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Abstract65

Dark sectors, consisting of new, light, weakly-coupled particles that do not interact with the66

known strong, weak, or electromagnetic forces, are a particulary compelling possibility for new67

physics. Nature may contain numerous dark sectors, each with their own beautiful structure,68

distinct particles, and forces. This review summarizes the physics motivation for dark sectors69

and the exciting opportunities for experimental exploration. It is the summary of the Intensity70

Frontier subgroup “New, Light, Weakly-coupled Particles” of the Community Summer Study 201371

(“Snowmass on the Mississippi”). We discuss axions, which solve the strong CP problem and72

are an excellent dark matter candidate, and their generalization to axion-like particles. We also73

review dark photons and other dark-sector particles, including sub-GeV dark matter, which are74

theoretically natural, provide for dark matter candidates or new dark matter interactions, and could75

resolve outstanding puzzles in particle and astro-particle physics. In many cases, the exploration76

of dark sectors can proceed with existing facilities and comparatively modest experiments. A rich,77

diverse, and low-cost experimental program has been identified that has the potential for one or78

more game-changing discoveries. These physics opportunities should be vigorously pursued in the79

US and elsewhere.80

∗ rouven.essig@stonybrook.edu
† john@slac.stanford.edu
‡ wester@fnal.gov
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1. OVERVIEW132

The Standard Model (SM) of particle physics has achieved remarkable success as a result133

of several decades of exploration, of constantly pushing the boundaries of our knowledge134

of theory, experiment, and technology. However, while the SM provides a theoretically135

consistent description of all known particles and their interactions (ignoring gravity) up to136

the Planck scale, it is clearly incomplete as it does not address several pieces of evidence for137

new physics beyond the SM.138

One particularly powerful piece of evidence for new physics comes from the existence of139

dark matter (DM). DM dominates the matter density in our Universe, but very little is known140

about it. Its existence provides a strong hint that there may be a dark sector, consisting of141

particles that do not interact with the known strong, weak, or electromagnetic forces. Given142
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the intricate structure of the SM, which describes only a subdominant component of the143

Universe, it would not be too surprising if the dark sector contains a rich structure itself,144

with DM making up only a part of it. Indeed, many dark sectors could exist, each with145

its own beautiful structure, distinct particles, and forces. These dark sectors (or “hidden146

sectors”) may contain new light weakly-coupled particles (NLWCPs), particles well below the147

Weak-scale that interact only feebly with ordinary matter. Such particles could easily have148

escaped past experimental searches, but a rich experimental program has now been devised149

to look for several well-motivated possibilities.150

Dark sectors are motivated also by bottom-up and top-down theoretical considerations.151

They arise in many theoretical extensions to the SM, such as moduli that are present in152

string theory or new (pseudo-)scalars that appear naturally when symmetries are broken at153

high energy scales. Other powerful motivations include the strong CP problem, and vari-154

ous experimental findings, including the discrepancy between the calculated and measured155

anomalous magnetic moment of the muon and puzzling results from astrophysics. Besides156

gravity, there are a few well-motivated interactions allowed by SM symmetries that provide157

a “portal” from the SM sector into the dark sector. These portals include:158

Portal Particles Operator(s)

“Vector” Dark photons − ε
2 cos θW

BµνF
′µν

“Axion” Pseudoscalars a
fa
FµνF̃

µν , a
fa
GiµνG̃

µν
i ,

∂µa

fa
ψγµγ5ψ

“Higgs” Dark scalars (µS + λS2)H†H

“Neutrino” Sterile neutrinos yNLHN

159

The Higgs and neutrino portal are best explored at high-energy colliders and neutrino fa-160

cilities, respectively. Our focus here will be on the vector and axion portals, which are161

particularly well-motivated possibilities and can be explored with low-cost, high-impact ex-162

periments.163

This paper is a summary of the physics motivation and experimental opportunities of164

the Intensity Frontier subgroup “New, Light, Weakly-coupled Particles” of the Community165

Summer Study 2013 (“Snowmass on the Mississippi”). This paper updates and expounds166

upon the summary included in the Fundamental Physics and the Intensity Frontier workshop167

report [1]. This topic has also been studied in the context of the European strategy [2].168

