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The kinetic mixing of the vector boson of hypercharge with the vector boson(s) associated with
particle sectors beyond the standard model is one of the best motivated windows to new physics. The
resulting phenomenology depends on whether the new vector boson is massive or massless.
The phenomenology associated with the massive phase has received considerable attention in recent
years with many theoretical explorations and new experimental efforts, while the massless phase
is linked to the phenomenology of millicharged particles. In this paper we introduce the more
general case where the kinetic mixing is with a vector boson that is a linear combination of both a
massive and a massless state (as the hypercharge is in the standard model). We demonstrate that the
general phase is only weakly constrained when the mass scale associated with it is above about
100 MeV. Finally, we show that a new dedicated experiment at the LHC, proposed recently in Haas
et al. [Phys. Lett. B 746, 117 (2015)], can explore large parts of the parameter space in the mass range
between 100 MeVand 100 GeV. In particular, it is uniquely sensitive to a new signature that only arises in
the general phase.
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I. INTRODUCTION

The existence of dark matter (DM) and the lessons
from grand unified theories and string theory phenom-
enology suggest the presence of additional particle sector
(s) beyond the standard model (SM). Such a sector,
called a dark sector (DS), may contain new matter
and new short- and long-range forces, similar to those
found in the SM. However, unless this DS interacts with
our world in some way, this possibility would forever
remain outside the purview of science. Quantum field
theory guarantees that we interact with the DS through
gravity [1], but that force is unfortunately too weak and
too universal to illuminate the detailed structure of
the DS.
While it cannot provide us with assurances for additional

interactions beyond gravity, quantum field theory does
provide strong indications for the type of interactions we
can hope for at accessible energy scales, namely, marginal
operators. One of the best-motivated marginal operators
connecting us with the DS is the kinetic mixing operator
between our hypercharge field and an Abelian vector field
in the DS,

L ¼ LSM þ LDS −
κ

2
B0
μνBμν:

Here LSM and LDS are the Lagrangians describing the
particle content of the SM and the DS respectively, while
Bμν and B0

μν are the field strength of our hypercharge and
the dark Abelian vector field. The observable effects of the
kinetic mixing operator depend on whether the dark vector
field is massive or not. This in turn depends on the

symmetry breaking pattern in the DS, which therefore
leads to several distinct phases of the theory.
In the first phase, which we will refer to as the “Okun

phase” since the associated phenomenology was first
discussed by Okun in Ref. [2], the dark vector field B0

μ

is massive.1 This phase is primarily characterized by the
appearance of a massive vector boson with a coupling to the
electromagnetic current suppressed by κ. The dark vector
boson can thus be produced in electromagnetic processes
and it can decay either into electrically charged SM matter
or into matter in the DS. This phase of the theory has
attracted renewed attention in recent years in connection
with the dark matter problem [4–6], which prompted
numerous suggestions for new experiments and new
searches devised to explore the parameter space associated
with the Okun-phase. These include new searches at high-
energy colliders [7–9], new explorations at low-energy
colliders looking for visible decays [10–23] with several
more expected to run in the next few years [24–29], searches
for invisible decays of the dark vector [30–44], precision
tests [10,45], and effects in direct-detection experiments
[9,46–49].
In the second phase, which we will refer to as the

“Holdom phase” [3], the dark vector field is massless.
The principal physical effect associated with this phase is
the appearance of millicharged particles (mCPs). Any

1Okun’s original paper did not mention kinetic mixing, but
instead started with an unmixed lagrangian that included a
coupling of the new massive boson to the electromagnetic
current. The connection with kinetic mixing, and in particular
with hypercharge, was only later made by Holdom [3].
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matter in the dark sector that couples to B0
μ now appears as a

charged particle under electromagnetism with a charge
proportional to κ, the kinetic mixing parameter.2 The
existence of mCPs is constrained by a variety of observa-
tions including direct searches from accelerator experi-
ments [50–53] and indirect observations from astrophysical
systems [51,54–56], the cosmic microwave background
[57,58], big bang nucleosynthesis [59], and universe over-
closure bounds [54]. In a recent paper [60] we proposed a
new experiment at the LHC with the potential of targeting
the relatively unexplored part of the parameter space of
mCPs with masses in the 100 MeV − 100 GeV range.
Below we use the experimental proposal of Ref. [60] as the
basis for our projected sensitivity.
In this paper we identify a third phase, which we refer to

as the “mixed” phase, where the dark boson B0
μ is in fact a

linear combination of a massless state and a massive state.
This is the analogue of the hypercharge in the SM, which is
a linear combination of the massless photon and the
massive Z boson. This third phase, being a mixture of
the Okun and Holdom phases described above, is distin-
guished by the existence of a massive dark boson that can
be produced directly through its coupling to the electro-
magnetic current, as well as by the appearance of mCPs.
Thus, whereas in the Okun phase the decay of the dark
boson into matter in the DS would simply constitute
missing energy, in this third phase such decays would
result in a pair of mCPs. This opens up a new production
channel for mCPs beyond their direct production through
the photon. A large part of this paper is devoted to a study
of this new production channel in the context of the
proposal of Ref. [60] for a new experiment at the LHC
to search for mCPs.
This third phase is subject to the same constraints as do

the Okun and Holdom phases. In particular, the strong
constraints on mCPs with masses below a few hundred
MeVs are still applicable in this case, and so are the
constraints on κ associated with an extra massive dark
boson below a few hundred MeV that couples to the
electromagnetic current. Indeed, it is precisely these con-
straints that force κ to be extremely small (κ ≲ 10−8) in the
case of “mirror-world” scenarios where the lightest charged
matter is the mirror-electron having the same mass as the
SM electron3 [63,64]. But the theoretical straightjacket
associated with mirror-world scenarios seems ill imposed:
as we have learned from twin Higgs theories [65–67] and
more recently from the generalized framework of Orbifold
Higgs [68], the mirroring of the gauge groups of the SM

may be well motivated without requiring a corresponding
mirroring of the matter sector. Thus, in what follows we
focus on the relatively unconstrained part of parameter
space where both the massive dark boson and the mCPs
have masses in the range of a few hundred MeVs to a few
hundred GeVs, which permits a sizeable kinetic mixing
parameter κ ∼ 10−3–10−2.
The remaininder of this article proceeds as follows.

First we present the model, an extension of the SM that
includes a dark sector and the kinetic mixing portal con-
necting the two in Sec. II. Next, in Sec. III, we review
existing constraints on the parameter space of this frame-
work. We discuss future prospects for probing the third
phase of the model in Sec. IV.

II. MODEL

In this section we describe the model and derive the
relevant mass eigenstates associated with the vector bosons
and their interactions with the different SM and DS
currents.

