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1 Introduction

The past century of astrophysical observations has yielded a large body of evidence support-
ing the existence of dark matter (DM) in our universe. Measurements dating back to the
early 1930s of galaxy rotation curves and the orbital velocities of galaxies within clusters
have consistently shown a discrepancy between the amount of luminous matter and the to-
tal gravitational energy contained in these systems. Signatures of DM were also observed
by measuring the gravitational lensing around galaxy clusters. Perhaps the most striking
example is evident in the collision between two galaxy clusters known as the Bullet Cluster,
where we see a separation between the baryonic matter and a large non-luminous mass which
is visible only through gravitational lensing. Evidence for DM also comes indirectly from
detailed measurements of the angular fluctuations in the Cosmic Microwave Background
(CMB). A recent analysis of the CMB points to a universe consisting of only 5% ordinary
matter, where the remaining content is due to 27% dark matter and 68% dark energy.

These striking developments have engendered a continued effort to reveal the identity
of DM. Namely, if DM has a particle explanation, the goal is to describe its properties and
observe it in terrestrial experiments. Theoretically, a favored candidate for DM is the weakly-
interacting massive particle (WIMP) which emerges from various models in supersymmetry
(SUSY), especially those which impose symmetries such as R-parity conservation. However,
R-parity conserving SUSY is yet to be observed at the LHC, and many other theoretically-
viable alternatives exist for physics beyond the standard model (SM).

In the last two decades, several surprising features have been observed in high-energy
cosmic rays, as well as gamma-ray and microwave emissions from the galactic center. Recent
results from direct DM searches DAMA/LIBRA and CDMS have shown excesses as well.
When viewed collectively, these features motivate a dark sector explanation for dark matter
which includes both particles and forces that are only loosely coupled to the SM. Here, we
explore the experimental and theoretical motivations for a dark sector with an emphasis on
dark photons. We discuss the theoretical properties of the dark photon as well as future
experimental efforts to probe for its existence.
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2 Experimental Motivations for a Dark Sector

Indirect evidence for DM has been obtained by a variety of experiments measuring e+e− cos-
mic ray spectra, as well as gamma ray and microwave emissions from vicinity of the galactic
center. Signatures have also emerged from the direct detection experiments DAMA/LIBRA
and CDMS. Along with theoretical considerations, these measurements make a strong case
for a dark sector. Here we briefly outline the relevant details of these important experimental
results.

2.1 Excess in High-Energy Cosmic Rays

Currently accepted models of cosmic ray production are based on the emission of primary
cosmic ray protons and alpha particles from supernovae and other astrophysical sources,
and their subsequent interaction with the interstellar medium (ISM) to produce secondary
cosmic rays. The anti-matter particles found in cosmic rays are expected to fall into the
latter category, and have a flux φ(e+) which decays with increasing energy. Typically, the
GALPROP code is used to simulate the production and propagation of cosmic ray particles
and to estimate their spectra [1].

In 2008, PAMELA observed a clear excess in the positron fraction, φ(e+)/(φ(e+) + φ(e−)),
at energies above 10 GeV [2]. This was later confirmed by the Fermi and AMS-02 exper-
iments [3, 4]. The most recent results from these satellite-based experiments, shown in
Figure 1(a), indicate a monotonically increasing positron fraction up to energies of several
hundred GeV. The measured spectrum shows a significant deviation from GALPROP esti-
mates, assuming the secondary production of cosmic ray positrons. No such excess in the
anti-proton flux is observed. The measured excess been compared with models in which
positrons are produced in DM interactions, and the resulting spectra fit the data quite well.
Alternative astrophysical explanations include positron production from nearby pulsars, su-
pernova remnants, and other astronomical objects.

In addition to the upturn observed in positron fraction at high-energies, the balloon-borne
ATIC experiment has reported a peak-like excess in the e++e− flux in the energy range 100 to
800 GeV (Figure 1(b)) [5]. This experiment cannot distinguish between positive and negative
electrons, so the measurement is compared to the combined yield predicted by models of
secondary production. The excess fits well to models which include DM annihilation into
electrons.

2.2 Excess in Gamma Rays

The EGRET and INTEGRAL experiments have measured the spectra of gamma rays ema-
nating from the galactic center [6,7]. EGRET has observed an excess of diffuse gamma rays
in the energy range 10-50 GeV, which can be explained by the inverse Compton scattering of
e+e− off of starlight and the CMB. The INTEGRAL results show an excess at the 511 keV
line over the rate expected from supernovae. This can result from the collisions of low-energy
e+e− produced near threshold in the galactic center.
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(a) (b)

Figure 1: Measured spectra of high-energy cosmic rays. In (a), measurements of the positron
fraction from PAMELA and other experiments are shown. An excess is observed at energies
above 10 GeV. The discrepancy between experiments below ∼ 10 GeV can be attributed
to decade-long cycles in solar activity. Shown in (b) are the results from ATIC and other
experiments on the electron flux. The solid and dashed lines indicate the expected spectrum
obtained from GALPROP simulation.

