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Chapter 2

Motivation

There is current theoretical and experimental interest in a massive U(1) vector boson

that does not couple directly to particles in the Standard Model, but gains a weak

effective coupling to charged particles through kinetic mixing. This particle is com-

monly called a heavy photon, dark photon, or A′, and is characterized by its mass

mA′ and a dimensionless coupling constant ϵ.

The heavy photon is primarily motivated as part of a larger “dark sector” of par-

ticles that are not charged directly under the Standard Model forces. Some sort of

“portal” is necessary to create an interaction between the dark sector and the Stan-

dard Model. The possible portals are restricted by the symmetries of the Standard

Model, and the dominant candidates are commonly referred to as the vector, Higgs,

neutrino, and axion portals; the heavy photon is the mediator for the vector portal

[1]. Dark sector particles are natural candidates for dark matter, and a heavy photon

can be part of a mechanism that produces the observed dark matter abundance.

2.1 Theory Summary

The basic assumption behind the heavy photon is that there exists a second (broken)

U(1) symmetry, and that it interacts with Standard Model hypercharge via kinetic

mixing [2]. At low energies, this leads to the following gauge field Lagrangian, where

Fµν = ∂µAν − ∂νAµ is the electromagnetic field strength, F ′
µν = ∂µA

′
ν − ∂νA

′
µ is the

3
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heavy photon field strength, and ϵ is the dimensionless coupling constant:

Lgauge = −1

4
F µνFµν −

1

4
F ′µνF ′

µν +
1

2
ϵF µνF ′

µν (2.1)

The kinetic mixing means that the fields are not orthogonal. Orthogonality can

be restored by redefining the electromagnetic field according to Aµ → Aµ+ϵA′µ. This

modifies the interaction Lagrangian as follows:

AµJEM
µ → AµJEM

µ + ϵA′µJEM
µ (2.2)

This implies that particles with electric charge acquire a coupling, proportional

to ϵ, to the heavy photon. The converse is not true: hidden-sector particles with

heavy photon couplings do not acquire couplings to the photon (such “millicharged”

particles do occur if the new U(1) is unbroken [3, 4]) [2].

If particles exist that are charged under both fields, kinetic mixing may arise from

a one-loop diagram similar to Figure 2.1, with a natural scale of ϵ ∼ 10−2 − 10−4;

on the other hand, GUT models require that one-loop contributions to ϵ vanish, and

instead motivate two-loop contributions at ϵ ∼ 10−3−10−6 [5]. Because kinetic mixing

is a renormalizable interaction, ϵ is independent of the masses of the particles that

give rise to it. String theory models can motivate much smaller ϵ, as low as 10−12 [6,

7].

γ A′

Figure 2.1: One-loop diagram leading to kinetic mixing.
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There is a wide range of reasonable values for the mass mA′ . Models where

supersymmetry breaking is communicated by the kinetic mixing lead to natural mass

scales of MeV-GeV [8, 9, 10]. String theory models typically tie the mass scale to ϵ,

and can motivate masses down to the meV scale [6, 7].

2.2 Observations Motivating a Heavy Photon

2.2.1 Dark Matter Annihilation

Dark matter annihilation mediated by a heavy photon has been proposed as an ex-

planation for several anomalies that have been reported in cosmic ray and X-ray

observations.

The PAMELA satellite first observed that the positron fraction ϕ(e+)/(ϕ(e+) +

ϕ(e−)) increases above 10 GeV. This is inconsistent with the assumption that high-

energy positrons originate in secondary production processes, from cosmic-ray nuclei

interactions with interstellar gas. Meanwhile, the antiproton fraction is consistent

with secondary production. Measurements by the Fermi Large Area Telescope and

the Alpha Magnetic Spectrometer (AMS) confirmed the observation and extended it

to higher energies [11, 12].

The annihilation cross-section implied by the positron flux is large compared to

the cross-section expected for a thermal relic, and also much larger than any observed

annihilation to hadrons [13]. This is consistent with annihilation to heavy photons

with then decay to electrons and positrons, as shown in Figure 2.2 [14]. A heavy

photon with mA′ < 2mp cannot decay to pp̄, and mA′ in the MeV–GeV range (models

withmA′ in the 200–900 MeV range were tested in [15]; if annihilation is dominated by

local subhalos, lower mass ranges are allowed [16]) creates Sommerfeld enhancement

that boosts the annihilation cross-section at low velocities.

The positron fraction has more recently been disfavored as a motivation for the

heavy photon. A larger AMS data set shows the full shape of the positron spectrum

is softer than would be expected from a heavy photon decaying directly to e+e− [17],

but consistent with a pulsar origin for cosmic ray positrons [18]. Meanwhile, CMB
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χ

χ

A′

A′

Figure 2.2: Dark matter annihilation to a heavy photon, which can then decay to
Standard Model particles.

observations put limits on the DM annihilation rate at recombination; measurements

by Planck constrain the DM annihilation explanation for the positron fraction [19].

The positron spectrum may still be consistent with heavy photons decaying to inter-

mediate states that then decay to e+e− [18].

Gamma ray and X-ray excesses also motivate models of dark matter that include

heavy photons. Dark matter annihilation has been proposed as a source for an excess

of high-energy gamma rays from the Galactic Center in Fermi data [20]. A 3.5 keV

line seen in galaxy cluster X-ray spectra [21, 22] has been suggested to come from

collisional excitation and de-excitation of dark matter, in a model named eXciting

Dark Matter (XDM) [23].

2.2.2 Halo Structure

Observations of dark matter halos of galaxies and dwarf galaxies disagree with predic-

tions based on the assumption of collisionless cold dark matter [24]. These discrepan-

cies have motivated models (“self-interacting dark matter,” or SIDM) in which dark

matter is self-interacting with a large but velocity-dependent cross-section, consistent

with a heavy photon mediator. This allows momentum diffusion in halos without

disrupting high-velocity events such as the Bullet Cluster [25, 26].