A. Mass eigenstates

Besides the gauge field associated with hypercharge Bμ,
the SM also contains the gauge fields associated with the
non-Abelian group SUð2Þ, namely, Waμ with a ¼ 1; 2; 3.
The gauge couplings are g1 and g2 corresponding to
hypercharge and SUð2Þ, respectively. The spontaneous
symmetry breaking associated with the Higgs boson results
in the following mass eigenstates,

Z1 ¼ cWW3 − sWB; ð1Þ

A1 ¼ sWW3 þ cWB; ð2Þ

where we suppressed the spacetime index on all fields
for clarity, and defined (at tree level) sW ¼ sin θW ¼
g1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
, cW ¼ cos θW ¼ g2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

p
, with θW

being the Weinberg angle. In the SM what we labeled as
Z1 is simply the Z boson and A1 is the photon. For now
we keep the subscripts since, as we show below, the
actual mass eigenstates in this theory are slightly different
owing to the kinetic mixing in Eq. (1). The vector field
Zμ
1 has a mass term 1

2
M2

1Z
μ
1Z1μ, where the mass is related to

the charged vector-boson mass through the usual rela-
tion M1 ¼ MW�= cos θW.
Since we are interested in obtaining a similar structure in

the DS, in what follows we will assume that in addition to
the Abelian gauge symmetry associated with the dark
boson B0

μ there is at least one additional Abelian or non-
Abelian group in the DS, with a gauge fieldW0

μ (whether it
is part of a non-Abelian group and carries another index as
W3μ does is irrelevant at this stage, and so we suppress this
extra potential index). We denote the DS gauge couplings
by g01 and g

0
2, corresponding to the B

0
μ andW0

μ gauge fields,

2The word “milli” in this general context is somewhat
imprecise since in general κ may be much smaller than 10−3.
Nevertheless, we will continue to refer to it as such since this
value is physically motivated and lies within reach of the new
experiments discussed in this paper.

3This remains true even in asymmetric mirror-world scenarios
with scales larger by a factor of 20–30 [61,62].

EDER IZAGUIRRE AND ITAY YAVIN PHYSICAL REVIEW D 92, 035014 (2015)

035014-2



respectively. We will further assume that spontaneous
symmetry breaking in the DS leaves some linear combi-
nation of B0

μ and W0
μ massless while endowing the

orthogonal linear combination with mass,

Z2 ¼ cW0W0 − sW0B0; ð3Þ

A2 ¼ sW0W0 þ cW0B0: ð4Þ

This is the analogue to the SM combinations, and similarly
we have sW0 ¼sinθW0 ¼g01=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g021 þg022

p
, and cW0 ¼ cos θW0 ¼

g02=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g021 þ g022

p
, with θW0 being an analogue to the Weinberg

angle in the SM. Here the vector field Zμ
2 has a mass

term 1
2
M2

1Z
μ
2Z2μ.

In terms of these states, the kinetic mixing term can be
written as

κBμνB0μν ¼ κccA1A2 þ κssZ1Z2 − κscZ1A2 − κcsA1Z2

ð5Þ
(here again we suppress the spacetime index on the
right-hand side for clarity). We defined the coefficients
κcc ¼ κcWcW0 , κcs ¼ κcWsW0 and so on. One can remove
the mixing exactly, but since we are interested in small κ
we do so only up to terms second order in κ with a series
of field redefinitions. We begin by removing the mixing
between A1 and Z2 as well as A2 and Z1 through the
simultaneous substitutions,

A1 → A1 þ κcsZ2; ð6Þ
A2 → A2 þ κscZ1: ð7Þ

Here we mean that the right-hand side should be substituted
for the left-hand side everywhere in the Lagrangian. This
results in mixing between A1;2 and Z1;2, which can be
removed by

A1 → A1 − κscκccZ1; ð8Þ

A2 → A2 þ κcsκccZ2. ð9Þ

These transformations also induce a change in the coef-
ficients of the kinetic terms for Z1, and Z2 which are now
multiplied by ð1 − κ2scÞ and ð1 − κ2csÞ, respectively (work-
ing to quadratic order in κ). These can be removed with the
field redefinition,

Z1 →
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − κ2sc
p Z1; ð10Þ

Z2 →
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − κ2cs
p Z2: ð11Þ

Up to terms of order κ3, which we neglect, the
Lagrangian now only contains mixing between A1 and

A2 as well as mixing between Z1 and Z2. The kinetic
mixing between the massless states can be removed by a
choice of basis as

A2 → A0 − κccA; ð12Þ

A1 → A: ð13Þ

This final substitution chooses A to be what we would call
the photon, whereas A0 is the other massless state. The
kinetic mixing between the massive states can be removed
through the symmetric substitution,

Z1 →
1ffiffiffi
2

p ðZ1 þ Z2Þ; ð14Þ

Z2 →
1ffiffiffi
2

p ð−Z1 þ Z2Þ: ð15Þ

With these substitutions all the kinetic mixing terms are
removed to the order we are working in, and a final
rescaling is necessary to end with canonical normalization
for the fields,

A →
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − κ2cc
p A; ð16Þ

Z1 →
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − κss
p Z1; ð17Þ

Z2 →
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ κss
p Z2: ð18Þ

The field redefinitions above result in mass mixing
between Z1 and Z2. The mass matrix associated with the
massive states is now given by

1

2

�
M11 M12

M21 M22

�
; ð19Þ

where the different entries are

M11 ¼ ð1þ κssÞðM2
1 þM2

2Þ þ κ2½M2
1s

2
W þM2

2s
2
W0 �; ð20Þ

M12 ¼ M21 ¼ ðM2
1 −M2

2Þ

þ κ2
�
M2

1

�
1 −

1

2
s2W0

�
s2W −M2

2

�
1 −

1

2
s2W

�
s2W0

�
;

ð21Þ

M22 ¼ ð1 − κssÞðM2
1 þM2

2Þ þ κ2½M2
1s

2
W þM2

2s
2
W0 � ð22Þ

up to terms of order κ3. This mass matrix can be
diagonalized in perturbation theory in κ to yield the final
mass eigenvalues,
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M2
Z ¼ M2

1

�
1þ κ2s2W

M2
1 −M2

2c
2
W0

M2
1 −M2

2

�
; ð23Þ

M2
Z0 ¼ M2

2

�
1þ κ2s2W0

M2
2 −M2

1c
2
W

M2
2 −M2

1

�
ð24Þ

with M1 ¼ MW�=cW. The order κ2 shift in the Z-boson
mass represents a general and important constraint on this
model as we shall discuss below [69]. The corresponding
mass eigenstates given in terms of the Z1 and Z2 states are

�
Z

Z0

�
¼

�
cosϕ − sinϕ

sinϕ cosϕ

�0@ 1ffiffi
2

p 1ffiffi
2

p

− 1ffiffi
2

p 1ffiffi
2

p

1
A�

Z1

Z2

�
ð25Þ

with the mixing angle given by

sinϕ ¼ 1

2
κss

M2
1 þM2

2

M2
1 −M2

2

; ð26Þ

cosϕ ¼ 1 −
1

2

�
1

2
κss

M2
1 þM2

2

M2
1 −M2

2

�
2

ð27Þ

to leading order in κ. This completes the diagonalization
and results in two massive states Z and Z0, as well as
two massless states A and A0. We now move on to the
interactions of these vector bosons with the different SM
and DS currents.