The outline of the remainder of this summary is as follows. §2 discusses the (QCD) axion169

and more general “axion-like” particles (ALPs). §3 reviews dark photons, focusing on sub-170

MeV and MeV-GeV masses. §4 describes sub-GeV DM, milli-charged particles, and other171
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hidden-sector particles. §5 focuses on chameleons. In all cases, we describe the theoretical172

motivation, the phenomenological motivation, the current constraints, and the current and173

future experimental opportunities. §6 contains our conclusions.174

2. AXIONS AND AXION-LIKE PARTICLES175

2.1. Theory & Theory Motivation176

One of the unresolved puzzles in the SM is the lack of any observed CP violation in the strong177

interactions described by Quantum Chromodynamics (QCD). While the weak interactions178

are known to violate CP , the strong interactions also contain a CP -violating term in the179

Lagrangian, Θ
32π2GµνG̃

µν , where Gµν is the gluon field strength. For non-zero quark masses,180

this term leads to (unobserved) CP -violating effects of the strong interactions. This so-181

called “strong CP problem” is often exemplified by the lack of observation of a neutron182

electric dipole moment down to a present experimental upper limit 10 orders of magnitude183

smaller than what is expected from a CP -violating QCD.184

Solutions to this problem are scarce. Perhaps the most popular suggestion is the so-called185

Peccei-Quinn (PQ) U(1) approximate global symmetry, which is spontaneously broken at a186

scale fa. The axion is a hypothetical particle that arises as the pseudo-Nambu-Goldstone187

boson (PNGB) of this symmetry breaking [3–5].188

The axion mass is ma ∼ 6 meV (109 GeV/fa). Its coupling to ordinary matter is189

proportional to 1/fa and can be calculated in specific models. It couples generically to190

quarks (or hadrons at low energies) with coupling constants that are uncertain by O(1)191

model-dependent factors. The coupling to photons in also generic and has the form L ⊃192

−1
4
gaγγ aFµν F̃

µν , where the coupling constant gaγγ ∼ 10−13 GeV−1 (1010 GeV/fa) [6] has193

only a O(1) model-dependency. The couplings to leptons are not guaranteed but appear in194

many theoretical realizations of the axion, particularly in models of grand unification. All195

of these interactions can play a role in searches for the axion, and allow the axion to be196

produced or detected in the laboratory and emitted by the sun or other stars.197

The basic physical mechanism that leads to the axion — the spontaneous breaking at a198

high energy scale of a U(1) approximate global symmetry, generating a light PNGB — also199

allows for other axion-like particles (ALPs). Unlike axions, which are linked to the strong200

interactions and whose masses and couplings are determined by a single new parameter fa,201

ALPs are much less constrained, and their masses and couplings to photons are independent202

parameters. Searches for ALPs should not therefore be limited to the parameter space of203
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the axion itself. Both ALPs and axions are generic in string theory [7–13], with the natural204

size of their decay constant fa being the string scale, varying typically between 109 and205

1017 GeV.206

2.2. Phenomenological Motivation and Current Constraints207

Fig. 1 (top) shows the allowed axion parameter space as a function of fa or, equivalently, ma.208

Direct searches for such particles and calculations of their effect on the cooling of stars and209

on the supernova SN1987A exclude most values of fa < 109 GeV. Some of these constrain210

only the axion coupling to photons (gaγγ), while others constrain the axion coupling to211

electrons (gae). Recent and future laboratory tests (the latter shown in light green) can212

probe fa . 109 GeV or fa & 1012 GeV (possibly higher) but intermediate values are more213

challenging.214

The parameter space for ALPs is shown in Fig. 1 (bottom). The axion parameter space215

lies within an order of magnitude from the line labeled “KSVZ axion,” which represents216

a particular QCD axion model. Experimentally excluded regions (dark green), constraints217

from astronomical observations (gray) or from astrophysical, or cosmological arguments218

(blue) are shown. Sensitivities of a few planned experiments are shown in light green.219

2.2.1. Dark Matter220

ALPs (including the QCD axion) can naturally serve as the Universe’s DM, meaning that the221

galactic halo may be formed partly or entirely from these particles. They can be produced222

thermally or non-thermally in the early Universe. Thermally produced axions are disfavored223

by observations of the Universe’s large scale structure [20], but thermally produced ALP224