Rotational velocities of observed Milky Way dwarf satellite galaxies are lower than
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the rotational velocities that simulations predict for the Milky Way’s largest dark mat-

ter subhaloes. This suggests that either the most massive dark matter subhalos fail

to form dwarf galaxies, the massive subhalos do not exist, or the rotational velocities

for a given subhalo mass are lower than predicted; this is known as the “too big to

fail” problem [27]. Self-interacting dark matter reduces the central densities of sub-

halos and thus the rotational velocities [28]. Similarly, the observed density profiles

of galaxies are better fit with a constant density core than the cuspy models from

collisionless dark matter: this is the “cusp-core” problem [29] Both the observational

evidence and the simulations continue to develop, and it may be possible to resolve

the conflicts without abandoning collisionless dark matter [30, 31].

2.2.3 Muon g − 2 Anomaly

The measured value of the muon g− 2 (anomalous magnetic moment, also known as

aµ = (g − 2)/2) is more than 3 standard deviations away from the value predicted

by the Standard Model [32, 33]. A heavy photon can contribute to the magnetic

moment through the diagram shown in Figure 2.3; there is a specific band in the

ϵ − mA′ parameter space (shown in green in Figure 1.1) where the heavy photon

correction accounts for the anomaly [34]. The good agreement of the electron g − 2

with the Standard Model excludes a different region (drawn in red); similarly, there is

an excluded region (drawn in green, above the favored band) where the heavy photon

correction to muon g − 2 exceeds the observed anomaly [35]. This favored region

has been targeted by many experiments, and is now excluded for the case of heavy

photon decays to visible particles.

2.3 Signatures

The heavy photon’s only coupling to the Standard Model is through kinetic mixing

with the photon. So assuming that heavy photon decays to the dark sector are

kinematically forbidden, the production and decay of a heavy photon are closely

related to the production and decay of a virtual photon with the same mass.
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A′

γ

µ µ

Figure 2.3: Heavy photon correction to the muon magnetic moment.

The branching fractions for decay, as a function of mA′ , can be derived from the

ratios of cross sections for different final states of e+e− collisions, as a function of

center-of-mass energy: see Figure 2.4. The decay width and proper lifetime are given

in Equations 2.3 and 2.4, where Neff is the effective number of possible available

decay products: neglecting phase-space corrections, Neff = 1 for mA′ < 2mµ, and

Neff = 2 +R(mA′) for mA′ ≥ 2mµ, where R(Q) = σ(e+e−→hadrons,Q)
σ(e+e−→µ+µ−,Q)

.

Γ =
NeffmA′αϵ2

3
(2.3)

τ =
h̄

Γ
=

3h̄

NeffmA′αϵ2
(2.4)

In general, the rate of production of a heavy photon with mass mA′ is proportional

to the rate of the corresponding process for virtual photons, integrated over the mass

range bounded by mA′ ± δm
2
. The kinematics are the same, so the virtual photon

process is an irreducible background except that the heavy photon is on-shell and

can travel a measurable distance. A measurement of the virtual photon process can

be used to normalize the sensitivity of a search in a data-driven way. The ratio of

differential cross-sections is given in Equation 2.5.
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Figure 2.4: Branching ratios for the heavy photon decay to Standard Model particles
[36].

dσ(X → A′Y → ZY )

dσ(X → γ∗Y → ZY )
=

(
3πϵ2

2Neffα

)(
mA′

δm

)
(2.5)

2.4 Overview of Searches

Recent and planned searches for heavy photons can be categorized by the production

mechanism, the signature for detection, and the type of facility.

Detection signatures include a mass resonance in the decay products (e+e−, µ+µ−,

or π+π− pairs), missing mass (which allows a search for heavy photons decaying to

the dark sector), or displaced vertices.

The common production mechanisms are bremsstrahlung (e−Z → e−ZA′), Drell-

Yan (qq̄ → γA′), e+e− annihilation (e+e− → γA′), and meson decay (π0 → γA′, η →
γA′, ϕ → ηA′, and others). Some experiments look for mass resonances by making

all possible pairs (for example, all µ+µ− pairs) without identifying the production

process; these are called “inclusive” searches.
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Fixed-target experiments and colliders are complementary. The higher lumi-

nosities at fixed-target experiments allow sensitivity at smaller ϵ, particularly for

displaced-vertex searches. Colliders, with their higher center-of-mass energy, can

reach larger mA′ .

2.4.1 Beam Dumps

An electron or proton beam dump will generate heavy photons through bremsstrahlung,

Drell-Yan, or meson decays. If the heavy photon decay length is comparable to the

dump length, heavy photons can travel through the dump and decay to visible parti-

cles after the dump. A detector downstream of the dump detects the decay products.

Beam dump experiments have very high luminosities, due to the high currents

and thick targets. Several electron beam dump experiments were run as searches for

axion-like or Higgs-like particles, but were reinterpreted to give limits on a heavy

photon: E137 [37] and E141 [38] at SLAC, E774 [39] at Fermilab, and an experiment

at Orsay [40]. Similarly, a proton beam dump experiment at the U70 accelerator was

reinterpreted to give limits for heavy photons, both from π0 decay and from proton

bremsstrahlung [41].

Planned proton beam dump experiments include SHiP at CERN and SeaQuest

E1067 at Fermilab. SHiP is a general-purpose search for dark sector particles [42];

E1067 is an upgrade to an existing dimuon spectrometer to allow parasitic searches

for heavy photons [43]. NA64 at CERN is an electron beam experiment that uses an

electromagnetic calorimeter as an active dump [44].

2.4.2 Thin Fixed Targets

An electron beam incident on a thin target will generate heavy photons through

bremsstrahlung, e−Z → e−ZA′. The signature is a mass resonance in the decay

products (typically e+e− for the mass range accessible by this technique). The mass

resolution can be improved by detecting the recoiling beam electron and/or nucleus.

HPS is the first experiment of this type to attempt a displaced-vertex search.

Two experiments have been run with existing fixed-target spectrometers: one
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experiment using the A1 spectrometer at MAMI [45], and the APEX experiment

using the HRS spectrometer at JLab Hall A (a test run was completed, a full run

is scheduled) [46, 47]. Two experiments are planned: DarkLight at the JLab LERF

[48], and MAGIX at MESA [49].

A positron beam incident on a thin target will generate heavy photons through

annihilation. Experiments of this type can detect monophoton final states (e+e− →
γA′ → γdark) and identify the heavy photon in the missing mass spectrum. Experi-

ments are proposed at INFN Frascati (PADME [50]) and VEPP-3 [51].