B. Interactions

We write the interactions in the original gauge basis as
follows,

L ⊃ g1BμJ
μ
B þ g2W3μJ

μ
W þ g01B

0
μJ

μ
B0 þ g02W

0
3μJ

μ
W0 . ð28Þ

Here JμB and JμW are the familiar UYð1Þ and SUWð2Þ
currents of the SM containing leptons and quarks, whereas
JμB0 and JμW0 are the corresponding currents in the DS, to
whose content we return to later. The usual electromagnetic
current and Z current are the linear combinations,

JEM ¼ JB þ JW; ð29Þ

JZ ¼ −s2WJB þ c2WJW; ð30Þ

and similarly for the DS currents.
After removing the kinetic mixing through the field

redefinitions above and rotating to the mass basis, the
different mass eigenstates couple as follows. Our photon
couples as

L ⊃ A ·

�
e

�
1þ 1

2
κ2cc

�
JEM − κcce0JEM0

�
; ð31Þ

where e ¼ g1cW is the usual definition of the electromag-
netic coupling. Here we suppressed the spacetime indices
on the gauge field and the currents, as we do below as
well. These interactions of the photon have a simple
interpretation: other than a rescaling of what we call
electric charge by 1þ 1

2
κ2cc, the photon now also couples

to the DS’s charged particles with an effective electromag-
netic charge of κcce0, hence, millicharge. This corresponds
to the appearance of mCPs expected in the Holdom phase,
which is associated with the existence of the second
massless state, A0.
Next, what we know as the Z boson now couples as

L ⊃ Z ·
�

g2
cos θW

ð1þ ξZZÞJZ − eξZEJEM

þ e0ξZE0JEM0 −
g02

cos θW0
ξZZ0JZ0

�
ð32Þ

with

ξZZ ¼ 1

2
κ2s2W

�
1 −

M4
2s

2
W0

ðM2
1 −M2

2Þ2
�
; ð33Þ

ξZE ¼ κ2cWsW

�
M2

1 −M2
2c

2
W0

M2
1 −M2

2

�
; ð34Þ

ξZE0 ¼ κsc; ð35Þ

ξZZ0 ¼ κss

�
M2

1

M2
1 −M2

2

�
: ð36Þ

Here, since we are only working to order κ2, one can
replace M1 and M2 by the physical masses MZ and MZ0 Z.
The interactions in Eq. (32) again have a fairly straightfor-
ward interpretation: the first line shows that the standard Z
coupling is rescaled by 1þ ξZZ and the current receives a
contribution of order κ2 from the electromagnetic current.
This would effect forward-backward observables and
other observables at the Z pole. The second line of
Eq. (32) shows that the Z now also couples to the DS
currents at order κ. Thus, Z rare decays would contribute to
the production of mCPs.
Next are the DS vector bosons. Due to the choice of

basis we made in Eq. (12), the massless state A0 entirely
decouples from the standard model with interactions only
with the mCPs,

L ⊃ e0A0 · JEM0 ; ð37Þ

where e0 ¼ g01cW0 . Therefore, the massless dark photon is
essentially decoupled from the SM, but it does potentially
play a role in the relic abundance of the mCPs (see below).
It may also be of importance in enhanced radiation effects
in the DS if e0 is sizable.
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Finally, the interactions of the massive state Z0 are

L ⊃ Z0 ·
�

g02
cos θW0

ð1þ ξZ0Z0 ÞJZ0 − e0ξZ0E0JEM0

þ eξZ0EJEM þ g2
cos θW

ξZ0ZJZ

�
ð38Þ

with

ξZ0Z0 ¼ 1

2
κ2s2W0

�
1 −

M4
1s

2
W

ðM2
1 −M2

2Þ2
�
; ð39Þ

ξZ0E0 ¼ κ2cW0sW0

�
M2

1c
2
W −M2

2

M2
1 −M2

2

�
; ð40Þ

ξZ0E ¼ κcs; ð41Þ

ξZ0Z ¼ κss

�
M2

2

M2
1 −M2

2

�
: ð42Þ

The second line of Eq. (38) is the mixing of the massive Z0
state with the SM, familiar from the Okun phase of the
theory. If there are light charged particles in the DS to
which the Z0 can decay to, then the first line of Eq. (38) is
more important in our case as it would result in the
production of mCPs through Z0 decay. Since we are not
sensitive to subdominant effects, we can neglect the κ2

terms in the coupling of Z0 to mCPs, which is then simply

L ⊃
g02

cos θW0
JZ0 · Z0; ð43Þ

III. EXISTING CONSTRAINTS

We now turn our discussion to the existing constraints on
the model presented in Sec. II. The free parameters of the
model are the mass and dark-charge of the lightest4 mCP,
MmCP and e0, respectively; the massive dark boson mass
MZ0 ; the dark Weinberg angle θW0 ; and the kinetic mixing
parameter κ. For clarity, below we discuss separately the
known constraints on the pure Holdom phase (θW0 ¼ 0) and
on the pure Okun phase (θW0 ¼ π=2). The experimental
bounds associated with these two limiting cases become
more or less relevant in the general mixed phase depending
on how close θW0 is to 0 or π=2.
In the Holdom phase the constraints come from previous

searches for mCPs and, therefore, probe the parameter
space spanned by the mass of the mCP, MmCP, and its
electric charge given by

ϵγe≡ κe0cWcW0 : ð44Þ

Here we have defined the fractional charge ϵγ in units of the
electron’s charge e.
On the other hand, in the Okun phase, the constrained

parameter space is spanned by the mass of the dark-boson
MZ0 and its coupling to the SM. This coupling, at least in
the limit MZ0 ≪ MZ, is simply given by

ϵZe≡ κecWsW0 ; ð45Þ

where we have defined the fractional weak charge ϵZ in
units of e. For the mixed phase, laboratory probes will
depend on the product of ϵγϵZ, as we will discuss below.
One exception comes from electroweak precision tests
which are primarily sensitive to the combination κ sin θW
and depend only mildly on MZ0 in the limit of MZ0 ≪ MZ
[see Eq. (23)].

A. Constraints on the Holdom phase

Existing constraints on mCPs can be categorized as
either coming from indirect probes (cosmology and astro-
physics) or from direct searches at laboratory experiments.
The former tend to be considerably more model dependent
than the latter and can be weakened through additional
matter in the DS into which mCPs can annihilate. In the
range of couplings covered in this article, the mCP particles
can be copiously produced in the early Universe. However,
as the Universe evolves, the density of mCPs is depleted
through pair annihilation in the DS. This process can give a
large enough rate to avoid the different bounds on the relic
abundance of the mCP [54,57–59]. Another indirect con-
straint comes from the number of relativistic degrees of
freedom, known as Neff ; however, since the dark massless
photon decouples together with the mCP, it will be much
colder than the rest of the SM after entropy injection at later
times. Moreover, the contribution to Neff scales like the
fourth power of the temperature, therefore this contribution
is negligible when decoupling happens above a GeV or so
[59,70,71].
Laboratory experiments place direct limits on mCPs

for 10−5 ≲ ϵγ ≲ 10−1 below about MmCP < 300 GeV.
These are the result of a dedicated experiment that searched
for mCPs at SLAC [50]: accelerator experiments consisting
of searches at beam-dump experiments, free-quark searches,
trident process searches, bounds from the invisible width of
the Z as well as direct searches for fractionally charged
particles at LEP [51], and decays of ortho-positronium [52].
Recently, CMS performed a search that excluded fraction-
ally charged particles with charge �e=3 for MmCP <
140 GeV and particles with charge �2e=3 for MmCP <
310 GeV [53]. The least explored part of the parameter
space is mCPs in the range 100 MeV < MmCP < 200 GeV,
where ϵγ ≲ 10−1 is only barely explored. This target of