DM is still allowed in sizable parts of parameter space (ma & 154 eV, gaγγ ∼ O(10−17 −225

10−13) GeV−1) [21]. Non-thermal production can occur through the “vacuum misalignment226

mechanism” or the decay of axionic strings and domain walls. Axions with large fa do not227

thermalize in the early Universe and their abundance today is set by the initial state set228

during the Peccei-Quinn phase transition. There are two scenarios depending on whether the229

PQ transition took place after or before inflation. In the first case, the dominant contribution230

arises from the decay of cosmic strings and domain walls into axions. This scenario suggests231

values of ma ∼ 80−400 µeV with large uncertainties arising from extrapolating the numerical232

result for the string and domain wall decays [22, 23]. In the second scenario, inflation233

homogenizes the initial axion field value in our observable Universe and the DM density234

8



Hot-DM � CMB � BBN

Telescope � EBL

SN1987ABurst Duration SK

Globular Clusters HgaΓLHgaeL

White Dwarfs HgaeLWD cooling hint

Solar Neutrino flux HgaΓLHgaeL

IAXO Helioscopes Beam DumpADMX-IIADMX

Cold DM

post-inflation PQ transition

pre-inflation PQ transition

Hnatural valuesL

10-7 10-6 10-5 10-4 10-3 10-2 10-1 1 10 102 103 104 105 106 107

-0.5

0.0

0.5

1.0

1.5

2.0

1014 1013 1012 1011 1010 109 108 107 106 105 104 103 102 101 1

ma@eVD

fa@GeVD

SN1987a

SN Γ-burst

EBL

X
-Rays

Telescopes

xion

HB
Helioscopes HCASTL

Solar Ν

KS
VZ

ax
io

n

Beam
Dum

p

LSW HALPS-IL

H
al

os
co

pe
s

ALPS-II
REAPR

TeV
Transparency

IAXO

ADMX-HF

ADMX

Dish
Antenna

YMCE

WD cooling hint

axion CDM

ALP CDM

Intermediate string scale

-12 -10 -8 -6 -4 -2 0 2 4 6
-18

-16

-14

-12

-10

-8

-6

Log Mass @eVD

L
og

C
ou

pl
in

g
@G

eV
-

1
D

FIG. 1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the

bottom plot, the QCD axion models lie within an order of magnitude from the explicitly shown

“KSVZ” axion line (red band). Colored regions are: experimentally excluded regions (dark green),

constraints from astronomical observations (gray) or from astrophysical or cosmological arguments

(blue), and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-

II [15], IAXO [16–18], Dish antenna [19]). Shown in red are boundaries where ALPs can account for

all the dark matter produced either thermally in the big bang or non-thermally by the misalignment

mechanism.
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depends on this value. For values ainitial ∼ fa the observed DM density arises for ma ∼235

12 µeV. Smaller values of the mass are possible when ainitial � fa and somewhat larger236

masses (perhaps up to meV [24]) can be achieved by tuning towards ainitial = πfa.237

All in all, the natural values ma ∼ 10−5 − 10−4 eV present a clear experimental target.238

The Axion DM eXperiment (ADMX) will soon probe part of this preferred parameter space.239

Extending these arguments to ALPs, a much larger parameter space needs to be explored240

as indicated in Fig. 1; see also e.g., [25].241

One important constraint on axion (or ALP) DM is the generation of isocurvature tem-242

perature fluctuations in the cosmic microwave background if the axion/ALP exists dur-243

ing inflation. Cosmic microwave background (CMB) probes like the Planck satellite con-244

strain these fluctuations, setting very strong constraints on the Hubble scale during inflation,245

HI . O(106) GeV. Observing tensor modes in the CMB allows one to determine HI , pro-246

viding a crucial test of axion/ALP DM.247

It is noteworthy that axion or ALP DM may also form a Bose-Einstein condensate [26],248

which may lead to caustic rings in spiral galaxies, which may already have been observed.249

This also has detectable consequences in terrestrial direct detection experiments like ADMX.250