Proton or ion beams can also be used: the HADES spectrometer was used to

measure inclusive e+e− pairs from p-on-p, p-on-Nb, and Ar-on-KCl interactions. The

assumed signal was from meson decays [52].

2.4.3 Colliders

Most collider searches for heavy photons have come from flavor factories, where meson

decays are a natural source of heavy photon production. e+e− annihilation or Drell-

Yan can also be a significant source of heavy photons. Displaced-vertex searches are

often possible.

Among e+e− colliders, BaBar has set limits using υ → γA′, A′ → µ+µ− [53,

54]; KLOE has set limits using ϕ → ηA′ and e+e− → γA′ production modes and

dielectron, dimuon, and dipion decays [55, 56, 57, 58, 59]. Belle-II is expected to

improve on the BaBar result [60].

p − p colliders have also been used. WASA at COSY looked for π0 → γA′,

A′ → e+e− [61]. LHCb plans to make a significant impact with a search inmA′ < 2mµ

using D∗ → D0A′, A′ → e+e−, a search in mA′ > 2mµ using inclusive production and

A′ → µ+µ−, and a displaced-vertex search using η → γA′, A′ → µ+µ− [62, 63].

2.5 Overview of HPS

In HPS, the heavy photon is generated through electron bremsstrahlung off of a

tungsten nucleus, and detected in its decay to e+e−. This process is the analogue of
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the radiative trident process shown in Figure 2.5, with a heavy photon substituted

for the radiated photon. Only the e+e− pair is triggered on and reconstructed; the

recoil electron is typically outside the detector acceptance. Both the pair invariant

mass and vertex position are reconstructed.

Two analyses are performed on the same data set. A pure bump-hunt search

at large ϵ assumes the heavy photon decays at the target, which improves the mass

resolution. This is a search for a mass resonance, using only the pair invariant mass; it

is described fully in [64]. A displaced-vertex search at small ϵ rejects pairs originating

from the target. Because the heavy photon must travel a measurable distance, this

search is not sensitive to large ϵ.

2.5.1 Signal Kinematics

The kinematics of heavy photon production can be calculated using the Weizsäcker-

Williams approximation (where the nucleus is replaced by an effective photon flux);

this is done in [65], based on work in [66, 67]. An exact (to leading order, with

radiative corrections) calculation shows similar results [68, 69] The differential cross-

section for an electron with energy E0 to produce a heavy photon with energy EA′ =

xE0, at angle θA′ from the beam (in the lab frame), is

dσ

dxd cos θA′
≈ 8Z2α3ϵ2E2

0

U2

χ

Z2

(
1− x+

x2

2
− x(1− x)m2

A′(E2
0xθ

2
A′)

U2

)
(2.6)

where χ/Z2 (∼ 5− 10 for values of mA′ < 100 MeV, where HPS is sensitive) depends

on atomic form factors and kinematics, and U(x, θA′) = E2
0xθ

2
A′ + m2

A′
1−x
x

+ m2
ex is

the virtuality of the electron in the intermediate state. The approximation assumes

me ≪ mA′ ≪ E0 and xθ2A′ ≪ 1. The characteristic angle of emission is set by

U(x, θA′)− U(x, 0) ∼ U(x, 0), which occurs at θA′ ∼ mA′
√
1−x

xE0
.

Integrating out θA′ and ignoring me, the differential cross-section is

dσ

dx
≈ 8Z2α3ϵ2x

m2
A′

χ

Z2

(
1 +

x2

3(1− x)

)
(2.7)
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There is a cutoff at 1 − x = max
(

m2
e

m2
A′
,
m2

A′
E2

0

)
, and the median value of 1 − x is

max
(

me

mA′
, mA′

E0

)
.

The overall rate is controlled by α3ϵ2

m2
A′
, so heavy photon production is increasingly

less likely at larger mA′ . From Equation 2.7, the heavy photon typically takes most

of the incident electron’s momentum: EA′ ≈ E0. This means that the typical opening

angle of the decay products is 2mA′/E0, and the typical vertex displacement is

γcτ ≈ 3h̄E0

Neffm2
A′αϵ2c

(2.8)

From Equation 2.6, θA′ is dominated by small values: the typical value of θA′ is(
mA′
E0

)3/2
, so θA′ is smaller than the opening angle of the decay products and it is a

good approximation to assume the heavy photon is emitted in the beam direction.

The recoiling incident electron is soft and also largely balances the p⊥ of the heavy

photon, and therefore is at relatively wide angle θR ∼
√

mA′
E0

. It is usually not in the

HPS acceptance.

2.5.2 Physics Backgrounds

The major sources of e+e− backgrounds are radiative tridents, Bethe-Heitler tridents,

and pair conversions of wide-angle bremsstrahlung photons.

As discussed in Section 2.3, the radiative trident and heavy photon processes

have the same kinematics. The radiative trident process is therefore an irreducible

background.

The Bethe-Heitler trident process (Figure 2.6), and its interference with the ra-

diative trident process, is another background. In contrast to heavy photons and

radiative tridents, pairs from non-radiative tridents are not peaked at high x. In

general, the two electrons are not distinguishable and either e+e− pair is a potential

background.

Wide-angle bremsstrahlung (where the photon and electron are both at large

angles from the beam axis), followed by pair conversion of the photon (either in the

target or in the first parts of the detector), is another significant background. Since
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Figure 2.5: Radiative trident diagrams.
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Figure 2.6: Bethe-Heitler trident diagrams.

the photon is on-shell, the e+e− pair from the pair conversion is generally not in the

HPS acceptance. However, the scattered incident electron and the positron from the

pair conversion are often in the acceptance.



Bibliography

[1] R. Essig et al. “Dark Sectors and New, Light, Weakly-Coupled Particles”. In:

(Oct. 31, 2013). arXiv: 1311.0029 [astro-ph, physics:hep-ex, physics:hep-ph].

url: http://arxiv.org/abs/1311.0029 (visited on 07/27/2016).