4We focus on the lightest mCP because, unless there exist
heavier mCPs with far larger dark charges, the lightest mCP
would be the one particle primarily produced and would, hence,
dominate the constraints.
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opportunity motivated the proposal in Ref. [60], which we
summarize in Sec. IV.
Finally, we note that there exist strong constraints on the

flux of mCPs and on their presence in bulk matter (see
Ref. [72] for a detailed review). For example, in a recent
publication [73], the CDMS collaboration reported on
strong new limits on the flux of mCPs with charge between
e=200 and e=6. However, such constraints cannot be
directly applied to the model parameters since they require
knowledge of the flux of mCPs on earth, which may be
very small—production in cosmic rays is negligible and
relics from the early Universe may be absent altogether
either because of washout or because they were expelled by
the magnetic fields of the galaxy. Thus, it is challenging to
interpret the null results coming from these experiments in
the context of the theory we discuss.

B. Constraints on the Okun phase

The Okun phase has been explored by numerous
previous experiments, motivated by the case when some
matter component in the DS is the dark matter5 of the
Universe [10–23,30–37,76]. One must make a distinction
between searches for visible decays of the Z0 into SM
particles, and searches for invisible decays into the DS. The
former rely on the assumption that the Z0 decays 100% into
the SM, but in the presence of matter in the DS with Oð1Þ
couplings to the Z0, the decays of the latter into the SM are
subdominant. The various experimental results we discuss
below will primarily constrain the production strength of
the Z0, which we parametrize by ϵZe.
Visible searches have constrained the Okun phase

primarily by looking for production of the Z0 and its
subsequent decay into dilepton pairs lþl−. These become
relevant in the case when decays into the DS are kinemat-
ically forbidden. For ϵZ near 10−3, previous beam dump
experiments place the strongest limits for 2me ≲MZ0≲
100 MeV, with planned fixed-target experiments expected
to extend coverage to smaller couplings forMZ0 ≲ 500 MeV
(see Ref. [37] for an exhaustive review of prospects for
future probes). For masses aboveMZ0 ∼ 1 GeV, B factories
become important and have placed the strongest limits to
date through searches for the eþe− → X þ ðZ0 → lþl−Þ
final state. Moreover, searches at the LHC for dilepton
resonances prove an effective probe for MZ0 below the Z
mass [77].
Precision electroweak tests further restrict the parameter

space for higher mass Z0 [69,78] and are independent of the
way in which the Z0 decays. In particular, the shift in the

mass of the Z boson due to mixing with the Z0, Eq. (23)
above, places a limit on κ of κ < 10−2 for masses below the
Z mass. At the Z pole, the bound on κ improves to ∼10−3
due to the constraints on the modifications of the Z
coupling to SM fermions induced by the Z0.
In the regime whereMZ0 is sufficiently large to allow for

a direct decay back to DS particles, these invisible decays
of the Z0 into the DS dominate for the κ of interest to this
paper, and the above limits from visible searches become
irrelevant as the decays of the Z0 into the SM are further
suppressed by κ2. Proton and electron beam-dump experi-
ments have established the strongest limits to date for
invisibly-decaying Z0 below a few hundred MeV and
mixings near 10−3. Moreover, for masses outside the reach
of fixed-target experiments, the Z0 is best constrained by B-
factory experiments through a γ þ invisible final state
search [36,79].
By far the least explored part of the parameter space of

our model is in the MZ0 > 100 MeV, ϵZ ∼ 10−3 regime.
Recent proposals to target the sub-GeV to few-GeV part of
this parameter space could sharply test the minimal models
of light DM in the Okun phase [40,44,79–82]; however, a
vast window into the other phases of the DS will remain
untested by existing or planned experimental efforts. We
now turn our discussion to a potentially powerful new
probe of a new signature that only arises in the mixed phase
of the model in Sec. II.

IV. PROBING THE MIXED PHASE AT THE LHC

In this section we discuss a new signature of the DS—
absent in the Holdom and Okun phases—that only emerges
in the mixed phase, and we show that a recent proposal for a
new experiment at the LHC is uniquely suited to look for
this signature. The LHC is an obvious choice for probing
the mZ0 > 1 GeV regime through Z0 decays into the mCP,
as the Z0 could be copiously produced via processes
analogous to the production of SM EW bosons. In
particular, in the pp → ðZ0 → ψ̄mCPψmCPÞ þ X reaction,
the mCPs would register as missing energy at either ATLAS
andCMS.However, the sensitivity of jet/photon andmissing
energy searches to this reaction is severely limited by
large irreducible backgrounds from Z → ν̄νþ jets and
from instrumental backgrounds from mis-measured jets
[60]. The proposal from Ref. [60] focused on the produc-
tion and detection of mCPs, using the Holdom phase as a
simple framework for generating nonquantized electromag-
netic charges for beyond the SM matter. In fact, the LHC
could also be a factory of mCPs originating from resonant
production of the massive Z0. The production of mCPs
through the decay of the Z0 is a process unique to the mixed
phase of the DS, and to our knowledge has not been
considered before in the literature. Figure 1 shows the
sizeable inclusive production cross section for the process
pp → ψ̄mCPψmCP at the

ffiffiffi
s

p ¼ 14 TeV LHC, which we

5In the model presented here, however, only matter in the DS
that is charged under the Z0, but not under the A0 (the analogue of
neutrinos), can potentially be the DM; see more in Sec. V. This is
so because DS matter that is charged under the A0 becomes
millicharged and there exist strong constraints on electrically
charged relics [74,75].
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calculate with Madgraph 5 [83] and MADONIA [84]—the
latter for mCPs from resonant production and decay of
quarkonia.
In what follows we summarize the details of the proposal

from Ref. [60] to look for minimally ionizing mCPs
produced at either of the LHC interaction points by placing
a small-scale detector in their vicinity. Following produc-
tion at the interaction point (IP), mCPs would escape and
travel unimpeded through rock. Ref. [60] proposed placing
a ∼1m3 detector some ∼20 m away from the IP and outside
of ATLAS or CMS pointing the small detector towards the
IP. An example of the kind of detector needed to efficiently
search for mCPs with electric charges much smaller than e
was that used by the dedicated millicharge experiment at
SLAC [50]. It consisted of a (plastic) scintillator in a quiet
environment, whose purpose was to detect minimally
ionizing signals. Indeed, the mCP signal to detect would
be Oð1Þ photoelectrons (PE) from a single excitation or
ionization as the mCPs pass through the scintillating
material and interact electromagnetically. Such a signal
would be dominated by dark noise, typically at the level of
1 KHz [85], and indeed this was one of the limiting factors
in the sensitivity of the SLAC experiment. However, this
difficulty can be overcome by using not one, but a series of
back-to-back scintillator layers each looking for single-few
PE signals coincident in time. The telescopic orientation of
the detector combined with the directionality associated
with a coincident signal in back-to-back layers could prove
extremely useful in mitigating environmental backgrounds.
Reference [60] estimated that a telescopic-coincident con-
figuration of three layers, each a 1m× 1m × 1.4 m block,
could reduce the dark noise backgrounds to a negligible

level. Moreover, based on Ref. [50], the results in Fig. 2 and
Fig. 3 assume a 10% probability to detect a signal PE, and
that the probability of detection is Poisson distributed with
a mean