Ultra-light ALPs with masses in the 10−33−10−18 eV range can also contribute to the DM251

in the Universe, affecting structure formation in a manner distinct from cold DM (CDM).252

The distinction arises due to a scale dependent sound speed in the ultra-light ALPs fluid [27–253

29]. Large scale structure and the CMB thus allow one to constrain the fraction of DM that254

can be made up of such ultra-light ALPs. Future surveys such as Euclid stand to improve255

constraints with specific improvements at the lowest masses and with discerning differences256

between ultra-light ALPs and thermal neutrinos of eV mass [30, 31]. The effect of these257

ALPs on the CMB and weak lensing tomography has been explored in detail in [30, 32].258

Furthermore, if these ultra-light ALPs are fundamental fields present during inflation they259

carry isocurvature perturbations. This allows to do consistency checks but also test models260

of inflation [32, 33].261

2.2.2. Hints from astrophysics262

In the last few years some astrophysical anomalies have found plausible explanations in263

terms of axion/ALPs suggesting target areas in parameter space reachable by near-future264

experiments. We refer here to the apparent non-standard energy loss of white dwarf stars,265

e.g., [34–38] (see however [39]) and the anomalous transparency of the Universe for TeV266

gamma rays, e.g., [40–45]. The required coupling strengths seem within reach in controlled267
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laboratory experiments at the intensity frontier, and can serve as useful benchmarks, c.f.268

Fig. 1.269

In the mass range 10−24 eV≤ ma . 10−20 eV, large scale structure formation of ultra-light270

ALPs is analogous to warm DM (WDM), and is thus relevant to problems with CDM struc-271

ture formation, such as the cusp-core, missing-satellites, and too-big-to-fail problems [28].272

The virtue of ultra-light ALPs is that they avoid the so-called ‘Catch 22’ of WDM [46]. The273

relevance of ultra-light ALPs to these problems in large scale structure is explored in [47].274

2.3. Status and Plans for Terrestrial experiments275

2.3.1. Laser Experiments276

The simplest and most unambiguous purely laboratory experiment to look for axions (or277

light scalars or pseudoscalars more generally) is photon regeneration [48] (“shining light278

through the wall” [49]). A laser beam traverses a magnetic field, and the field stimulates279

a small fraction of photons to convert to axions of the same energy. A material barrier280

easily blocks the primary laser beam; in contrast, the axion component of the beam travels281

through the wall unimpeded and enters a second magnet. There, with the same probability,282

the axions are converted back to photons. Because the photon-regeneration rate goes as283

g4
aγγ, the sensitivity of the experiment is poor in its basic form, improved only by increasing284

the laser intensity, the magnetic field strength, or the length of the interaction regions. As285

initially suggested by Hoogeveen and Ziegenhagen [50] and recently discussed in detail [51–286

54] very large gains may be realized in both the photon-regeneration rate and in the resulting287

limits on gaγγ by introducing matched optical resonators in both the axion production and288

the photon regeneration regions.289

Detailed designs for such an experiment exist, including the scheme for locking two290

matched high-finesse optical resonators, the signal detection method, and the ultimate noise291

limits [15, 52, 53]. Such experiments would improve on present limits on gaγγ by at least a fac-292

tor of 10. We note also that these experiments, although challenging, are feasible using well-293

established technologies developed for example for laser interferometer gravitational-wave294

detectors [55, 56]. No new technology is needed. Two developed designs exist: the Res-295

onantly Enhanced Axion-Photon Regeneration (REAPR) experiment, a Florida-Fermilab296

collaboration, and the Any Light Particle Search II (ALPS II) being mounted at DESY.297

Figure 2(a) shows the photon regeneration experiment as usually conceived. If E0 is298

the amplitude of the laser field propagating to the right, the amplitude of the axion field299
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traversing the wall is E0

√
P where P is the conversion probability in the magnet on the300

LHS of Fig. 2a. Let P ′ be the conversion probability in the magnet on the RHS. The field301

generated on that side is then ES = E0

√
P ′P and the number of regenerated photons is302

NS = P ′PN0 where N0 is the number of photons in the initial laser beam.303

It can be shown [48, 57, 58] that the photon to axion conversion probability P in a304

region of length L permeated by a constant magnetic field B0 transverse to the direction of305

propagation, is given by (~ = c = 1)306

P =
1

4
(gaγγB0L)2. (1)