2.3 WMAP Haze

The primary mission of the WMAP experiment is to obtain precise measurements of the
CMB. However, the microwave foreground spectrum obtained from WMAP data shows struc-
ture which is not accounted for by any known astrophysical sources [8]. The WMAP data is
collected in five frequency bands in the range 23-91 GHz. The known sources of foreground
microwave emissions have spectra which are sampled by the five frequency bands, thus al-
lowing their subtraction from the total. These include synchrotron radiation from electrons
accelerated in supernovae, free-free radiation caused by the thermal bremsstrahlung of hot
electron and ion gas, and emissions from thermal and spinning dust [8, 9]. Figure 2 demon-
strates the results of a regression fit performed to model these contributions as they enter
the total foreground emissions. In the first row, we have a foreground map where the CMB
has been subtracted from the total microwave spectrum. The rightmost column shows a
template that is obtained by combining the five frequency bands to the left. This template
is then subtracted to obtain the map in the next row, and so on. After subtracting all known
sources, the remaining WMAP haze is exposed in row 6. This haze can be interpreted as syn-
chrotron radiation from electrons and positrons produced in DM interactions at the galactic
center.
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temperature units (to avoid saturation of the gray scale).
Therefore, the CMB appears to become stronger from columns
(1) through (4), but is the same brightness in column (5) as
column (4).

Row (1).—The sky signal (after CMB dipole removal) for
the 5 WMAP bands, with the plane and point sources masked.
Column (6) is the CMB map described in equation (2).

Row (2).—CMB-subtracted sky; note the H ii region around
	Oph, above the plane and just left of center. This feature is
prominent in the H� based free-free template, shown at right.
The free-free spectrum is constrained by physics, so only one
parameter is fit for an overall normalization.

Row (3).—Sky minus CMB and H� ; note the ‘‘Loop I’’
synchrotron feature in the north, visible in the Haslam-based
soft synchrotron template at right. A single power law is fit from
the Haslam et al. (1982) survey frequency (408 MHz) toWMAP.
The spectrum is likely concave downward over such a large

range in frequency, but WMAP 23 GHz dominates the fit, and
is the only frequency for which this component is important
anyway.

Row (4).—Sky minus CMB, H� , and soft synchrotron. Dust-
correlated emission is evident, as traced by the Finkbeiner et al.
(1999) template at right. This template is subtracted with am-
plitudes determined by the FDS99 fit to FIRAS, not by cross-
correlation with the WMAP data. Note that the subtraction at
94 GHz appears to be nearly perfect.

Row (5).—Sky minus CMB, H� , soft synchrotron, and
FDS99 dust. There is still significant dust-correlated emission
present at lower frequencies. The FDS99 dust emission template
times T2

dust (SFD98 dust temperature squared, based on DIRBE
100 and 240 �m emission ratio) appears to be a good template
for the remaining component, tentatively interpreted as spinning
dust, and is shown at right. A cross-correlation coefficient is
determined independently for each WMAP band.

Fig. 1.—WMAP foreground grid; see detailed discussion in x 2.7.

WMAP MICROWAVE ISM EMISSION 189No. 1, 2004

Figure 2: WMAP grid showing the contributions to the microwave foreground [8]. The
WMAP haze is shown in the 6th row.
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energy threshold of 2 keV is considered.
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Figure 1: Experimental model-independent residual rate of the single-
hit scintillation events, measured by DAMA/NaI over seven and by
DAMA/LIBRA over six annual cycles in the (2 – 6) keV energy interval
as a function of the time [4, 5, 17, 18]. The zero of the time scale is Jan-
uary 1st of the first year of data taking. The experimental points present
the errors as vertical bars and the associated time bin width as horizontal
bars. The superimposed curve is A cos ω(t − t0) with period T = 2π

ω = 1
yr, phase t0 = 152.5 day (June 2nd) and modulation amplitude, A, equal
to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton × yr. The dashed vertical lines correspond to the
maximum expected for the DM signal (June 2nd), while the dotted vertical
lines correspond to the minimum. See Refs. [17, 18] and text.

The DAMA/LIBRA data released so far correspond to six annual cycles
for an exposure of 0.87 ton×yr [17, 18]. Considering these data together
with those previously collected by DAMA/NaI over 7 annual cycles (0.29
ton×yr), the total exposure collected over 13 annual cycles is 1.17 ton×yr;
this is orders of magnitude larger than the exposures typically collected
in the field. Several analyses on the model-independent DM annual mod-
ulation signature have been performed (see Refs. [17, 18] and references
therein); here just few arguments are mentioned. In particular, Fig. 1
shows the time behaviour of the experimental residual rates of the single-
hit events collected by DAMA/NaI and by DAMA/LIBRA in the (2–6) keV
energy interval [17, 18]. The superimposed curve is the cosinusoidal func-
tion: A cos ω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5
day (June 2nd), and modulation amplitude, A, obtained by best fit over
the 13 annual cycles. The hypothesis of absence of modulation in the data
can be discarded [17, 18] and, when the period and the phase are released
in the fit, values well compatible with those expected for a DM particle
induced effect are obtained [18]; for example, in the cumulative (2–6) keV
energy interval: A = (0.0116±0.0013) cpd/kg/keV, T = (0.999±0.002) yr
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Figure 3: Results of the DAMA/NaI and DAMA/LIBRA experiments showing an annual
modulation of hits. The line shown has a period of one year and a phase of 152.5 days
corresponding to a maximum flux on June 2.