NPE ¼
�

ϵγ
2 × 10−3

�
2

: ð46Þ

The experimental proposal discussed above could be
sensitive to a large subset of the parameter space of the
mixed phase that still remains viable. For concreteness, we
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FIG. 1. Production cross section of mCPs at the LHC through
the reaction pp → ψ̄mCPψmCP þ X with MZ0 ¼ 3MmCP and
θW0 ¼ θW . The production of mCPs receives contributions from
Drell-Yan-like production, as well as from the decay of quarko-
nia. We impose a cut Mψ̄mCPψmCP

> 2 GeV to make sure we are in
a physical region of the parton distribution functions. We
conservatively fix the cross section below MmCP < 1 GeV.
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FIG. 2 (color online). Existing direct constraints on the mCP of
the DS. In the regime 100 MeV < MmCP < 200 GeV existing
constraints come from direct searches at colliders as well as the
bound from the invisible width of the Z from LEP. In black (blue)
we show the estimated sensitivity of the experiment at the LHC
proposed in Ref. [60] for 300 fb−1 (3000 fb−1). The dashed
(solid) lines denote the 3σ sensitivity (2σ exclusion). The top
(bottom) panel shows the estimated sensitivity for the caseMZ0 ¼
3MmCP (MZ0 ¼ 9MmCP) and θW0 ¼ θW . Note that we omit
indirect constraints from cosmology since these are of a more
model-dependent nature. In particular, the extraction ofNeff at the
CMB disfavors masses between 0.1 GeV < MmCP < 1 GeV, and
the constraint from the anisotropies of the CMB disfavors the
MmCP > 230 GeV regime.
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consider the case θW0 ¼ θW , although this argument
extends to the small θW0 regime in general (i.e., a mostly
Holdom-like mixed phase). Figure 2 shows the existing
constraints on the MmCP and ϵγ plane, for two different
values of the ratioMZ0=MmCP. Also shown in Fig. 2 are the
projections from the proposed experiment for mCPs at the
LHC [60]. The production of mCPs we focus on in this
paper is primarily through the Z0 and is therefore sensitive
to both ϵZ (production of the Z0) and ϵγ (detection of the
mCP). The production of the Z0 is limited by the constraints
on ϵZ from searches for its invisible decay, which are
still applicable in the mixed phase. In particular, for
MZ0 < 8 GeV, the model we consider is subject to the
strong constraints from B factories, which set an upper
bound of ϵZ= cos θW < 10−3. This limit in turn implies κ <
10−3 for θW0 ¼ θW. The translation of this limit to a limit on
ϵγ depends on the unknown dark charge e0. It in turn can be
as large as e0 ≈ 9e without introducing a Landau pole in the

running of the dark β function at dangerously low energies.
If we require perturbation theory to be applicable we find
the limit ϵγ ≈ 4 × 10−3 for θW0 ¼ θW for MZ0 < 8 GeV.
Even such small ϵγ could still be within the reach of the
LHC mCP experiment proposal as shown by Fig. 2. Above
the kinematic reach of B factories, in the entire range
MZ0 > 8 GeV and not too close to the Z pole, the main
constraint is the precise measurement of MZ, which only
limits κ to be less than 10−2. In this case, ϵγ can be as large
as few × 10−2, which lies in a viable part of the parameter
space of the DS mixed phase and well within reach of the
LHC mCP experimental proposal.
Finally, we note that certain regimes of the mixed phase

could remain challenging to probe by existing and planned
experiments, as well as the proposal from Ref. [60]. In
particular, the limit of large θW0 (i.e., a mostly Okun-
like theory) is challenging. For example, consider the
case sin2θW0 ¼ 0.75. In that scenario, for MZ0 < 8 GeV,
B factory results imply κ < 10−3. Setting κ to that value in
turnmeans that the largest ϵγ that could be generatedwithout
encountering a Landau pole at low energies would be
ϵγ ∼ 1 × 10−3, whichmay be too small even for the proposal
from Ref. [60] to be sensitive to.

A. Unique signatures of the mixed phase

The mixed phase of a DS that kinetically mixes with the
SM offers additional possibilities for future striking signals.
Here we comment on two possibilities. First, for Z0
produced in association with a jet, the Z0 will be boosted
accordingly to compensate for the jet’s transverse momen-
tum. For sufficiently boosted Z0 with energy E near
E ∼ ð2MZ0=θdetÞ—where θdet is the angular opening of
the detector proposed by Ref. [60]—both of the mCPs from
the decay of the Z0 could enter the detector. This leads to the
intriguing possibility of two simultaneous coincident hits in
different bars of the detector. Additionally, such a signal
could be correlated with a jet produced in association with
the Z0 in the reaction pp → Z0 þ j. The upper panel of
Fig. 3 shows the cross section times acceptance for the case
where one demands one mCP giving one or more PEs in
each of the back-to-back scintillating bars versus the case
where both mCPs enter the detector and deposit such a
signal. While there is a considerable penalty in rate from
requiring two mCPs entering the detector as opposed to
one, the sensitivity does not degrade significantly as we
show in the lower panel of Fig. 3. The strong sensitivity to
the two-incident-mCP scenario is still possible because
what sets the sensitivity floor to the one-mCP scenario
is not the signal rate, but the detection probability of one
PE [see (46)], which decreases exponentially below
ϵγ ¼ 2 × 10−3. The two-mCP possibility could be instru-
mental should there arise an excess that is consistent with a
charge as small as few-10−3e. Interestingly, if such a signal
is detected, the transverse momentum of the associated
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FIG. 3 (color online). We illustrate the new signature that opens
up in the mixed phase. On top, we show the acceptance for one
(as proposed in Ref. [60] for the massless phase) mCP entering
the detector deployed nearby the LHC main detectors. For the
mixed phase, the massive Z0 can be produced in association with
a jet with a smaller yet sufficient rate and acceptance, illustrated
by the line for two incoming mCPs. The bottom panel shows the
expected sensitivity when requiring two mCPs enter the detector
instead of one.
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jet together with the opening angle of the mCP pair in
the far-detector can be used to obtain a rough estimate
of the mass of the Z0 through the relation above
E ∼ ð2MZ0=θdetÞ.
The second possibility that is unique to the mixed phase

arises in the case of large e0=sW0 and sufficiently light Z0
and mCP. In this case, analogously to a QCD shower, the
mCPs produced during the proton proton collisions could
radiate Z0 s which in turn decay back to mCPs, giving rise
to a modest “millijet.” Indeed, such a scenario could
produce not one, but several mCPs entering through the
detector. Finally, if the DS contains an additional gauge
group that is confining at sufficiently low scales, then the
mesons and baryons of that group may be the mCPs and a
real millijet may result.

