroups,
we can proceed as in the previous item and break
SU(5) to one of the U(1) subgroups under which for
example, the multiplets 5 and 10 contain uncharged
states.

taneously and we again return to the Holdom estimate, =~ While the next two examples are not specifically unified
this time due to a Higgs loop. To avoid this con-  gauge groups, they have often been considered as UV
clusion, we have to embed the 10 containing the Higgs ~ extensions of the SM.

into a larger multiplet of E¢ in such a way that the ratio SU(4) x SU(2);. x SU(2)g: The usual breaking to the

of U(1), and U(1)g charges for this 10 is equal to the
ratio for the matter 16. Using LIEART we find that
this is possible if the 10 stems from the 133 of E;
(which is the smallest representation beyond the 56).
This multiplet decomposes into (1,0) + (27,2) +
(27,-2) + (78,0) of Eg x U(1),, so the decomposi-
tion of the 27 is (1,2,—4) + (10,2,2) + (16,2, —1).
Now X = A — B guarantees that the U(1)y charge
vanishes for the 10 as well.

To summarize this example, we can ensure the
vanishing of the 1-loop diagram for kinetic mixing in
an F; GUT if we assume that (unlike more typical
models of Eg unification) the SO(10) Higgs multiplet
(a 10) originates from a different £, multiplet than
matter. Matter fields sit inside the 16 of SO(10),
which sits inside a 27 of E¢, which sits inside the 56 of
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SM by a (4,1, 2) does not leave an extra U(1)y. If we
use a 15 instead to break SU(4) — SU(3) x U(1)y
(which yields the left-right symmetric model), X =
B — L and again all SM matter fields are charged.

SU(3), x SU(3), x SU(3)g: In the minimal trinifica-

tion model [64], symmetry breaking proceeds via two
(1,3, 3) scalars. Individually, each vev breaks the
gauge group to SU(3), x SU(2), x SU2)g x U(1),
but the two scalars lead to different SU(2)g x U(1)
groups. Consequently, in combination the vevs break
SU(3)3 directly to the SM gauge group, leaving only a
global U(1). Thus, a dark photon and kinetic mixing
would require a significantly modified scalar sector
that leaves a local U(1) unbroken.

If there are light fields charged under both U(1)’s, they
are contained in complete GUT multiplets and then the
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diagram in Fig. 1 vanishes for equal masses. However, this
does not decrease e significantly at low energies, where it
will contain logarithms of particle masses, which are not
small for the SM particles (cf. Sec. IT A).

In any case, heavy fields charged under both U(1), and
U(1)y will occur. As they fill out complete GUT multiplets,
their contribution to € is sensitive to the mass splittings
within these multiplets caused by the GUT symmetry
breaking. If this leads to a mass splitting at tree level,
we still obtain a sizable value of € via Eq. (2). However, if
the mass degeneracy is only broken by renormalization
group running, kinetic mixing arises effectively at the two-
loop level, so we expect only € ~ 107°~107* [65]. This is
still too large to satisfy some experimental bounds, but an
additional suppression by one order of magnitude due to a
small coupling could be sufficient when my = 1 MeV.

In summary, among commonly considered unified
groups we find examples without light fields charged
under U(1)y x only for E; and Ez. We do not attempt to
work out the model building details for these cases, which
would also have to address the emergence of chiral fields
from the real representations of E; and Eg (as could, for
example, arise from an orbifold compactification).

B. Mixing between non-Abelian and Abelian sectors

If only one of the gauge groups involved is non-Abelian,
the kinetic mixing term G*X,, is forbidden by gauge
invariance, since the non-Abelian field strength G** is not
gauge-invariant. Thus, the diagram of Fig. 1 vanishes even
in the presence of particles that are charged under both
gauge groups. However, we can realize kinetic mixing via
effective operators involving appropriate scalar representa-
tions, for example, %ZG””X > 1f the scalar ¥ transforms
under the adjoint representation and develops a vev [65].
Such operators have to be generated via loops involving
particles of mass A.