2.4 Direct Searches

Results from the DAMA/LIBRA experiment have shown an annual modulation in the rate
of observed hits (Figure 3) [10]. Certain models of DM predict such a modulation due to the
Earth’s revolution around the Sun (and the Sun’s motion inside the galaxy). Such models
predict a maximum in the DM flux around June 2, when the Earth and the Sun move in
phase with respect to the galactic center, and a minimum around Dec 2 when the Earth and
the Sun move out of phase. These predictions agree with the DAMA/LIBRA observations.
However, the interpretation of these results is complicated by the correlation of the observed
modulation with the Earth’s seasons.

Recently, the CDMS experiment has released results which contain three candidate DM
events [11]. The probability of known backgrounds producing three events in the measure-
ment’s signal region is 5.4%. This probability decreases to 0.19% if the measured recoil
energies are also taken into account. The CDMS results point to a WIMP of mass 8.6 GeV
and WIMP-nucleon cross section of 1.9× 10−41 cm2.

3 Interpretation and Theory

The collection of evidence outlined above has strongly motivated a dark sector explanation
for DM [12]. These facts have also provided some input on the properties of possible dark
sector candidates. The excess observed in GeV-scale e+e− cosmic rays, along with indirect
hints of e+e− production from measurements of gamma rays from the galactic center, must be
reconciled with no apparent excesses in the production of hadrons. The anti-proton spectrum
observed at PAMELA shows no deviations from GALPROP models, and measured gamma
ray spectra set a limit on the π0π0 production by DM scattering. Thus, the DM interactions
must have a large cross section for lepton production, but a small cross section for hadronic
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final states. These considerations point to a particle of mass 2me . m . 2mπ which decays
exclusively to leptons. One possible candidate for this particle is the dark photon A′.

A dark photon with MeV-scale mass can interact with a GeV-scale WIMP DM via
χχ→ A′A′. An interesting feature of this interaction arises when we attempt to recon-
cile the tension between the e+e− excess observed in cosmic rays with the small annihila-
tion cross section allowed by thermal relic abundance. A solution to this dilemma, pro-
posed in [12], utilizes the Sommerfeld enhancement resulting from a gauge boson of mass
mA′ . αmχ ∼ several GeV. The Sommerfeld enhancement is easily understood by analogy
to the classical system of a point particle impinging on a star of radius R. Neglecting any
interactions, we obtain a cross section σ0 = πR2. However, in the case of an attractive (grav-
itational) potential, a slow-moving particle is more likely to hit its target than a fast-moving
one. The cross-section is now enhanced to σ = σ0(1 + v2

esc/v
2), where vesc is the escape

velocity of the particle in the attractive potential.
In the case of WIMP interactions χχ→ A′A′, the A′ can provide a Sommerfeld enhance-

ment which ‘turns on’ in the low-velocity regime. In the early universe when the DM is in
thermal equilibrium, the enhancement is negligible. However, in the era proceeding thermal
freeze-out the DM particles have been redshifted to lower velocities, resulting in an O(100)
boost to their interaction cross section. Such a scenario favors a relatively light A′ (mA′ .
a few GeV), and additional constraints from big bang nucleosynthesis set a lower bound of
approximately 10 MeV on its mass. This is again consistent with an A′ which decays to
leptons but not hadrons.

Theories have also been proposed that explain the discrepancy between the DM-like signal
at DAMA/LIBRA and the apparent lack of signals at other DM searches. In the eXciting
Dark Matter (XDM) scenario [13], the WIMP has an excited state O(1 MeV) above the
ground state. Collisions between WIMPs can proceed by the interaction χχ → χχ∗, and
the resulting excitation subsequently decays via χ∗ → χe+e− through a mediator like the
A′. The size of the mass splitting between χ and χ∗ also determines the WIMP’s interaction
cross section with atomic nuclei, and can be chosen to explain DM signals in some detectors
but not others [14].

Most dark sector models include a new scalar, pseudoscalar, or spin-1 field to carry out
the functions described above (the dark photon is the latter case). In order to provide
observable signals, a coupling must exist, albeit weak, between the SM and the dark sector.
A scalar field φ can couple to the SM gauge or Higgs sector with terms of the form φF µνFµν
or κφ2h†h. The former case results in photon and gluon production; the latter can result
in a vev 〈φ〉 ∼ mφ which produces a small mixing with the SM Higgs and results in a
coupling to the heaviest allowable fermion pair. The possibility of a pseudoscalar field is not
favored in [12] because it leads to a long-range spin-dependent potential which vanishes when
averaged over all angles. This has the effect of cancelling any Sommerfeld enhancement in
s-wave interactions. Finally, a spin-1 field A′ can mix with electromagnetism via εF µνF ′µν ,
a scenario first explored in [15]. Here, the A′ is a U(1) gauge field that couples directly to
charge, allowing for the direct decay to leptons A′ → `+`−.