V. DISCUSSION AND CONCLUSIONS

In this work we have largely ignored the issue of dark
matter and have treated it mainly as a motivation to think of
other sectors beyond the SM. But, it is only natural to
wonder whether the model we discussed in this paper can
yield a viable cosmological relic with sufficient abundance
to explain the astronomical data. First, we note that
particles in the DS that are charged under the DS photon
cannot have a large cosmological abundance. This is so
because these particles are also millicharged under electro-
magnetism [see Eqs. (31)], and the relic abundance of the
mCPs with charge of ≳10−3 as considered in this paper is
strongly constrained to be Ωmcph2 < 0.001 by the acoustic
peaks in the cosmic microwave background [57,58]. To be
sure, it is not difficult to satisfy this constraint since the pair
annihilation of mCPs into DS photons has a large cross
section,6 but it does mean that such mCPs cannot be the
dark matter.
However, not all the particles in the DS have to be

charged under the DS photon. For example, DS neutrino-
like particles that are only charged under the Z0 would not
acquire a millicharge under electromagnetism. Instead their
contact with the SM is only through the Z0 and the Z vector
bosons [see Eqs. (32) and (38)] and is thus suppressed by
κsW0 ∼ 10−3. This makes it easier to accommodate a larger
relic abundance of DS neutrinolike particles (which we
collectively refer to as WIMPs in what follows), but this
possibility is not without its constraints, as we now briefly
discuss.
One possibility is the secluded regime of Ref. [4]

where the WIMP mass is several hundred GeVs, and
MZ0 ∼ 100 GeV. The correct relic abundance can then
be obtained with g022 =4π ∼ 10−2 through the WIMP’s pair

annihilation into a pair of Z0. With κsW0 ∼ 10−3 this
easily evades all the collider bounds, but it can
perhaps be discovered in future direct detection experi-
ments with sensitivity to WIMP-nucleon cross section
of σn ∼ 10−45–10−46 cm2.
Another possibility is of light WIMP with mass ≲GeV,

but where the direct annihilation into a pair of Z0 is
kinematically forbidden. The strongest constraints on this
scenario come from early Universe energy injection during
hydrogen recombination that distorts the cosmic micro-
wave background [86,87]. These constraints, which grow at
lower DM mass and are especially strong below 10 GeV,
exclude the possibility of a thermal freeze-out through off-
shell Z0 annihilation into SM charged particles. However, if
there is a strong particle-antiparticle asymmetry in the DS
then this constraint may be avoided as discussed
in Ref. [88].
The above examples illustrate that the cosmological

dark matter may be connected to neutral particles of the
model we considered in this work. But, given how
uncertain the structure of the DS is, if it exists at all, we
prefer not to speculate further on the issue beyond these
representative examples. Ultimately the strength of the
search described in this paper and Ref. [60] is that it is
independent of any assumptions regarding the relic abun-
dance associated with the DS and instead directly probes
the existence of mCPs.
In the present paper we explored a general theory with

mCPs that continuously interpolates between the Holdom
phase and the Okun phase of theories with a vector boson
that kinetically mixes with the SM hypercharge. The main
phenomenological signatures of this model are the appear-
ance of mCPs as well as a massive vector boson, the Z0, that
couples to the electromagnetic current but predominantly
decays into mCPs. The model is only weakly constrained
when the mass scale associated with these new particles is
above about 100 MeV. We explored the sensitivity of a
recently proposed dedicated experiment at the LHC [60] to
this model, in general (Fig. 2), and to the resonant
production of mCPs through the Z0, in particular (Fig. 3).
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NEW WINDOW TO MILLICHARGED PARTICLES AT THE LHC PHYSICAL REVIEW D 92, 035014 (2015)

035014-9



[1] S. Weinberg, Phys. Rev. 135, B1049 (1964).
[2] L. Okun, Sov. Phys. JETP 56, 502 (1982).
[3] B. Holdom, Phys. Lett. B 166, 196 (1986).
[4] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B

662, 53 (2008).
[5] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N.

Weiner, Phys. Rev. D 79, 015014 (2009).
[6] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009).
[7] N. Arkani-Hamed and N. Weiner, J. High Energy Phys. 12

(2008) 104.
[8] M. Baumgart, C. Cheung, J. T. Ruderman, L.-T. Wang,

and I. Yavin, J. High Energy Phys. 04 (2009) 014.
[9] C. Cheung, J. T. Ruderman, L.-T. Wang, and I. Yavin,

J. High Energy Phys. 04 (2010) 116.
[10] M. Pospelov, Phys. Rev. D 80, 095002 (2009).
[11] R. Essig, P. Schuster, and N. Toro, Phys. Rev. D 80, 015003

(2009).
[12] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys. Rev.

D 80, 075018 (2009).
[13] J. Bjorken, S. Ecklund, W. Nelson, A. Abashian, C. Church,

B. Lu, L. W. Mo, T. A. Nunamaker, and P. Rassmann,
Phys. Rev. D 38, 3375 (1988).

[14] E. Riordan, M. Krasny, K. Lang, P. De Barbaro, A. Bodek
et al., Phys. Rev. Lett. 59, 755 (1987).

[15] A. Bross, M. Crisler, S. H. Pordes, J. Volk, S. Errede, and
J. Wrbanek, Phys. Rev. Lett. 67, 2942 (1991).

[16] H. Davoudiasl, H.-S. Lee, and W. J. Marciano, Phys. Rev. D
86, 095009 (2012).

[17] M. Endo, K. Hamaguchi, and G. Mishima, Phys. Rev. D 86,
095029 (2012).

[18] D. Babusci et al. (KLOE-2 Collaboration), Phys. Lett. B
720, 111 (2013).

[19] P. Adlarson et al. (WASA-at-COSY Collaboration), Phys.
Lett. B 726, 187 (2013).

[20] S. Abrahamyan et al. (APEX Collaboration), Phys. Rev.
Lett. 107, 191804 (2011).

[21] H. Merkel et al. (A1 Collaboration), Phys. Rev. Lett. 106,
251802 (2011).

[22] M.Reece andL.-T.Wang, J.HighEnergyPhys. 07 (2009) 051.
[23] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.

103, 081803 (2009).
[24] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski,

J. High Energy Phys. 02 (2011) 009.
[25] M. Battaglieri, S. Boyarinov, S. Bueltmann, V. Burkert,

A. Celentano et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 777, 91 (2015).

[26] M. Freytsis, G. Ovanesyan, and J. Thaler, J. High Energy
Phys. 01 (2010) 111.

[27] B. Wojtsekhowski, AIP Conf. Proc. 1160, 149 (2009).
[28] B. Wojtsekhowski, D. Nikolenko, and I. Rachek,

arXiv:1207.5089.
[29] T. Beranek, H. Merkel, and M. Vanderhaeghen, Phys. Rev.