[2] Bob Holdom. “Two U(1)’s and Charge Shifts”. In: Physics Letters B 166.2

(Jan. 9, 1986), pp. 196–198. issn: 0370-2693. doi: 10.1016/0370-2693(86)

91377-8. url: http://www.sciencedirect.com/science/article/pii/

0370269386913778 (visited on 07/27/2016).

[3] A. A. Prinz et al. “Search for Millicharged Particles at SLAC”. In: Physical Re-

view Letters 81.6 (Aug. 10, 1998), pp. 1175–1178. doi: 10.1103/PhysRevLett.

81.1175. url: http://link.aps.org/doi/10.1103/PhysRevLett.81.1175

(visited on 08/01/2016).

[4] Sacha Davidson, Steen Hannestad, and Georg Raffelt. “Updated Bounds on

Milli-Charged Particles”. In: Journal of High Energy Physics 2000 (05 May 2,

2000), pp. 003–003. issn: 1029-8479. doi: 10.1088/1126-6708/2000/05/003.

arXiv: hep- ph/0001179. url: http://arxiv.org/abs/hep- ph/0001179

(visited on 07/31/2016).

[5] Nima Arkani-Hamed and Neal Weiner. “LHC Signals for a SuperUnified Theory

of Dark Matter”. In: Journal of High Energy Physics 2008.12 (Dec. 29, 2008),

pp. 104–104. issn: 1029-8479. doi: 10.1088/1126-6708/2008/12/104. arXiv:

0810.0714. url: http://arxiv.org/abs/0810.0714 (visited on 07/28/2016).

[6] Mark Goodsell et al. “Naturally Light Hidden Photons in LARGE Volume

String Compactifications”. In: Journal of High Energy Physics 2009.11 (Nov. 6,

40

http://arxiv.org/abs/1311.0029
http://arxiv.org/abs/1311.0029
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://www.sciencedirect.com/science/article/pii/0370269386913778
http://www.sciencedirect.com/science/article/pii/0370269386913778
http://dx.doi.org/10.1103/PhysRevLett.81.1175
http://dx.doi.org/10.1103/PhysRevLett.81.1175
http://link.aps.org/doi/10.1103/PhysRevLett.81.1175
http://dx.doi.org/10.1088/1126-6708/2000/05/003
http://arxiv.org/abs/hep-ph/0001179
http://arxiv.org/abs/hep-ph/0001179
http://dx.doi.org/10.1088/1126-6708/2008/12/104
http://arxiv.org/abs/0810.0714
http://arxiv.org/abs/0810.0714


BIBLIOGRAPHY 41

2009), pp. 027–027. issn: 1029-8479. doi: 10.1088/1126-6708/2009/11/027.

arXiv: 0909.0515. url: http://arxiv.org/abs/0909.0515 (visited on

08/24/2016).

[7] Michele Cicoli et al. “Testing String Vacua in the Lab: From a Hidden CMB

to Dark Forces in Flux Compactifications”. In: Journal of High Energy Physics

2011.7 (July 2011). issn: 1029-8479. doi: 10.1007/JHEP07(2011)114. arXiv:

1103.3705. url: http://arxiv.org/abs/1103.3705 (visited on 08/24/2016).

[8] Matthew Baumgart et al. “Non-Abelian Dark Sectors and Their Collider Signa-

tures”. In: Journal of High Energy Physics 2009 (04 Apr. 3, 2009), pp. 014–014.

issn: 1029-8479. doi: 10.1088/1126-6708/2009/04/014. arXiv: 0901.0283.

url: http://arxiv.org/abs/0901.0283 (visited on 08/24/2016).

[9] David E. Morrissey, David Poland, and Kathryn M. Zurek. “Abelian Hidden

Sectors at a GeV”. In: Journal of High Energy Physics 2009 (07 July 15, 2009),

pp. 050–050. issn: 1029-8479. doi: 10.1088/1126-6708/2009/07/050. arXiv:

0904.2567. url: http://arxiv.org/abs/0904.2567 (visited on 08/24/2016).

[10] Clifford Cheung et al. “Kinetic Mixing as the Origin of Light Dark Scales”.

In: Physical Review D 80.3 (Aug. 12, 2009). issn: 1550-7998, 1550-2368. doi:

10.1103/PhysRevD.80.035008. arXiv: 0902.3246. url: http://arxiv.org/

abs/0902.3246 (visited on 08/24/2016).

[11] The Fermi LAT Collaboration et al. “Measurement of Separate Cosmic-Ray

Electron and Positron Spectra with the Fermi Large Area Telescope”. In: Phys-

ical Review Letters 108.1 (Jan. 5, 2012). issn: 0031-9007, 1079-7114. doi: 10.

1103/PhysRevLett.108.011103. arXiv: 1109.0521. url: http://arxiv.org/

abs/1109.0521 (visited on 08/24/2016).

[12] AMS Collaboration et al. “First Result from the Alpha Magnetic Spectrome-

ter on the International Space Station: Precision Measurement of the Positron

Fraction in Primary Cosmic Rays of 0.5-350 GeV”. In: Physical Review Letters

110.14 (Apr. 3, 2013), p. 141102. doi: 10.1103/PhysRevLett.110.141102.

url: http://link.aps.org/doi/10.1103/PhysRevLett.110.141102 (visited

on 08/24/2016).

http://dx.doi.org/10.1088/1126-6708/2009/11/027
http://arxiv.org/abs/0909.0515
http://arxiv.org/abs/0909.0515
http://dx.doi.org/10.1007/JHEP07(2011)114
http://arxiv.org/abs/1103.3705
http://arxiv.org/abs/1103.3705
http://dx.doi.org/10.1088/1126-6708/2009/04/014
http://arxiv.org/abs/0901.0283
http://arxiv.org/abs/0901.0283
http://dx.doi.org/10.1088/1126-6708/2009/07/050
http://arxiv.org/abs/0904.2567
http://arxiv.org/abs/0904.2567
http://dx.doi.org/10.1103/PhysRevD.80.035008
http://arxiv.org/abs/0902.3246
http://arxiv.org/abs/0902.3246
http://arxiv.org/abs/0902.3246
http://dx.doi.org/10.1103/PhysRevLett.108.011103
http://dx.doi.org/10.1103/PhysRevLett.108.011103
http://arxiv.org/abs/1109.0521
http://arxiv.org/abs/1109.0521
http://arxiv.org/abs/1109.0521
http://dx.doi.org/10.1103/PhysRevLett.110.141102
http://link.aps.org/doi/10.1103/PhysRevLett.110.141102


BIBLIOGRAPHY 42

[13] Ilias Cholis et al. “High Energy Positrons From Annihilating Dark Matter”.