The non-Abelian group could be either the dark sector
gauge group or a group containing U(1),. We will focus on
the latter option, as it allows for grand unification and
implies a simpler dark sector, and will briefly return to the
former option afterwards.

1. Adjoint scalar

Consider first a dark U(1)y and a visible sector with a
GUT gauge group G D U(1),, whose gauge bosons are
denoted by G*. We introduce a scalar Z that transforms under
the adjoint representation of the non-Abelian group and is
uncharged under U(1)y. In addition, we introduce a vector-
like fermion i with mass A that transforms nontrivially under
both G and U(1) . Then the diagram in Fig. 10 generates the
effective operator % 2G" X, This diagram can be drawn for
any group G and any (nonsinglet) representation of y, since
the coupling of y to the adjoint scalar is the same as the
coupling to the gauge bosons of G (up to a factor of y#).

G X*H

Ay

FIG. 10. The generation of an effective operator at the 1-loop
level involving an adjoint scalar X and a vectorlike fermion y that
leads to kinetic mixing.

Once X develops a vev (X) (chosen such that the SM
gauge group remains unbroken) we obtain kinetic mixing
between B* and X*. Assuming that (X) is also responsible
for the breaking of the GUT group, the vev (X) is of order
the unification scale Mgy, leading to the estimate

99xYs <2>~99Xy2MGUT> ys Mgur

~ ~107%ys, (12
¢ 1622 A 1622 A " 167° Mp ye, (12)

for O(1) gauge couplings, where g is the GUT gauge
coupling and ys is the coupling of y to 2. Thus, to satisfy
experimental bounds additional suppression is required and
can be obtained most easily by setting the Yukawa coupling
ys to a sufficiently small value.

2. Fundamental and other representations

Using a scalar ¢ transforming under a representation
different from the adjoint, we can generate the effective
operator -5 ¢'G* ¢X,,, via the diagram in Fig. 11. If the
unified group is broken by an adjoint vev, the contribution
from ¢ will be subdominant compared to the one from the
adjoint unless yy < yi /<\(’Z—>22> Let us explore the possibilities
arising in this case. Of course, there are many possible
choices, but not every possibility that is allowed by group
theory is phenomenologically viable.

For example, consider G = SU(5) with a fundamental
scalar ¢ ~ (5,0), where the numbers in parentheses indi-
cate the SU(5) representation and the U(1)y charge. Then
the diagram in Fig. 11 can be realized, for instance, with
the vectorlike fermions w ~ (5,¢q,) and y ~ (10, q,,,).3
However, as ¢ ~ (3.1) + (1,2) under SU(3), x SU(2),,
the vev of ¢ can only be nonzero for the electrically neutral
component, the analog of the SM neutrino in the fermionic
5 multiplet. This component couples to both B and W4” in
such a way that after electroweak symmetry breaking it has
a nonzero coupling only to Z* but not to F*.
Consequently, this case is not interesting for us, since it
does not lead to kinetic mixing of X* with the photon.

’The diagram can be drawn with different U(1)y charge
assignments ¢, # q,, as well, but then ¢ needs a nonzero charge,
which implies (¢) S my and makes it impossible to obtain
observable kinetic mixing.
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ko

G" XH

+<z>

FIG. 11. The generation of an effective operator leading to
kinetic mixing, utilizing vectorlike fermions y and y as well as a
scalar ¢ transforming under a representation different from the
adjoint.

Moreover, ¢ ~ 5 of SU(S) cannot have a GUT-scale vev
since all its components are charged under the SM gauge
group. With an electroweak-scale vev and A ~ Mgyr, the
contribution to any kinetic mixing is suppressed by

(32-)% ~ 107" and thus much smaller than the minimal

contribution from gravity discussed in Sec. II B. Thus, in
order to obtain kinetic mixing of a relevant size in cases
involving a SM nonsinglet scalar, we would have to lower
A much below Mgyr-