D 88, 015032 (2013).
[30] S. Adler et al. (E787 Collaboration), Phys. Rev. D 70,

037102 (2004).
[31] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett. 100,

192001 (2008).
[32] A. Artamonov et al. (BNL-E949 Collaboration), Phys. Rev.

D 79, 092004 (2009).

[33] P. deNiverville, M. Pospelov, and A. Ritz, Phys. Rev. D 84,
075020 (2011).

[34] R. Dharmapalan et al. (MiniBooNE Collaboration),
arXiv:1211.2258.

[35] P. deNiverville, D. McKeen, and A. Ritz, Phys. Rev. D 86,
035022 (2012).

[36] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.
D 88, 114015 (2013).

[37] R. Essig, J. A. Jaros, W. Wester, P. H. Adrian, S. Andreas
et al., arXiv:1311.0029.

[38] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.
D 90, 014052 (2014).

[39] M. Battaglieri et al. (BDX Collaboration), arXiv:1406.3028.
[40] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Phys. Rev.

D 91, 094026 (2015).
[41] B. Batell, P. deNiverville, D. McKeen, M. Pospelov, and

A. Ritz, Phys. Rev. D 90, 115014 (2014).
[42] Y. Kahn, G. Krnjaic, J. Thaler, and M. Toups, Phys. Rev. D

91, 055006 (2015).
[43] B. A. Dobrescu and C. Frugiuele, J. High Energy Phys. 02

(2015) 019.
[44] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro,

arXiv:1505.00011.
[45] G. Giudice, P. Paradisi, and M. Passera, J. High Energy

Phys. 11 (2012) 113.
[46] D. P. Finkbeiner, T. R. Slatyer, N. Weiner, and I. Yavin,

J. Cosmol. Astropart. Phys. 09 (2009) 037.
[47] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,

076007 (2012).
[48] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and T.

Volansky, Phys. Rev. Lett. 109, 021301 (2012).
[49] Y. Hochberg, Y. Zhao, and K. M. Zurek, arXiv:1504.07237.
[50] A. Prinz, R. Baggs, J. Ballam, S. Ecklund, C. Fertig et al.,

Phys. Rev. Lett. 81, 1175 (1998).
[51] S. Davidson, S. Hannestad, and G. Raffelt, J. High Energy

Phys. 05 (2000) 003.
[52] A. Badertscher, P. Crivelli, W. Fetscher, U. Gendotti, S. N.

Gninenko, V. Postoev, A. Rubbia, V. Samoylenko, and D.
Sillou, Phys. Rev. D 75, 032004 (2007).

[53] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D 87,
092008 (2013).

[54] S. Davidson, B. Campbell, and D. C. Bailey, Phys. Rev. D
43, 2314 (1991).

[55] R. Mohapatra and I. Rothstein, Phys. Lett. B 247, 593
(1990).

[56] S. Davidson and M. E. Peskin, Phys. Rev. D 49, 2114
(1994).

[57] S. Dubovsky, D. Gorbunov, and G. Rubtsov, JETP Lett. 79,
1 (2004).

[58] A. Dolgov, S. Dubovsky, G. Rubtsov, and I. Tkachev,
Phys. Rev. D 88, 117701 (2013).

[59] H. Vogel and J. Redondo, J. Cosmol. Astropart. Phys. 02
(2014) 029.

[60] A. Haas, C. S. Hill, E. Izaguirre, and I. Yavin, Phys. Lett. B
746, 117 (2015).

[61] Z. Berezhiani, A. Dolgov, and R. Mohapatra, Phys. Lett. B
375, 26 (1996).

[62] R. Mohapatra, S. Nussinov, and V. Teplitz, Phys. Rev. D 66,
063002 (2002).

EDER IZAGUIRRE AND ITAY YAVIN PHYSICAL REVIEW D 92, 035014 (2015)

035014-10

http://dx.doi.org/10.1103/PhysRev.135.B1049
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1016/j.physletb.2008.12.012
http://dx.doi.org/10.1088/1126-6708/2008/12/104
http://dx.doi.org/10.1088/1126-6708/2008/12/104
http://dx.doi.org/10.1088/1126-6708/2009/04/014
http://dx.doi.org/10.1007/JHEP04(2010)116
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1103/PhysRevD.38.3375
http://dx.doi.org/10.1103/PhysRevLett.59.755
http://dx.doi.org/10.1103/PhysRevLett.67.2942
http://dx.doi.org/10.1103/PhysRevD.86.095009
http://dx.doi.org/10.1103/PhysRevD.86.095009
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://dx.doi.org/10.1016/j.physletb.2013.01.067
http://dx.doi.org/10.1016/j.physletb.2013.01.067
http://dx.doi.org/10.1016/j.physletb.2013.08.055
http://dx.doi.org/10.1016/j.physletb.2013.08.055
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://dx.doi.org/10.1088/1126-6708/2009/07/051
http://dx.doi.org/10.1103/PhysRevLett.103.081803
http://dx.doi.org/10.1103/PhysRevLett.103.081803
http://dx.doi.org/10.1007/JHEP02(2011)009
http://dx.doi.org/10.1016/j.nima.2014.12.017
http://dx.doi.org/10.1016/j.nima.2014.12.017
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1063/1.3232023
http://arXiv.org/abs/1207.5089
http://dx.doi.org/10.1103/PhysRevD.88.015032
http://dx.doi.org/10.1103/PhysRevD.88.015032
http://dx.doi.org/10.1103/PhysRevD.70.037102
http://dx.doi.org/10.1103/PhysRevD.70.037102
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1103/PhysRevD.79.092004
http://dx.doi.org/10.1103/PhysRevD.79.092004
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://arXiv.org/abs/1211.2258
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://arXiv.org/abs/1311.0029
http://dx.doi.org/10.1103/PhysRevD.90.014052
http://dx.doi.org/10.1103/PhysRevD.90.014052
http://arXiv.org/abs/1406.3028
http://dx.doi.org/10.1103/PhysRevD.91.094026
http://dx.doi.org/10.1103/PhysRevD.91.094026
http://dx.doi.org/10.1103/PhysRevD.90.115014
http://dx.doi.org/10.1103/PhysRevD.91.055006
http://dx.doi.org/10.1103/PhysRevD.91.055006
http://dx.doi.org/10.1007/JHEP02(2015)019
http://dx.doi.org/10.1007/JHEP02(2015)019
http://arXiv.org/abs/1505.00011
http://dx.doi.org/10.1007/JHEP11(2012)113
http://dx.doi.org/10.1007/JHEP11(2012)113
http://dx.doi.org/10.1088/1475-7516/2009/09/037
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevLett.109.021301
http://arXiv.org/abs/1504.07237
http://dx.doi.org/10.1103/PhysRevLett.81.1175
http://dx.doi.org/10.1088/1126-6708/2000/05/003
http://dx.doi.org/10.1088/1126-6708/2000/05/003
http://dx.doi.org/10.1103/PhysRevD.75.032004
http://dx.doi.org/10.1103/PhysRevD.87.092008
http://dx.doi.org/10.1103/PhysRevD.87.092008
http://dx.doi.org/10.1103/PhysRevD.43.2314
http://dx.doi.org/10.1103/PhysRevD.43.2314
http://dx.doi.org/10.1016/0370-2693(90)91907-S
http://dx.doi.org/10.1016/0370-2693(90)91907-S
http://dx.doi.org/10.1103/PhysRevD.49.2114
http://dx.doi.org/10.1103/PhysRevD.49.2114
http://dx.doi.org/10.1134/1.1675909
http://dx.doi.org/10.1134/1.1675909
http://dx.doi.org/10.1103/PhysRevD.88.117701
http://dx.doi.org/10.1088/1475-7516/2014/02/029
http://dx.doi.org/10.1088/1475-7516/2014/02/029
http://dx.doi.org/10.1016/j.physletb.2015.04.062
http://dx.doi.org/10.1016/j.physletb.2015.04.062
http://dx.doi.org/10.1016/0370-2693(96)00219-5
http://dx.doi.org/10.1016/0370-2693(96)00219-5
http://dx.doi.org/10.1103/PhysRevD.66.063002
http://dx.doi.org/10.1103/PhysRevD.66.063002