We expand on the spin-1 case by writing out the relevant terms for the kinetic mixing of

6



U(1)Y × U(1)dark. In the gauge eigenbasis, we have [16]:

Lgauge mix = −1

4
W3µνW

µν
3 −

1

4
BµνB

µν +
ε

2
BµνA

′µν − 1

4
A′µνA

′µν (1)

where W µν
3 corresponds to the third generator of SU(2), Bµν is the gauge field for U(1)Y ,

and A′µν is the dark U(1) gauge field corresponding to the dark photon A′. After electroweak
symmetry breaking, this can be written in the mass eigenbasis:

Lgauge mix = −1

4
ZµνZ

µν − 1

4
FµνF

µν − 1

4
A′µνA

′µν +
ε

2
(cos θWFµν − sin θWZµν)A

′µν (2)

where Fµν and Zµν are the field strength tensors for the SM photon and Z boson. To expose
the interactions generated by the new U(1) field, we can remove the kinetic mixing with a
field redefinition on the SM photon:

Aµ → Aµ − ε cos θWA
′
µ. (3)

The effect of this redefinition is to couple the dark photon to the electromagnetic current
JµEM of the SM. The relevant coupling term is given by:

Lcoupling = ε cos θWA
′
µJ

µ
EM (4)

Hence, we obtain the decay A′ → `+`−.
The phenomenology outlined above is the simplest model-independent consequence of the

mixing U(1)Y ×U(1)dark. However, more complicated signatures can also arise. Coupling to
the SM Z boson via a similar mechanism can produce rare Z decays to dark sector particles.
Also, kinetic mixing can be extended into the SUSY sector, generating electroweakino decays
that produce boosted A′s. Finally, there can be a coupling between the Higgs and dark
sectors. The experimental signatures of these processes usually involve lepton jets stemming
from the boosted decays A′ → `+`−. Searches for events containing lepton jets are currently
ongoing at the LHC experiments.

4 Future Experimental Prospects

The possible existence of a GeV-scale dark photon has exciting prospects for experiments on
the intensity frontier. The ε-mA′ parameter space has already been probed by high-intensity
beam dump experiments and constrained by measurements in astrophysics and precision
QED. Several new experiments will soon be underway to further extend our reach. The
general strategy for collider-based dark photon searches is to observe the decay A′ → `+`−

or A′ → invisible. The parameter space for these decays is shown in Figure 4 along with
current and projected experimental constraints. Here we focus on the region of parameter
space above mA′ ∼ 2me that is accessible to collider experiments.

Beam dump experiments at SLAC, Fermilab, KEK, and Orsay exclude the region at the
left and bottom of Figure 4(a). In this kinematic regime, a highly-boosted A′ is produced and
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travels through a shield to separate it from SM backgrounds. The reach of these experiments
is determined by the available integrated luminosity, as well as the beam energy, shield
length, and distance between the beam dump and detector. At higher values of mA′ , the
dark photon decays more quickly and more sophisticated techniques are needed to distinguish
A′ production from SM processes.

New measurements have been proposed at e+e− and fixed-target colliders, as well as
Tevatron and LHC experiments. Together, they will probe the many challenging regions of
the ε-mA′ parameter space. The various regions of the parameter space are roughly defined
by the A′ lifetime, determined by mA′ and ε, and its production cross section which is
determined primarily by ε. The lifetime of the A′ can be approximated by [17]:

cτ ' 3

NeffmA′αε2
(5)

where Neff is the number of available decay products for the A′. As mA′ increases above
the beam-dump regime, large displacements are no longer observed in A′ decays, except at
very-low ε. Furthermore, the value of ε dictates the rate of A′ production with respect to
SM processes. In the low-ε region, the A′ lifetime is large enough to enable some separation
from SM backgrounds, even though the production rate is highly suppressed. High-energy
colliders are not optimal for A′ searches due to a high rate of SM backgrounds. However,
efforts are ongoing to look for specific signatures involving ”lepton-jets” which might result
from highly-boosted A′ production. Although sensitivity to these scenarios can be obtained,
these measurements are less generic and include model assumptions. Below, we discuss some
of the proposed and ongoing searches for a GeV-scale dark photon.

4.1 e+e− Colliders

The prospects for dark boson searches at e+e− experiments are discussed in [18]. Here, both
direct production and rare meson decays are considered. In the former case, the interaction
e+e− → γA′ is similar to the standard model version, e+e− → γγ, with a rate suppressed
by a factor of ε2. The primary physics background is the production of a virtual photon,
e+e− → γγ∗ → γ`+`−, with qγ∗ ∼ mA′ . The reach is given by computing the relevant cross
sections from QED:

S√
B
∼
√
σ0L

ε2√
α/π

√
mA′

δm
× BR(A′ → `+`−) (6)

where δm ≈ 1 MeV is the approximate resolution on m`+`− , σ0 ∼ 1 × 107 pb is roughly
the cross-section for e+e− → γγ, and L is the integrated luminosity. It is apparent from
this estimate that our reach on ε goes as L−1/4. This poses a considerable challenge in
exploring the low-ε regions of parameter space – we have a statistics-limited measurement
where large gains in the luminosity have a mediocre effect on the outcome. For example,
an order of magnitude increase in L gives only a 25% increase in our reach on ε. A search
down to ε ∼ 10−4 in this scenario would require L ∼ 1 ab−1 of integrated luminosity, which
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Figure 4: The ε-mA′ parameter space with current constraints and projected reach from a
variety of experiments. Visible decays of the A′ are shown at the right, and invisible decays
at the left.

is roughly the size of the current BaBar and Belle datasets. For more competitive limits,
significant enhancements to the luminosity are required.