In: Physical Review D 80.12 (Dec. 10, 2009). issn: 1550-7998, 1550-2368. doi:

10.1103/PhysRevD.80.123511. arXiv: 0809.1683. url: http://arxiv.org/

abs/0809.1683 (visited on 08/24/2016).

[14] Nima Arkani-Hamed et al. “A Theory of Dark Matter”. In: Physical Review D

79.1 (Jan. 27, 2009). issn: 1550-7998, 1550-2368. doi: 10.1103/PhysRevD.79.

015014. arXiv: 0810.0713. url: http://arxiv.org/abs/0810.0713 (visited

on 07/29/2016).

[15] Douglas P. Finkbeiner et al. “Consistent Scenarios for Cosmic-Ray Excesses

from Sommerfeld-Enhanced Dark Matter Annihilation”. In: Journal of Cos-

mology and Astroparticle Physics 2011 (05 May 3, 2011), pp. 002–002. issn:

1475-7516. doi: 10.1088/1475-7516/2011/05/002. arXiv: 1011.3082. url:

http://arxiv.org/abs/1011.3082 (visited on 08/24/2016).

[16] Tracy R. Slatyer, Natalia Toro, and Neal Weiner. “Sommerfeld-Enhanced Anni-

hilation in Dark Matter Substructure: Consequences for Constraints on Cosmic-

Ray Excesses”. In: Physical Review D 86.8 (Oct. 22, 2012). issn: 1550-7998,

1550-2368. doi: 10 . 1103 / PhysRevD . 86 . 083534. arXiv: 1107 . 3546. url:

http://arxiv.org/abs/1107.3546 (visited on 08/24/2016).

[17] AMS Collaboration et al. “High Statistics Measurement of the Positron Fraction

in Primary Cosmic Rays of 0.5-500 GeV with the Alpha Magnetic Spectrom-

eter on the International Space Station”. In: Physical Review Letters 113.12

(Sept. 18, 2014), p. 121101. doi: 10.1103/PhysRevLett.113.121101. url:

http://link.aps.org/doi/10.1103/PhysRevLett.113.121101 (visited on

08/24/2016).

[18] Ilias Cholis and Dan Hooper. “Dark Matter and Pulsar Origins of the Rising

Cosmic Ray Positron Fraction in Light of New Data From AMS”. In: Physical

Review D 88.2 (July 29, 2013). issn: 1550-7998, 1550-2368. doi: 10.1103/

PhysRevD.88.023013. arXiv: 1304.1840. url: http://arxiv.org/abs/1304.

1840 (visited on 08/25/2016).

http://dx.doi.org/10.1103/PhysRevD.80.123511
http://arxiv.org/abs/0809.1683
http://arxiv.org/abs/0809.1683
http://arxiv.org/abs/0809.1683
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://arxiv.org/abs/0810.0713
http://arxiv.org/abs/0810.0713
http://dx.doi.org/10.1088/1475-7516/2011/05/002
http://arxiv.org/abs/1011.3082
http://arxiv.org/abs/1011.3082
http://dx.doi.org/10.1103/PhysRevD.86.083534
http://arxiv.org/abs/1107.3546
http://arxiv.org/abs/1107.3546
http://dx.doi.org/10.1103/PhysRevLett.113.121101
http://link.aps.org/doi/10.1103/PhysRevLett.113.121101
http://dx.doi.org/10.1103/PhysRevD.88.023013
http://dx.doi.org/10.1103/PhysRevD.88.023013
http://arxiv.org/abs/1304.1840
http://arxiv.org/abs/1304.1840
http://arxiv.org/abs/1304.1840


BIBLIOGRAPHY 43

[19] Mathew S. Madhavacheril, Neelima Sehgal, and Tracy R. Slatyer. “Current

Dark Matter Annihilation Constraints from CMB and Low-Redshift Data”.

In: Physical Review D 89.10 (May 7, 2014). issn: 1550-7998, 1550-2368. doi:

10.1103/PhysRevD.89.103508. arXiv: 1310.3815. url: http://arxiv.org/

abs/1310.3815 (visited on 08/24/2016).

[20] Dan Hooper and Lisa Goodenough. “Dark Matter Annihilation in The Galactic

Center As Seen by the Fermi Gamma Ray Space Telescope”. In: Physics Letters

B 697.5 (Mar. 2011), pp. 412–428. issn: 03702693. doi: 10.1016/j.physletb.

2011.02.029. arXiv: 1010.2752. url: http://arxiv.org/abs/1010.2752

(visited on 08/25/2016).

[21] Esra Bulbul et al. “Detection of An Unidentified Emission Line in the Stacked X-

Ray Spectrum of Galaxy Clusters”. In: The Astrophysical Journal 789.1 (July 1,

2014), p. 13. issn: 0004-637X, 1538-4357. doi: 10.1088/0004-637X/789/1/13.

arXiv: 1402.2301. url: http://arxiv.org/abs/1402.2301 (visited on

08/25/2016).

[22] Alexey Boyarsky et al. “An Unidentified Line in X-Ray Spectra of the An-

dromeda Galaxy and Perseus Galaxy Cluster”. In: Physical Review Letters

113.25 (Dec. 15, 2014). issn: 0031-9007, 1079-7114. doi: 10.1103/PhysRevLett.

113.251301. arXiv: 1402.4119. url: http://arxiv.org/abs/1402.4119 (vis-

ited on 08/25/2016).

[23] Douglas P. Finkbeiner and Neal Weiner. “An X-Ray Line from eXciting Dark

Matter”. In: (Feb. 26, 2014). arXiv: 1402.6671 [astro-ph, physics:hep-ph].

url: http://arxiv.org/abs/1402.6671 (visited on 08/25/2016).

[24] David H. Weinberg et al. “Cold Dark Matter: Controversies on Small Scales”.