[63] M. Y. Khlopov, G. Beskin, N. Bochkarev, L. Pustylnik, and
S. Pustylnik, Sov. Astron. 35, 21 (1991).

[64] R. Foot and R. Volkas, Phys. Rev. D 52, 6595 (1995).
[65] Z. Chacko, H.-S. Goh, and R. Harnik, Phys. Rev. Lett. 96,

231802 (2006).
[66] Z. Chacko, H.-S. Goh, and R. Harnik, J. High Energy Phys.

01 (2006) 108.
[67] N. Craig and K. Howe, J. High Energy Phys. 03 (2014) 140.
[68] N. Craig, S. Knapen, and P. Longhi, J. High Energy Phys.

03 (2015) 106.
[69] A. Hook, E. Izaguirre, and J. G. Wacker, Adv. High Energy

Phys. 2011, 859762 (2011).
[70] J. Jaeckel and A. Ringwald, Annu. Rev. Nucl. Part. Sci. 60,

405 (2010).
[71] C. Brust, D. E. Kaplan, and M. T. Walters, J. High Energy

Phys. 12 (2013) 058.
[72] M. L. Perl, E. R. Lee, and D. Loomba, Annu. Rev. Nucl.

Part. Sci. 59, 47 (2009).
[73] R. Agnese et al. (CDMS Collaboration), Phys. Rev. Lett.

114, 111302 (2015).
[74] S. D. McDermott, H.-B. Yu, and K.M. Zurek, Phys. Rev. D

83, 063509 (2011).
[75] C. Dvorkin, K. Blum, and M. Kamionkowski, Phys. Rev. D

89, 023519 (2014).
[76] R. T. D’Agnolo and J. T. Ruderman, Phys. Rev. Lett. 115,

061301 (2015).

[77] I. Hoenig, G. Samach, and D. Tucker-Smith, Phys. Rev. D
90, 075016 (2014).

[78] D. Curtin, R. Essig, S. Gori, and J. Shelton, J. High Energy
Phys. 02 (2015) 157.

[79] R. Essig, J. Mardon, M. Papucci, T. Volansky, and Y.-M.
Zhong, J. High Energy Phys. 11 (2013) 167.

[80] A. E. Chavarria, J. Tiffenberg, A. Aguilar-Arevalo, D.
Amidei, X. Bertou et al., Phys. Procedia 61, 21 (2015).

[81] P. Cushman, C. Galbiati, D. McKinsey, H. Robertson, T.
Tait et al., arXiv:1310.8327.

[82] G. Gerbier, I. Giomataris, P. Magnier, A. Dastgheibi, M.
Gros et al., arXiv:1401.7902.

[83] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, J. High Energy Phys. 07 (2014) 079.

[84] P. Artoisenet, F. Maltoni, and T. Stelzer, J. High Energy
Phys. 02 (2008) 102.

[85] Photomultiplier Handbook: Theory, Design, Application
(Burle Industries, Inc., Lancaster, PA, 1980), http://psec
.uchicago.edu/links/Photomultiplier_Handbook.pdf.

[86] N. Padmanabhan and D. P. Finkbeiner, Phys. Rev. D 72,
023508 (2005).

[87] T. R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner,
Phys. Rev. D 80, 043526 (2009).

[88] T. Lin, H.-B. Yu, and K. M. Zurek, Phys. Rev. D 85, 063503
(2012).

NEW WINDOW TO MILLICHARGED PARTICLES AT THE LHC PHYSICAL REVIEW D 92, 035014 (2015)

035014-11

http://dx.doi.org/10.1103/PhysRevD.52.6595
http://dx.doi.org/10.1103/PhysRevLett.96.231802
http://dx.doi.org/10.1103/PhysRevLett.96.231802
http://dx.doi.org/10.1088/1126-6708/2006/01/108
http://dx.doi.org/10.1088/1126-6708/2006/01/108
http://dx.doi.org/10.1007/JHEP03(2014)140
http://dx.doi.org/10.1007/JHEP03(2015)106
http://dx.doi.org/10.1007/JHEP03(2015)106
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://dx.doi.org/10.1007/JHEP12(2013)058
http://dx.doi.org/10.1007/JHEP12(2013)058
http://dx.doi.org/10.1146/annurev-nucl-121908-122035
http://dx.doi.org/10.1146/annurev-nucl-121908-122035
http://dx.doi.org/10.1103/PhysRevLett.114.111302
http://dx.doi.org/10.1103/PhysRevLett.114.111302
http://dx.doi.org/10.1103/PhysRevD.83.063509
http://dx.doi.org/10.1103/PhysRevD.83.063509
http://dx.doi.org/10.1103/PhysRevD.89.023519
http://dx.doi.org/10.1103/PhysRevD.89.023519
http://dx.doi.org/10.1103/PhysRevLett.115.061301
http://dx.doi.org/10.1103/PhysRevLett.115.061301
http://dx.doi.org/10.1103/PhysRevD.90.075016
http://dx.doi.org/10.1103/PhysRevD.90.075016
http://dx.doi.org/10.1007/JHEP02(2015)157
http://dx.doi.org/10.1007/JHEP02(2015)157
http://dx.doi.org/10.1007/JHEP11(2013)167
http://dx.doi.org/10.1016/j.phpro.2014.12.006
http://arXiv.org/abs/1310.8327
http://arXiv.org/abs/1401.7902
http://dx.doi.org/10.1007/JHEP07(2014)079
http://dx.doi.org/10.1088/1126-6708/2008/02/102
http://dx.doi.org/10.1088/1126-6708/2008/02/102
http://psec.uchicago.edu/links/Photomultiplier_Handbook.pdf
http://psec.uchicago.edu/links/Photomultiplier_Handbook.pdf
http://psec.uchicago.edu/links/Photomultiplier_Handbook.pdf
http://psec.uchicago.edu/links/Photomultiplier_Handbook.pdf
http://dx.doi.org/10.1103/PhysRevD.72.023508
http://dx.doi.org/10.1103/PhysRevD.72.023508
http://dx.doi.org/10.1103/PhysRevD.80.043526
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.85.063503