Searches have been proposed using the data collected at the BaBar and Belle B-factories
[19] which utilize the strategy outlined above. At BaBar, a 9 GeV electron beam is incident on
a 3.1 GeV positron beam; Belle utilizes an 8 GeV electron beam and 3.5 GeV positron beam.
Both detectors allow for full event reconstruction. The BaBar and Belle experiments have
obtained about 500 and 1000 fb−1 of e+e− data at around the Υ(4S) resonance, respectively.
In addition to this, the planned Belle II experiment is scheduled to collect 50 ab−1 of data
by 2022. An estimate of the reach on ε using 432.89 fb−1 of BaBar data is conducted in [18]
and reproduced in Figure 5. Signal events are generated with simple Monte Carlo simulation
based on an estimate of dσ/d cos θ in the process e+e− → A′γ with A′ → `+`−. Backgrounds
are simulated in MadGraph and estimates are included for the mass resolution of e+e−,
µ+µ−, and π+π− decays in the BaBar detector. A degradation of the reach is obtained near
the ρ resonance due to the increased A′ → π+π− branching fraction, but this is partially
recovered by introducing the π+π− channel into the measurement. The reach shown in this
study extends down to ε ∼ 1× 10−3 over a range of masses mA′ . Scaling this by the 100-fold
increase in the expected Belle II dataset, the sensitivity on ε can be increased by a factor of
3. Additional improvements can also be obtained depending on backgrounds and detector
performance.

Meson decays involving a dark photon occur via the same mechanism as the standard
model decay, with BR(X → Y + A′) ≈ ε2BR(X → Y + γ). The dominant background for
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Figure 1. Reach at BaBar, defined to be the value of ε at which S/
√
B = 5, as a function of the U

mass. At left, the reach for e+e−γ, µ+µ−γ, π+π−γ, channels; at right, the same figure with a zoom

into the mU ≤ 1.5 GeV region. Note that muons are a much better search channel than electrons

at larger U masses, which is due to the large background from Bhabha scattering.

can recover some of the lost reach by doing a search in the π+π− channel for a peak. To

compute the background, we use MadGraph with π± added as a new particle with modified

interactions to take into account a form factor Fπ(q2) for the pion-pion-photon vertex. Here

q2 is the virtuality of the photon, and we use the high-precision KLOE results for the form

factor [31]. We will consider only the range 590 MeV ≤ mU ≤ 970 MeV. One could pursue

similar studies at higher masses, but new hadronic decay modes open up and the analysis

becomes more complicated. In the region we consider, nearly 100% of the hadronic decays

are to π+π− except on the ω resonance (mass 782 MeV, width 8.5 MeV). The ω decays

to π+π−π0 90% of the time and to π0γ 9% of the time, so in this narrow region π+π−

constitutes a relatively small fraction of all hadronic decays and the reach is significantly

worse. (It could be improved by searching for the π+π−π0 final state only if the mass

resolution achieved is significantly narrower than the ω width, which seems unlikely.)

In figure 1 we show the reach (i.e. that ε for which S/
√
B = 5). Signal events are

generated, for various choices of mU , through a simple Monte Carlo based on the explicit

formula for dσ/d cos θ in e+e− → Uγ events followed by decay of the on-shell U-boson to

`+`−. The same acceptance cuts and smearing are applied. We then count the number of

smeared signal events passing cuts, within a window of size δm, and compute S/
√
B. It is

important to know the branching ratios Br(U → e+e−) and Br(U → µ+µ−). For this, we

have used the rate for γ∗ → e+e− versus γ∗ → hadrons at sγ∗ = mU , as extracted from the

PDG tables of R [32]. We see from the figure that the µ+µ− channel has better reach for

larger U-boson masses than the e+e− channel which suffers from a large Bhabha scattering

background at higher me+e− .

We see from the figure that the reach in the µ+µ− channel slowly rises from 1.0×10−3

at mU = 210 MeV to about 2.7 × 10−3 at mU = 5 GeV. The most noticeable exception is

the window around mρ, where utilizing the π+π− mode helps to recover some the loss in

– 5 –

Figure 5: Reach on ε at BaBar with 432.89 fb−1 of e+e− data in three channels with e+e−,
µ+µ−, and π+π− in the final state. A ratio S/

√
B = 5 is assumed. The mass range

0 < mA′ < 5 GeV is shown at the left; on the right, the region near the ρ resonance
is enlarged. The decreasing sensitivity at high mA′ observed in the e+e− channel can be
attributed to the increase in Bhabha scattering events.

such processes is the decay X → Y + γ∗ with qγ∗ = mA′ . The reach can be estimated from
the QED by:

S√
B
∼ √nX

ε2 × BR(X → Y + γ)× BR(U → `+`−)√
BR(X → Y + γ8 → Y + `+`−)