As a consequence, we restrict our attention to scalar
multiplets that contain a SM singlet and can thus obtain a
large vev yielding a sizable € even if A 2 Mgyr. Sticking to
SU(5), the smallest viable multiplet is the 75.* Then the
smallest fermion multiplet we can use is y = y ~ (10, g,,).
Giving a vev (only) to the SM-singlet component of ¢, the
only nonzero term in the decomposition of (¢")G**(¢) is
the one containing G’Z‘Z = B*”. Hence, we generate kinetic
mixing with B# (but not W%) and thus with both the photon
and the Z, as desired. Its size is of order

99xY5 (B 99xY5 (MGUT> 2

1672 A2 1672 A
2
Vs (Mgur)? 6.2
>_¢ ~ 10 , 13
~ 1671'2 < MP] y¢ ( )

for O(1) gauge couplings and (¢) ~ Mgyr, where now y,,
is the coupling between ¢, yw and y. As a result, an
additional suppression by one or two orders of magnitude
due to small couplings or a smaller value of (¢) is sufficient
to satisfy the bounds for my < 107* eV or my > 1 MeV.

In order to give an example with a different unified group
as well, let us take G = SO(10). Then two simple possibil-
ities to realize the diagram of Fig. 11 are ¢ ~ (126,0),

w~(16.q,), x ~ (16,q,), and ¢ ~ (16,0), y ~ (16,4,,),

“We note that the 75 has been used instead of the adjoint 24 to
break SU(5) in the missing partner mechanism to solve the
doublet-triplet problem [66].

x~(10,q,). These cases also offer the option of using
fermions in the loop that receive masses A ~ Mgyt via
couplings to additional scalars transforming under 45, 54 or
210 and developing GUT-scale vevs to break SO(10).” In
this line of thought, ¢ ~ 126 may be especially interesting if
it obtains a vev of order 10' GeV or larger that also gives a
mass to the right-handed neutrinos in the fermionic 16.
According to Eq. (13), (¢) ~10'° GeV and A ~ Mgyr
would result in € ~ 107!* for O(1) couplings.

3. Non-Abelian dark sector

If the gauge group in the dark sector is non-Abelian, we
can obtain kinetic mixing with the SM gauge boson B* in
the same way as for a non-Abelian visible sector. Now the
scalars have to be charged under the dark gauge group. If
their vevs (%) and (¢) give a mass to the dark photon, they
are of order my /gy, which leads to

9x9'ys (X) Yy my
~ ~—t~ —=, 14
““lon? A 1627 A (14)
for the adjoint scalar case, and
/4,2 2 2 2
€~9X9}’¢ (@) Yo my (15)

1622 A2 162%gx A2’

for the case of a scalar not transforming in the adjoint.
Now A cannot be very large if we are to obtain observable
kinetic mixing. However, A has to be large enough to hide
the electrically charged fermions y and y from detection.
For A > 1 TeV,® Eq. (14) yields my > 10"¢ eV in the
adjoint case with yy ~ 1. For scalars transforming
under different representations and y, ~ 1, Eq. (15) leads
to my 2 10'3,/gy€ eV, which allows us to approach the
parameter space interesting for fixed target experiments for
€~107% and gy < 1073.

In order to obtain a wider range of viable parameters, we
can use a scalar that breaks the non-Abelian dark group to
U(1)y at a sufficiently high scale, thus decoupling the vev
involved in kinetic mixing from the dark photon mass. The
minimal possibility is SU(2)y together with an adjoint
scalar. A scenario of this kind leading to (Z) ~ 10* GeV
and A ~ 10'® GeV, which corresponds to € ~ 10~'* for
O(1) couplings, was presented in [67].

Finally, we can combine the possibilities discussed in
this section by considering non-Abelian groups in both
sectors. That is, we assume the overall gauge group G x G,
where in the simplest scenario G D U(1), and G’ D U(1)y
are broken by the vevs of the adjoint scalars X and X/,

3 Assuming the vectorlike masses that are independent of GUT
breaking are subdominant.

Indirect searches for new physics may well set a significantly
stronger limit, depending on details of the dark sector.
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respectively. In the presence of a vectorlike fermion of mass
A that is charged under both groups, we obtain [68]

99xysys (Z)(Z)
e A (16)

As the unification scales in the two sectors are not related
in general, (¥') can be much smaller than Mgyy, which
yields very small values of ¢ even if all gauge and Yukawa
couplings are of order 1. For example, e~10~'% for A~Mp,,
() ~ Mgur, and (Z') ~ 10® GeV.