In: (June 4, 2013). arXiv: 1306.0913 [astro-ph]. url: http://arxiv.org/

abs/1306.0913 (visited on 08/25/2016).

[25] David N. Spergel and Paul J. Steinhardt. “Observational Evidence for Self-

Interacting Cold Dark Matter”. In: Physical Review Letters 84.17 (Apr. 24,

2000), pp. 3760–3763. issn: 0031-9007, 1079-7114. doi: 10.1103/PhysRevLett.

http://dx.doi.org/10.1103/PhysRevD.89.103508
http://arxiv.org/abs/1310.3815
http://arxiv.org/abs/1310.3815
http://arxiv.org/abs/1310.3815
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://dx.doi.org/10.1016/j.physletb.2011.02.029
http://arxiv.org/abs/1010.2752
http://arxiv.org/abs/1010.2752
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://arxiv.org/abs/1402.2301
http://arxiv.org/abs/1402.2301
http://dx.doi.org/10.1103/PhysRevLett.113.251301
http://dx.doi.org/10.1103/PhysRevLett.113.251301
http://arxiv.org/abs/1402.4119
http://arxiv.org/abs/1402.4119
http://arxiv.org/abs/1402.6671
http://arxiv.org/abs/1402.6671
http://arxiv.org/abs/1306.0913
http://arxiv.org/abs/1306.0913
http://arxiv.org/abs/1306.0913
http://dx.doi.org/10.1103/PhysRevLett.84.3760


BIBLIOGRAPHY 44

84.3760. arXiv: astro-ph/9909386. url: http://arxiv.org/abs/astro-

ph/9909386 (visited on 08/26/2016).

[26] Sean Tulin, Hai-Bo Yu, and Kathryn M. Zurek. “Beyond Collisionless Dark

Matter: Particle Physics Dynamics for Dark Matter Halo Structure”. In: Phys-

ical Review D 87.11 (June 7, 2013). issn: 1550-7998, 1550-2368. doi: 10.1103/

PhysRevD.87.115007. arXiv: 1302.3898. url: http://arxiv.org/abs/1302.

3898 (visited on 08/25/2016).

[27] Michael Boylan-Kolchin, James S. Bullock, and Manoj Kaplinghat. “Too Big to

Fail? The Puzzling Darkness of Massive Milky Way Subhaloes”. In:Monthly No-

tices of the Royal Astronomical Society: Letters 415.1 (July 21, 2011), pp. L40–

L44. issn: 17453925. doi: 10.1111/j.1745- 3933.2011.01074.x. arXiv:

1103.0007. url: http://arxiv.org/abs/1103.0007 (visited on 08/25/2016).

[28] Mark Vogelsberger, Jesus Zavala, and Abraham Loeb. “Subhaloes in Self-Interacting

Galactic Dark Matter Haloes”. In: Monthly Notices of the Royal Astronomical

Society 423.4 (July 11, 2012), pp. 3740–3752. issn: 00358711. doi: 10.1111/j.

1365-2966.2012.21182.x. arXiv: 1201.5892. url: http://arxiv.org/abs/

1201.5892 (visited on 08/25/2016).

[29] Rachel Kuzio de Naray and Kristine Spekkens. “Do Baryons Alter the Ha-

los of Low Surface Brightness Galaxies?” In: The Astrophysical Journal 741.2

(Nov. 10, 2011), p. L29. issn: 2041-8205, 2041-8213. doi: 10.1088/2041-

8205/741/2/L29. arXiv: 1109.1288. url: http://arxiv.org/abs/1109.1288

(visited on 08/26/2016).

[30] Kyle A. Oman et al. “The Unexpected Diversity of Dwarf Galaxy Rotation

Curves”. In: Monthly Notices of the Royal Astronomical Society 452.4 (Oct. 1,

2015), pp. 3650–3665. issn: 0035-8711, 1365-2966. doi: 10.1093/mnras/stv1504.

arXiv: 1504.01437. url: http://arxiv.org/abs/1504.01437 (visited on

08/25/2016).

[31] F. Governato et al. “Cuspy No More: How Outflows Affect the Central Dark

Matter and Baryon Distribution in Lambda CDM Galaxies”. In: Monthly No-

tices of the Royal Astronomical Society 422.2 (May 11, 2012), pp. 1231–1240.

http://dx.doi.org/10.1103/PhysRevLett.84.3760
http://dx.doi.org/10.1103/PhysRevLett.84.3760
http://arxiv.org/abs/astro-ph/9909386
http://arxiv.org/abs/astro-ph/9909386
http://arxiv.org/abs/astro-ph/9909386
http://dx.doi.org/10.1103/PhysRevD.87.115007
http://dx.doi.org/10.1103/PhysRevD.87.115007
http://arxiv.org/abs/1302.3898
http://arxiv.org/abs/1302.3898
http://arxiv.org/abs/1302.3898
http://dx.doi.org/10.1111/j.1745-3933.2011.01074.x
http://arxiv.org/abs/1103.0007
http://arxiv.org/abs/1103.0007
http://dx.doi.org/10.1111/j.1365-2966.2012.21182.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21182.x
http://arxiv.org/abs/1201.5892
http://arxiv.org/abs/1201.5892
http://arxiv.org/abs/1201.5892
http://dx.doi.org/10.1088/2041-8205/741/2/L29
http://dx.doi.org/10.1088/2041-8205/741/2/L29
http://arxiv.org/abs/1109.1288
http://arxiv.org/abs/1109.1288
http://dx.doi.org/10.1093/mnras/stv1504
http://arxiv.org/abs/1504.01437
http://arxiv.org/abs/1504.01437


BIBLIOGRAPHY 45

issn: 00358711. doi: 10.1111/j.1365-2966.2012.20696.x. arXiv: 1202.0554.

url: http://arxiv.org/abs/1202.0554 (visited on 08/25/2016).

[32] Muon, Collaboration, and G. W. Bennett. “Final Report of the Muon E821

Anomalous Magnetic Moment Measurement at BNL”. In: Physical Review D

73.7 (Apr. 7, 2006). issn: 1550-7998, 1550-2368. doi: 10.1103/PhysRevD.

73.072003. arXiv: hep-ex/0602035. url: http://arxiv.org/abs/hep-

ex/0602035 (visited on 08/26/2016).