√
mA′

δm
log

(
mX −mY

2m`

)
(7)

where nX is the number of mesons produced. Here again we have the dependence ε ∝ n
−1/4
X

so that nX ∼ O(109) is needed to reach ε ∼ 10−3. Estimates on the reach for a variety of
channels are presented in Table 1 of [18]. In particular, a search strategy is proposed in φ
decays at the KLOE experiment, which has collected 2.5 fb−1 of data, or approximately 8
billion φ mesons at a center of mass energy of 1.02 GeV. The KLOE-2 experiment is expected
to expand on this by collecting O(20 fb−1) with an improved detector, providing a factor of
3-5 increase in sensitivity. The proposed decay channel is φ→ ηγ, which occurs 1.3% of the
time. The η meson then decays to diphotons 39% of the time. The relevant search modes
are φ→ ηA′ or φ→ ηγ → γγA′. The reach as a function of mA′ is shown in Figure 6. The
reach here is similar to that obtained from BaBar data – approximately ε ∼ 2 × 10−3 at
mA′ = 214 MeV.

4.2 ep (Fixed Target) Colliders

The high luminosities available at fixed target experiments make them very attractive for
probing the ε-mA parameter space. In electron collisions with an atomic nucleus, the A′ is
produced in a process similar to photon bremsstrahlung. The cross section for this process
can be approximated by σ ∝ α3ε2Z2/m2

A′ ∝ 1 pb. This is a significant improvement over
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Figure 2. Reach for U → e+e− at KLOE in the process φ → ηU . At left: reach in e+e−. The

upper (purple) curve is for constant form factor Fφηγ∗(q2) = 1, whereas the lower (blue) curve is

for the single-pole fit Fφηγ∗(q2) = 1/(1− 3.8GeV−2q2) from ref.. At right: The blue curve is the

reach in e+e− (with single-pole form factor fit) and the gray curve is the corresponding reach in

µ+µ−.

resolution on the mass), eq. (4.6) was used to estimate the corresponding number of signal

events, and the value of ε for which S/
√
B = 5 is plotted. The KLOE momentum resolution

of 0.4% is used (here we neglect smearing in the angular directions, which we do not expect

to significantly alter the results). The 5σ reach at 214 MeV is slightly worse than our back-

of-the-envelope estimate: about 2 × 10−3. Different choices of form factor significantly

modify the reach near the upper end of the kinematically accessible range for mU , but have

little effect at the low end. The kink in the curve just above 0.2 GeV is from the sudden

drop in U → e+e− branching fraction when the µ+µ− decay mode opens up. At around

0.28 GeV, the decay to π+π− opens up. We estimate its branching ratio using a vector

meson dominance model of the pion form factor, Fπ(q2) = 1
1−q2/m2

ρ
, which is approximately

valid since we are probing mU � mρ. The branching fraction to pions remains small

(≈ 14%) even at mU ≈ mφ −mη, so this mode has only a small effect on the reach.

After the di-muon threshold, the combined reach of e+e− and µ+µ− is similar to the

e+e− reach below the threshold.

5 Fixed target experiments

Let’s consider a different option: in a fixed target experiment, instead of trying to produce

the U-boson in scattering or in a rare decay, we can let electrons propagate through some

length of material. Rarely, an electron-proton interaction will produce a U-boson. We won’t

be able to isolate electrons in an EM shower well enough to resolve a peak in m(e+e−),

but if we have good muon identification and momentum resolution we might hope to place

a muon detector outside the target and find the U mass peak in µ+µ−. In this section we

– 12 –

Figure 6: Reach on ε in the decay φ→ ηA′. The curves represent different form factors used
in the cross section calculation. The kink near 0.2 GeV occurs when the decay A′ → µ+µ−

becomes kinematically plausible. The decay to two pions turns on at 0.28 GeV, but the
branching fraction remains small and it has little effect on the reach.

the e+e− → γA′ cross section, σ ∝ α2ε2/E2
CM ∝ 1 fb [20] offered by e+e− experiments. In

other words, the number of A′ particles after a decade of e+e− collisions can be created at a
fixed-target experiment in one day.

In addition to the boost in luminosity obtained at fixed-target experiments, A′ pro-
duction in ep collisions has kinematics which allows for good discrimination from ordinary
bremsstrahlung [17,20,21]. The differential cross section for A′ production scales as

dσ

dx
∝ α3

π

ε2

m2
e · x+m2

A′(1− x)/x
(8)

where x = EA′/Ebeam. This distribution peaks at x ≈ 1 where the A′ takes most of the
beam energy. The A′ is thus boosted in the forward direction, with the recoiling electron
emitted at a larger angle from the beam line. The decay products of the A′ are also boosted,
partially due to the mass of the A′, and occur in the forward region. An illustration of this
is reproduced from [21] in Figure 7. The analogous kinematics in photon bremsstrahlung
can be obtained by setting mA′ = 0 in Equation 8. Here, the rate falls with increasing x,
producing low-energy photons emitted at large angles and recoiling electrons in the forward
region.