IV. SUMMARY

Because simple dark matter candidates such as a fourth
generation heavy neutrino with mass of order a few GeV, or
the lightest supersymmetric particle such as a neutralino
with mass of order a few hundred GeV, have been excluded
(in the case of the former), and severely constrained (in the
case of the latter), a plethora of dark matter candidates have
arisen with varying degrees of simplicity. Among these,
there are many theories with a presumed stable dark matter
candidate which has no SM gauge interactions, and instead
carries a charge under some hidden sector gauge group
which is often assumed to be U(1)y. This opens up the
possibility that the gauge field associated with the hidden
U(1)y, can have a kinetic mixing term with the SM photon.

There is, however, a large body of constraints on the
mixing parameter ¢ which lead to upper limits of order 10~/
for a wide range of dark photon masses between
O(107'%) eV and O(100) MeV, with significantly stronger
bounds (¢ < 10~19) for dark photon masses around 1 keV
as seen in Fig. 2.

If there are fields which are charged under both the SM
and the hidden U(1)y, then one expects (barring a fine-
tuning) kinetic mixing at the one-loop level, with a value
given by the estimate in Eq. (2), which is not much smaller
than 1072 and in rather severe disagreement with the
experimental limits seen in Fig. 2.

In this paper, we have considered both bottom-up and
top-down approaches to building a model with sufficiently
small kinetic mixing. The bottom-up approach is neces-
sarily complicated by the fact that fields must be charged
under only a single U(1), to avoid one-loop mixing. To this
end, we have considered a model based on the right-handed
neutrino portal which involves both the SM Higgs and a
hidden sector Higgs Hy. When Hy acquires a vev, we can
construct a two-loop diagram for mixing above and below
the weak scale. Since the kinetic mixing in this case is
proportional to unknown SM and hidden Yukawa cou-
plings, the mixing parameter can be tuned to very small
values.

We have also argued that gravity alone can lead to kinetic
mixing. Though this occurs at the six-loop level, it provides
us with a lower limit to € which can be as large as 10~° if
the hidden sector Yukawa coupling is of order one and the
charge conjugation symmetry is broken in the hidden
sector.

We have also considered the construction of kinetic
mixing in top-down models where all gauge groups are
unified into a single GUT. Once again, the prime difficulty
is finding matter representations which are not charged
under both the SM and hidden U(1)y gauge groups.
Indeed, for the commonly studied SO(10) and Eg GUT
gauge groups, we found no representations which allow us
to escape the estimate in Eq. (2). However, in E;, which
breaks to SO(10) x U(1), x U(1),, the entire SM 16
which originates in a 27 of E; is uncharged under one
linear combination of the two U(1)’s. However, the model
must be complicated by choosing the Higgs 10 from a
different E; representation, the smallest being the 133.
Models in Eg GUTs are also possible.

Finally, we also considered models of the form
GUTx U(1)y. In this case, we require a higher-dimensional
operator to provide the kinetic mixing. If that operator is
mediated by Planck-scale physics, we can expect a suppres-
sion of order M gyt/Mp, over the one-loop estimate. Higher
order suppressions are possible if we employ larger repre-
sentations to break the GUT [such as the 75 in the case
of SU(5)].

Of course nature has already decided if dark matter
resides in a hidden sector and communicates with the
visible sector through kinetic mixing. We rely on exper-
imental discovery to confirm or exclude this class of
theories. We have seen, however, that the construction of
such theories, whether within the context of a GUT or not,
is highly nontrivial. Furthermore, kinetic mixing through
gravity may already preclude some range of dark photon
masses.
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