[33] Thomas Blum et al. “The Muon (G-2) Theory Value: Present and Future”. In:

(Nov. 9, 2013). arXiv: 1311.2198 [hep-ex, physics:hep-lat, physics:hep-ph].

url: http://arxiv.org/abs/1311.2198 (visited on 08/26/2016).

[34] Maxim Pospelov. “Secluded U(1) below the Weak Scale”. In: Physical Review D

80.9 (Nov. 2, 2009). issn: 1550-7998, 1550-2368. doi: 10.1103/PhysRevD.80.

095002. arXiv: 0811.1030. url: http://arxiv.org/abs/0811.1030 (visited

on 08/26/2016).

[35] Motoi Endo, Koichi Hamaguchi, and Go Mishima. “Constraints on Hidden Pho-

ton Models from Electron G-2 and Hydrogen Spectroscopy”. In: Physical Review

D 86.9 (Nov. 27, 2012). issn: 1550-7998, 1550-2368. doi: 10.1103/PhysRevD.

86.095029. arXiv: 1209.2558. url: http://arxiv.org/abs/1209.2558

(visited on 08/26/2016).

[36] Jia Liu, Neal Weiner, and Wei Xue. “Signals of a Light Dark Force in the

Galactic Center”. In: Journal of High Energy Physics 2015.8 (Aug. 2015). issn:

1029-8479. doi: 10.1007/JHEP08(2015)050. arXiv: 1412.1485. url: http:

//arxiv.org/abs/1412.1485 (visited on 08/26/2016).

[37] J. D. Bjorken et al. “Search for Neutral Metastable Penetrating Particles Pro-

duced in the SLAC Beam Dump”. In: Physical Review D 38.11 (Dec. 1, 1988),

pp. 3375–3386. doi: 10.1103/PhysRevD.38.3375. url: http://link.aps.

org/doi/10.1103/PhysRevD.38.3375 (visited on 07/29/2016).

http://dx.doi.org/10.1111/j.1365-2966.2012.20696.x
http://arxiv.org/abs/1202.0554
http://arxiv.org/abs/1202.0554
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/hep-ex/0602035
http://arxiv.org/abs/1311.2198
http://arxiv.org/abs/1311.2198
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://arxiv.org/abs/0811.1030
http://arxiv.org/abs/0811.1030
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://dx.doi.org/10.1103/PhysRevD.86.095029
http://arxiv.org/abs/1209.2558
http://arxiv.org/abs/1209.2558
http://dx.doi.org/10.1007/JHEP08(2015)050
http://arxiv.org/abs/1412.1485
http://arxiv.org/abs/1412.1485
http://arxiv.org/abs/1412.1485
http://dx.doi.org/10.1103/PhysRevD.38.3375
http://link.aps.org/doi/10.1103/PhysRevD.38.3375
http://link.aps.org/doi/10.1103/PhysRevD.38.3375


BIBLIOGRAPHY 46

[38] E. M. Riordan et al. “Search for Short-Lived Axions in an Electron-Beam-

Dump Experiment”. In: Physical Review Letters 59.7 (Aug. 17, 1987), pp. 755–

758. doi: 10.1103/PhysRevLett.59.755. url: http://link.aps.org/doi/

10.1103/PhysRevLett.59.755 (visited on 07/29/2016).

[39] A. Bross et al. “Search for Short-Lived Particles Produced in an Electron Beam

Dump”. In: Physical Review Letters 67.21 (Nov. 18, 1991), pp. 2942–2945. doi:

10.1103/PhysRevLett.67.2942. url: http://link.aps.org/doi/10.1103/

PhysRevLett.67.2942 (visited on 07/29/2016).

[40] M. Davier and H. Nguyen Ngoc. “An Unambiguous Search for a Light Higgs

Boson”. In: Physics Letters B 229.1 (Oct. 5, 1989), pp. 150–155. issn: 0370-2693.

doi: 10.1016/0370-2693(89)90174-3. url: http://www.sciencedirect.

com/science/article/pii/0370269389901743 (visited on 08/27/2016).

[41] J. Blmlein and J. Brunner. “New Exclusion Limits on Dark Gauge Forces from

Proton Bremsstrahlung in Beam-Dump Data”. In: Physics Letters B 731 (Apr.

2014), pp. 320–326. issn: 03702693. doi: 10.1016/j.physletb.2014.02.029.

arXiv: 1311.3870. url: http://arxiv.org/abs/1311.3870 (visited on

08/27/2016).

[42] SHiP Collaboration et al. “A Facility to Search for Hidden Particles (SHiP) at

the CERN SPS”. In: (Apr. 20, 2015). arXiv: 1504.04956 [hep-ex, physics:physics].

url: http://arxiv.org/abs/1504.04956 (visited on 08/27/2016).

[43] S. Gardner, R. J. Holt, and A. S. Tadepalli. “New Prospects in Fixed Tar-

get Searches for Dark Forces with the SeaQuest Experiment at Fermilab”. In:

Physical Review D 93.11 (June 10, 2016). issn: 2470-0010, 2470-0029. doi:

10.1103/PhysRevD.93.115015. arXiv: 1509.00050. url: http://arxiv.org/

abs/1509.00050 (visited on 08/27/2016).

[44] S. N. Gninenko. “Search for MeV Dark Photons in a Light-Shining-through-

Walls Experiment at CERN”. In: Physical Review D 89.7 (Apr. 8, 2014). issn:

1550-7998, 1550-2368. doi: 10.1103/PhysRevD.89.075008. arXiv: 1308.6521.

url: http://arxiv.org/abs/1308.6521 (visited on 08/27/2016).