A number of experiments have been proposed to take advantage of these features. Among
these are three experiments at Jefferson Laboratory (JLab) – HPS, DarkLight and APEX –
an experiment at the VEPP-3 storage ring in Novosibirsk, and a 3-phase program at Mainz
in Germany. The projected reach of these experiments extends down to ε ∼ 10−5 and A′
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Fixed Target Kinematics

Efficient reconstruction of  A’ decays needs large, forward acceptance:
θdecay = mA′/EA′  (~200 MeV/6 GeV = 33 mrad)

“recoil”

Figure 7: An illustration of the kinematics of A′ production at ep colliders [21]. The A′ is
preferentially emitted in the forward direction, carrying the majority of the beam energy.
The resulting dilepton pair is observed preferentially in the forward direction.

masses up to several GeV. The dominant backgrounds are due to photon bremsstrahlung
and Bethe-Heitler trident production. We give a concise overview below.

HPS (Heavy Photon Search): a forward-vertexing spectrometer The HPS exper-
iment [22] will scan over a broad range of masses, 20 < mA′ < 1000 MeV, utilizing beams
of energies 2.2 GeV and 6.6 GeV incident on a tungsten (W) target of width 0.15%-0.25%
radiation lengths. The detector layout includes a Si tracking and vertexing system directly
downstream from the target and inside a magnetic field. Further down the beamline are
positioned an electromagnetic calorimeter and muon system for triggering and particle ID.
The A′ search will proceed via two avenues – a resonance search and displaced vertex search.
In the former, the A′ will produce a bump in the dilepton invariant mass. This measurement
will be statistics (background) and mass-resolution limited and will probe a region of large
ε. The latter will be sensitive to A′ bosons with a smaller ε, and backgrounds are highly
suppressed. It is limited by luminosity and acceptance for A′ with large lifetimes.

APEX (A Prime EXperiment): dual-arm spectrometers The APEX experiment
[23,24] is planning to search in mass range 65 < mA′ < 525 GeV by using a 12 GeV beam from
the CEBAF machine, incident on a 50cm long tantalum (Ta) multifoil target. The search
region accessible by APEX largely overlaps with HPS, but the experimental strategy is aimed
at a very precise reconstruction of me+e− , with a relative momentum resolution of O(10−4).
The experimental setup includes two septum magnets to bend the e+/e− trajectories at
angles of 5deg relative to the incident beam into two high resolution spectrometers. This
configuration takes advantage of the kinematics involved in A′ production – the opening angle
for signal e+e− pairs is expected to be Θ ∼ mA′/Eb ≈ 5◦ [20]. The dominant contributions
to the mass resolution are the angular resolution and multiple scattering in the target.

DarkLight: gaseous target with full final state reconstruction The DarkLight
(Detecting A Resonance Kinematically with eLectrons Incident on a Gaseous Hydrogen
Target) experiment [25, 26], proposed to be position at the FEL (Free Electron Laser) at
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JLab, takes the approach of a 100 MeV electron beam on a Hydrogen gas target. The
high intensity available at the FEL will deliver an integrated luminosity of 1 ab−1 after 1-2
months of running. The accessible mass range will be 10 < mA′ < 90 GeV. The detector at
DarkLight will include full reconstruction of the four particle final state, which gives it the
advantage of imposing strong kinematic constraints for background rejection. In addition to
this, DarkLight provides photon identification for better rejection of SM backgrounds. As
a result, DarkLight has sensitivity to the decay A′ → invisible in addition to the dileptonic
decay.

MAMI/MESA: a 3-phase program A proposal for a dark photon search at University
of Mainz in Germany outlines a 3-phase program for probing a broad region of the parameter
space [27]. The first two phases make use of the electron beam at the MAMI accelerator,
with possible beam energies in the range 180 < Eb < 720 MeV. The first stage will include
two high resolution spectrometers to provide O(10−4) relative momentum resolution for good
dielectron mass reconstruction. The beam is incident on a target of 12 strips of tantalum
(Ta) foil. This will probe the high-ε, high-mass region of parameter space. For reach into
the low-ε region, phase II will focus on vertex reconstruction with two angular acceptance
spectrometers. In phase III, the experiment will move to the MESA accelerator with a beam
energy of 200 MeV, and will operate in an ERL (Electron Recovery Linac) mode with an
internal gas target as well as an extracted beam mode. This final stage is expected to probe
the low-mass, low-ε region of parameter space.

VEPP-3: positron beam on a gaseous target The proposed experiment at VEPP-3
in Novosibirsk differs from most other fixed-target experiments in that a 500 MeV positron
beam is incident on a Hydrogen gas target [28]. Here the relevant interaction is e+e− → γA′,
where beam particles annihilate with electrons in the Hydrogen. The experimental technique
requires only a measurement of the photon energy Eγ and angle Θγ. The A′ signal appears
as a band in the Θγ-Eγ plane above the continuum of SM processes including bremsstrahlung
of the beam positrons against electrons or protons in the target, and photons from the three-
photon annihilation process. Because the decay products of the A′ are not reconstructed,
this experiment has sensitivity to dileptonic as well as invisible A′ decays.

4.3 TeV-Scale Probes

Experiments at the TeV scale are typically sensitive to dark sectors through complex decay
chains rather than simple dileptonic signatures. In particular, the possibility of lepton jets
was first suggested in [29] as a consequence of embedding the dark sector within low-energy
SUSY. Lepton jets arise from boosted A′ → `+`− production in cascade decays of MSSM
superpartners as well as rare decays of the SM Z and Higgs bosons (Figure 8). They contain
at least two leptons with a small opening angle and order-GeV invariant mass. Often, lepton
jet signatures also also accompanied by MET due to invisible decays of dark sector particles.