This equation is written for the effect in vacuum and for the case where the difference307

between the axion and photon momenta q = m2
a/2ω is small compared to 1/L. The axion308

to photon conversion probability in this same region is also equal to P .309

A number of photon regeneration experiments have reported results [59–66], with the310

best limits [66] being gaγγ < 6.5 × 10−8 GeV−1. None of these experiments used cavities311

on the photon regeneration side of the optical barrier; recycling on the production side has312

been used in two [59, 65].313

Photon regeneration is enhanced by employing matched Fabry-Perot optical cavities,314

Fig. 2(b), one within the axion generation magnet and the second within the photon regen-315

eration magnet [50–52]. The first cavity, the axion generation cavity, serves to build up the316

electric field on the input (left) side of the experiment. It is easy to see that when the cavity317

is resonant to the laser wavelength, the laser power in the high-field region is increased by a318

factor of Fa/π where Fa = 4πT1a/(T1a +Va)
2 is the finesse of the cavity, T1a is the transmit-319

tance of the input mirror, and Va is the roundtrip loss of the cavity due to absorption of the320

coatings, scattering from defects, diffraction from the finite mirror size, and transmission321

through the end mirror. The increase in the laser power increases the number of created322

axions by a factor of Fa/π. These axions propagate through the “wall” and reconvert into323

photons in the regeneration cavity one the right side. The intra-cavity photon field builds up324

under the conditions that the second cavity is resonant at the laser wavelength and that the325

spatial overlap integral η between the axion mode and the electric field mode is good. This326

overlap condition requires that the spatial eigenmodes of the two cavities are extensions of327

each other, e.g., when the Gaussian eigenmode in one cavity propagated to the other cavity328

is identical to the Gaussian eigenmode of that cavity.329

To detect the regenerated field, a small part is allowed to transmit through one of the330
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FIG. 2. (a) Simple photon regeneration to produce axions or axion-like particles. (b) Resonant

photon regeneration, employing matched Fabry-Perot cavities. The overall envelope schematically

shown by the thin dashed lines indicates the important condition that the axion wave, and thus

the Fabry-Perot mode, in the photon regeneration cavity must follow that of the hypothetically

unimpeded photon wave from the Fabry-Perot mode in the axion generation magnet. Between the

laser and the cavity are optics (IO) that manage mode matching of the laser to the cavity, imposes

RF sidebands for reflection locking of the laser to the cavity, and provides isolation for the laser.

The detection system is also fed by matching and beam-steering optics. Not shown is the second

laser for locking the regeneration cavity and for heterodyne readout.

cavity mirrors. The number of detected photons behind the regeneration cavity is [50–52]331

NS = η2Fγ
π

Fa
π
P 2Nin . (2)

Note that resonant regeneration gives an enhancement factor of ∼ (F/π)2 over simple pho-332

ton regeneration. This factor may feasibly be 1010, corresponding to an improvement in333

sensitivity to gaγγ of ≈ 300.334

The resonantly-enhanced photon regeneration experiment, involving the design and active335

locking of high-finesse Fabry-Perot resonators and the heterodyne detection of weak signals336

at the shot-noise limit, is well supported by the laser and optics technology developed337

for LIGO [55]. We mention briefly REAPR and ALP=II and then discuss the expected338

sensitivities of these experiments.339

For a baseline of 36-m, 5 T, magnets, an input power of 10 W, a cavity finesse of F ∼340

π × 105 (T = 10 ppm = V ) for both cavities, and 10 days of operation, we find at signal-to-341
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FIG. 3. Exclusion plot of mass and photon coupling (ma, gaγγ) for the axion, and the 95%

CL exclusion limit for the resonantly enhanced photon regeneration (REPR) experiment. The

existing exclusion limits indicated on the plot include the best direct solar axion search (CAST

collaboration) [71], the Horizontal Branch Star limit [72], and previous laser experiments [62, 65].

noise ratio of unity,342

gminaγγ =
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GeV

[
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] [
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] [
3× 105

F

]1/2 [
10 W

Pin

]1/4 [
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τ

]1/4

. (3)