http://dx.doi.org/10.1103/PhysRevLett.59.755
http://link.aps.org/doi/10.1103/PhysRevLett.59.755
http://link.aps.org/doi/10.1103/PhysRevLett.59.755
http://dx.doi.org/10.1103/PhysRevLett.67.2942
http://link.aps.org/doi/10.1103/PhysRevLett.67.2942
http://link.aps.org/doi/10.1103/PhysRevLett.67.2942
http://dx.doi.org/10.1016/0370-2693(89)90174-3
http://www.sciencedirect.com/science/article/pii/0370269389901743
http://www.sciencedirect.com/science/article/pii/0370269389901743
http://dx.doi.org/10.1016/j.physletb.2014.02.029
http://arxiv.org/abs/1311.3870
http://arxiv.org/abs/1311.3870
http://arxiv.org/abs/1504.04956
http://arxiv.org/abs/1504.04956
http://dx.doi.org/10.1103/PhysRevD.93.115015
http://arxiv.org/abs/1509.00050
http://arxiv.org/abs/1509.00050
http://arxiv.org/abs/1509.00050
http://dx.doi.org/10.1103/PhysRevD.89.075008
http://arxiv.org/abs/1308.6521
http://arxiv.org/abs/1308.6521


BIBLIOGRAPHY 47

[45] H. Merkel et al. “Search for Light Massive Gauge Bosons as an Explanation

of the $(g-2) \mu$ Anomaly at MAMI”. In: Physical Review Letters 112.22

(June 4, 2014). issn: 0031-9007, 1079-7114. doi: 10.1103/PhysRevLett.112.

221802. arXiv: 1404.5502. url: http://arxiv.org/abs/1404.5502 (visited

on 08/28/2016).

[46] Rouven Essig et al. “An Electron Fixed Target Experiment to Search for a New

Vector Boson A’ Decaying to E+e-”. In: Journal of High Energy Physics 2011.2

(Feb. 2011), pp. 1–35. issn: 1029-8479. doi: 10.1007/JHEP02(2011)009. arXiv:

1001.2557. url: http://arxiv.org/abs/1001.2557 (visited on 08/28/2016).

[47] S. Abrahamyan et al. “Search for a New Gauge Boson in the $A’$ Experiment

(APEX)”. In: Physical Review Letters 107.19 (Nov. 4, 2011). issn: 0031-9007,

1079-7114. doi: 10.1103/PhysRevLett.107.191804. arXiv: 1108.2750. url:

http://arxiv.org/abs/1108.2750 (visited on 08/28/2016).

[48] J. Balewski et al. “The DarkLight Experiment: A Precision Search for New

Physics at Low Energies”. In: (Dec. 15, 2014). arXiv: 1412.4717 [hep-ex,

physics:physics]. url: http://arxiv.org/abs/1412.4717 (visited on

08/28/2016).

[49] Achim Denig. “Recent Results from the Mainz Microtron MAMI and an Out-

look for the Future”. In: AIP Conference Proceedings. XVITH INTERNA-

TIONAL CONFERENCE ONHADRON SPECTROSCOPY: Hadron2015. Vol. 1735.

AIP Publishing, May 25, 2016, p. 020006. doi: 10.1063/1.4949374. url:

http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.

4949374 (visited on 08/29/2016).

[50] Mauro Raggi, Venelin Kozhuharov, and P. Valente. “The PADME Experiment

at LNF”. In: (Jan. 8, 2015). arXiv: 1501.01867 [hep-ex, physics:hep-ph].

url: http://arxiv.org/abs/1501.01867 (visited on 08/28/2016).

[51] B. Wojtsekhowski, D. Nikolenko, and I. Rachek. “Searching for a New Force at

VEPP-3”. In: (July 20, 2012). arXiv: 1207.5089 [hep-ex, physics:nucl-ex].

url: http://arxiv.org/abs/1207.5089 (visited on 08/28/2016).

http://dx.doi.org/10.1103/PhysRevLett.112.221802
http://dx.doi.org/10.1103/PhysRevLett.112.221802
http://arxiv.org/abs/1404.5502
http://arxiv.org/abs/1404.5502
http://dx.doi.org/10.1007/JHEP02(2011)009
http://arxiv.org/abs/1001.2557
http://arxiv.org/abs/1001.2557
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://arxiv.org/abs/1108.2750
http://arxiv.org/abs/1108.2750
http://arxiv.org/abs/1412.4717
http://arxiv.org/abs/1412.4717
http://arxiv.org/abs/1412.4717
http://dx.doi.org/10.1063/1.4949374
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4949374
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.4949374
http://arxiv.org/abs/1501.01867
http://arxiv.org/abs/1501.01867
http://arxiv.org/abs/1207.5089
http://arxiv.org/abs/1207.5089


BIBLIOGRAPHY 48

[52] HADES Collaboration et al. “Searching a Dark Photon with HADES”. In:

(Nov. 1, 2013). arXiv: 1311.0216 [hep-ex, physics:hep-ph]. url: http:

//arxiv.org/abs/1311.0216 (visited on 08/29/2016).

[53] BABAR Collaboration et al. “Search for Dimuon Decays of a Light Scalar Boson

in Radiative Transitions $\ensuremath{\Upsilon}\ensuremath{\rightarrow}\ensuremath{\gamma}{A}{̂0}$”.
In: Physical Review Letters 103.8 (Aug. 18, 2009), p. 081803. doi: 10.1103/

PhysRevLett.103.081803. url: http://link.aps.org/doi/10.1103/

PhysRevLett.103.081803 (visited on 08/29/2016).

[54] Abner Soffer. “Constraints on Dark Forces from the B Factories and Low-Energy

Experiments”. In: (Sept. 18, 2014). arXiv: 1409.5263 [hep-ex, physics:hep-ph].

url: http://arxiv.org/abs/1409.5263 (visited on 08/29/2016).

[55] KLOE-2 Collaboration. “Search for a Vector Gauge Boson in Phi Meson Decays

with the KLOE Detector”. In: Physics Letters B 706 (4-5 Jan. 2012), pp. 251–

255. issn: 03702693. doi: 10.1016/j.physletb.2011.11.033. arXiv: 1110.

0411. url: http://arxiv.org/abs/1110.0411 (visited on 08/28/2016).

[56] KLOE-2 Collaboration et al. “Limit on the Production of a Light Vector Gauge

Boson in Phi Meson Decays with the KLOE Detector”. In: Physics Letters B

720 (1-3 Mar. 2013), pp. 111–115. issn: 03702693. doi: 10.1016/j.physletb.

2013.01.067. arXiv: 1210.3927. url: http://arxiv.org/abs/1210.3927

(visited on 08/28/2016).

[57] D. Babusci et al. “Search for Light Vector Boson Production in $e+̂ê- \rightarrow
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