Searches for dark sectors have been conducted at the Tevatron and LHC experiments [31].
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Figure 9. The event topologies discussed in section 4. On the left we depict a rare Z0 decay into

dark states which subsequently decay as in figure 8. This would result in two isolated lepton jets

recoiling against each other. On the right is a neutralino pair production event with the neutralino

ultimately decaying into the dark sector. We allow the dark bosons to decay as usual, but keep the

dark fermions stable, aside from possible radiation. The events therefore consist of 2 hard lepton

jets, missing energy, and softer leptons coming from radiation of the dark fermions (radiation from

the dark bosons would normally be clumped together with the harder leptons coming from the

cascade.).

4 Lepton jets and experimental searches

In this penultimate section we present the results of simulations for the different pro-

cesses discussed above. Production of the dark states was simulated using Madgraph [20].

The later cascade and decay back into the SM was simulated with a private code us-

ing Mathematica.

4.1 Lepton jets from rare Z0 decays

As discussed in the previous section, the effects of dark radiation in the case of rare Z0

decays into the dark sector are mild with possibly one radiated dark photon in a fraction

of the events (left pane of figure 6). The structure of the lepton jets in this case is therefore

straightforward to understand. If the decay is into dark fermions, the event contains large

amounts of missing energy and possibly one or two dileptons from the fermions cascade.

On the other hand the decay into dark bosons lead to 4 distinct topologies. Assuming CP

conservation, the Z0 must decay into one CP-even and CP-odd boson. On one side of the

event we can expect either bµ or ad and on the other side Hd or hd. Their decays are depicted

in figure 8 and the corresponding lepton jets are comprised of 2 or 4 collimated leptons

with some of the events containing missing energy. Radiation will increase the lepton

multiplicity in some of the events, but should not substantially affect the event topology

and lepton jet structure. We consider this an important channel for lepton jet searches

since it is rather clean with a simple event topology as depicted on the left of figure 9.

4.2 Lepton jets from neutralino cascades

In the case of neutralino cascades, shown on the right of figure 9, the effects of dark radiation

are more substantial. If not for radiation, one would expect two clean lepton jets in almost
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Figure 8: Production of lepton jets at the LHC [30].

Recently, the CMS experiment has searched for Higgs bosons [32] and light resonances [33]
decaying to muon jets in 7 TeV data. CMS has approached muon jet reconstruction by
identifying individual muons with an O(1 GeV) invariant mass. A muon jet signal appears
as an excess in the dimuon invariant mass spectrum from isolated muon pairs. In the Higgs
analysis, two muon jets are required within some invariant mass threshold of each other.
In the search for light resonances, topologies include 1 dimuon jet, 2 dimuon jets, and 1
quadmuon jet were considered. CMS also has sensitivity to displaced vertices up to ∼40cm
from the beamline. No excesses were identified in these searches, and appropriate limits were
set. Decays of the SM Higgs with an approximately 1% branching ratio to muon jets have
been excluded.

The ATLAS experiment has searched for events with lepton jets resulting from both
prompt [34] and Higgs [35,36] decays at 7 TeV. ATLAS has approached electron jet searches
with custom reconstruction based on several discriminating variables which use tracker and
calorimeter information. For the reconstruction of muon jets, an iterative seeding procedure
is used. Limits were set on prompt dark photon production with decays to two prompt
lepton jets containing either muons or electrons, and events with one prompt 4-muon lepton
jet [34]. A limit for SM WH Higgs production with the Higgs decaying to electron jets was
set at about 50% of the SM production cross section. Finally, in a search for displaced muon
jets resulting from a light Higgs decay, limits were obtained on the cross section for displaced
vertices up to ∼50 cm.

The reach of the LHC experiments on mA′ is determined primarily by the reconstruction
capabilities of the CMS and ATLAS detectors. Muon reconstruction in both experiments
has so far allowed for sensitivity down to mµµ ∼ 250 MeV. At ATLAS, the sensitivity to
electron jets extends down to mee ∼ 150 MeV. The reach of these experiments in ε is difficult
to quantify, largely because the searches make model assumptions beyond the simple decay
of an A′. The search results are typically interpreted in terms of simplified models that can
be applied to a variety of physics scenarios.

The LHC experiments will continue to probe for dark sector interactions as larger datasets
at 13 TeV become available. In addition to the increase in statistics, it will be beneficial to
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improve the reconstruction of lepton jets and explore a wider variety of signatures. Many
of the signatures probed at the LHC assume a dark sector that couples to SUSY or Higgs
sectors. Although not as generic, these searches will complement the efforts at lower energy
e+e− and fixed-target experiments.

5 Conclusions

We have seen that a collection of evidence from measurements of high-energy cosmic rays,
gamma rays, and microwaves, as well as terrestrial DM searches, motivates a dark sector
explanation for DM. The dark photon is a candidate dark sector particle which loosely mixes
with electromagnetism in the SM. There is now an ongoing effort to search for dark photons in
collider-based experiments on the intensity frontier. This exciting new experimental program
will provide useful input to the new physics searches currently taking place at the LHC and
cosmic-frontier.
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