The experiment yields a 95% exclusion limit (3σ) for axions or generalized pseudoscalars with343

gminaγγ < 2.0×10−11 GeV−1 after 90 days cumulative running, well into territory unexplored by344

stellar evolution bounds or direct solar searches. Note that the exclusion sensitivity follows345

the inverse of sinc(qL/2); for REAPR the first null sensitivity occurs at 2.8× 10−4 eV and346

for ALPS-II at about half this value. The momentum mismatch between a massless photon347

and a massive axion defines the oscillation length of the process to be Losc = 2π/q. (As348

pointed out in [48] however, there is a practical strategy to extend the mass range upwards349

if the total magnetic length L is comprised of a string of N individual identical dipoles of350

length l. In this case, one may configure the magnet string as a “wiggler” to cover higher351

regions of mass, up to values corresponding to the oscillation length determined by a single352

dipole.) The sensitivity of both nonresonant and resonant regeneration experiments, as well353

as other relevent limits, are shown in Fig. 3.354

The optical prototypes being developed for the resonant regeneration experiment will355
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also have sensitivity to photon-light dark photon oscillations [73, 74] driven by the kinetic356

mixing and the dark photon mass. Unlike the case of photon-axion oscillations, photon-357

paraphoton oscillations do not require the presence of an external magnetic field, and so358

can be performed with just the prototype optics and data acquisition system. On account359

of the gain from the resonant cavities, a search with a REAPR or ALPS-II prototype with360

meter-length cavities supersede the LIPSS limit [75] in less than 1 second of running. With361

a 10-day run, the sensitivity will be improved by a factor of 300, reaching mixing angles362

χ ≈ 10−9 [76]. While not the primary goal of the project, a physics result on paraphotons363

will come for free during the development phase of a resonantly-enhanced axion-photon364

regeneration experiment.365

Light shining through walls can also be done with ”light” in the microwave regime [77–366

81]. Allowing for highly sensitive resonant searches for axion-like particles as well as light367

dark photons.368

2.3.2. Microwave Cavities (Haloscopes)369

Soon after the axion was realized to be a natural DM candidate, a detection concept was370

proposed that relies on the resonant conversion of DM axions into photons via the Primakoff371

effect [82]. Though the axion mass is unknown, various production mechanisms in the early372

Universe point to a mass scale of a few to tens of µeV if the axion is the dominant form373

of DM. The detection concept relies on DM axions passing through a microwave cavity374

in the presence of a strong magnetic field where they can resonantly convert into photons375

when the cavity frequency matches the axion mass. A 4.13 µeV axion would convert into376

a 1 GHz photon, which can be detected with an ultra-sensitive receiver. Axions in the DM377

halo are predicted to have virial velocities of 10−3 c, leading to a spread in axion energies of378

∆Ea/Ea ∼ 10−6 (or 1 kHz for our 1 GHz axion example).379

Initial experiments run at Brookhaven National Laboratory [83] and the University of380

Florida [84] came within an order of magnitude of the sensitivity needed to reach plausible381

axion couplings. ADMX [85] was assembled at Lawrence Livermore National Laboratory and382

consists of a large, 8 T superconducting solenoid magnet with a 0.5 m diameter, 1 m long,383

open bore. Copper-plated stainless steel microwave cavities are used and have QC ∼ 105,384

low enough to be insensitive to the expected spread in axion energies. The TM010 mode385

has the largest cavity form factor and is moved to scan axion masses by translating vertical386

copper or dielectric tuning rods inside the cavity from the edge to the center. TE and TEM387

modes do not couple to the pseudoscalar axion.388
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Using the ADMX setup and an estimated local DM density of ρDM = 0.45 GeV/cm3
389

[86], an axion conversion power Pa ∼ 10−24 W is expected for plausible DM axions, with390

the possibility of scanning an appreciable frequency space (hundreds of MHz) in just a few391

years. Initial data runs were cooled with pumped LHe to achieve physical temperatures of392

< 2 K and used SQUID amplifiers to reach plausible DM axion couplings [87]. Recently393

the ADMX experiment has been moved to the University of Washington where it will be394

outfitted with a dilution refrigerator that will increase sensitivity and scan rate. A second395

ADMX site, dubbed ADMX-HF, is being constructed at Yale and will allow access to > 2396

GHz while ADMX scans from 0.4− 2 GHz. To achieve a greater mass reach, near-quantum397

limited X-band amplifiers and large volume resonant cavities will have to be developed.398

As shown in Fig. 1, ADMX and ADMX-HF are sensitive to axion and ALP DM in the399

range of a few to tens of µeV. The experiments also have exceptional sensitivity to hidden-400

photons in the same mass region, as shown in Fig. 7. The Yale Microwave Cavity Experiment401

(YMCE) is an additional current microwave cavity effort [88].402

2.3.3. Oscillating Moments403

Ultra-light particles such as axions and ALPs can be DM only if they have a large number404

density, making it possible to describe the DM axion (and ALP) as oscillating classical fields405

whose energy density is given by the DM density. In addition to single particle scattering406

that is often used to detect DM (such as WIMP DM), a classical field can give rise to energy407

and phase shifts. Measurements of such phase shifts can be used to search for the classical408

DM axion field. This is similar to searches for gravitational waves where the detection is409

not based on the unobservably small rate at of graviton scattering but rather on the phase410

shifts caused by the classical gravitational wave field.411

Axion DM causes a time-varying nucleon electric dipole moment which produces os-412

cillating CP-odd nuclear moments [89, 90]. In analogy with nuclear magnetic resonance,413

these moments cause precession of nucleon spins in the presence of a background electric414

field. The nucleon spin precession can be measured through precision magnetometry in415

a material sample [91]. With current techniques, this experiment has sensitivity to axion416

masses ma . 10−9 eV, corresponding to theoretically well-motivated axion decay constants417

fa & 1016 GeV. With improved magnetometry, this experiment could ultimately cover the418

entire range of masses ma . 10−6 eV, complementing the region accessible to current axion419

searches.420

Similarly, ALP DM can give rise to precession of nucleon spins that are not aligned421
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with the direction of the local momentum of the DM [90]. Such a precession can also422

be detected with the nuclear magnetic resonance and precision magnetometry techniques423

described in [91].424

2.3.4. Helioscopes425

Axions could be produced from blackbody photons in the solar core via the Primakoff ef-426

fect [92] in the presence of strong electromagnetic fields in the plasma. Since the interaction427

of these axions with ordinary matter is extraordinarily weak, they can escape the solar428

interior, stream undisturbed to Earth and reconvert in a strong laboratory transverse mag-429

netic field via the inverse Primakoff effect [93–95]. The minimum requirements for such a430

helioscope experiment of high sensitivity are a powerful magnet of large volume and an ap-431

propriate X-ray sensor covering the exit of the magnet bore. Ideally, the magnet is equipped432

with a mechanical system enabling it to follow the Sun and thus increasing exposure time.433

Sensitivity can be further enhanced by the use of X-ray optics to focus the putative signal434

and therefore reducing detector size and background levels.435

The first axion helioscope search was carried out at Brookhaven National Laboratory in436

1992 with a static dipole magnet [96]. A second-generation experiment, the Tokyo Axion437

Helioscope, uses a more powerful magnet and dynamic tracking of the Sun [97–99]. The438

CERN Axion Solar Telescope (CAST), a helioscope of the third generation and the most439

sensitive solar axion search to date, began data collection in 2003. It employs an LHC dipole440

test magnet of 10 m length and 10 T field strength [100] with an elaborate elevation and441

azimuth drive to track the Sun. CAST is the first solar axion search exploiting X-ray optics442

to improve the signal to background ratio (a factor of 150 in the case of CAST) [101]. For443

ma < 0.02 eV, CAST has set an upper limit of gaγ < 8.8×10−11 GeV−1 and a slightly larger444

value of gaγ for higher axion masses [102–106]. The exclusion plots are shown in Fig. 4.445

CAST has also established the first helioscope limits for non-hadronic axion models [109].446447

So far each subsequent generation of axion helioscopes has resulted in an improvement in448

sensitivity to the axion-photon coupling constant gaγ of about a factor 6 over its predeces-449

sors. To date, all axion helioscopes have used “recycled” magnets built for other purposes.450

The IAXO collaboration has recently shown [110] that a further substantial step beyond451

the current state-of-the-art represented by CAST is possible with a new fourth-generation452

axion helioscope, dubbed the International AXion Observatory (IAXO). The concept relies453

on a purpose-built ATLAS-like magnet capable of tracking the sun for about 10 hours each454

day, focusing X-ray optics to minimize detector area, and low background X-ray detectors455
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|E/N − 1.95| = 0.07− 7. The green solid line inside the band is for E/N = 0 (KSVZ model).

optimized for operation in the 0.5 − 10 keV energy band. Pushing the current helioscope456

boundaries to explore the range in gaγ down to a few 10−12 GeV−1 (see Fig. 5), with sensi-457

tivity to QCD axion models down to the meV scale and to ALPs at lower masses, is highly458

motivated as was shown in previous sections. Lowering X-ray detector thresholds to 0.1 keV459

would allow IAXO to test whether solar processes can create chameleons [111] and further460

constrain standard axion-electron models. More speculative, but of tremendous potential461

scientific gain, would be the operation of microwave cavities inside IAXO’s magnet, to allow462

a simultaneous search for solar and DM axions [e.g., [112]]. Searches for solar axions and463

chameleons that exploit naturally occurring magnetic fields are described in [112–114] and464

reviewed in [115]. IAXO can carry out this task as one of the main experimental pathways465

in the next decade for the axion community. A detection with IAXO would have profound466

implications for particle physics, with clear evidence of physics beyond the SM.467
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of high cosmological interest. As explained in previous sections, they are favored dark matter candidates
and could compose all or part of the cold dark matter of the Universe. In non-standard cosmological
scenarios, or in more generic ALP frameworks [34], the range of ALP parameters of interest as DM is
enlarged and most of the region at reach by IAXO contains possible dark matter candidates. At the higher
part of the range (0.1 - 1 eV) axions are good candidates to the hot DM or additional dark radiation that
is recently invoked to solve tension in cosmological parameters. At much lower masses, below ∼ 10−7

eV, the region attainable by IAXO includes ALP parameters invoked repeatedly to explain anomalies in
light propagation over astronomical distances. IAXO could provide a definitive test of this hypothesis.

5.2 Axion-electron coupling

Additional physics cases for IAXO include the possibility of detecting more specific models of axions
or ALPs from the Sun. Most remarkable is the possibility to detect the flux of solar axions produced by
axion-electron coupling gae induced phenomena. Although the existence of these production channels
for standard axions is model-dependent, axions with a gae of few ∼ 10−13 have been invoked to solve

40

FIG. 5. Expected sensitivity of IAXO compared with current bounds from CAST and ADMX.

Also future prospects of ADMX are shown (dashed brown region).

2.3.5. Beam Dumps and Colliders468

Axions and ALPs can also be searched for in beam-dump and collider experiments. We469

describe these type of experiments in greater detail in the next section, although we do not470

discuss their sensitivity to axions and ALPs. See e.g. [116] and references therein.471

3. DARK PHOTONS472

3.1. Theory & Theory Motivation473

This section describes the theory and motivation for new forces mediated by new abelian474

U(1) gauge bosons A′ that couple very weakly to electrically charged particles through475

“kinetic mixing” with the photon [117, 118]. We will usually refer to the A′ as a “dark476

photon”, but it is also often called a “U-boson”, “hidden-sector,” “heavy,” “dark,” “para-,”477

or “secluded” photon. Generalizations to other types of couplings beyond those generated478

by kinetic mixing exist, but our main focus will here be on this particularly simple type.479

Kinetic mixing produces an effective parity-conserving interaction εeA′µJ
µ
EM of the A′480

to the electromagnetic current JµEM , suppressed relative to the electron charge e by the481

parameter ε, which theoretically is not required to be small. In fact, ε can theoretically be482

O(1), as the vector portal is a dimension-four operator and unsuppressed by any high mass483

scale. In particular models, however, ε can be calculated and can be naturally small (we484
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FIG. 6. Parameter space for dark photons (A′) with mass mA′ > 1 MeV (see Fig. 7 for mA′ <

1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab beam dump

experiments E137, E141, and E774 [119–122] the electron and muon anomalous magnetic moment

aµ [123–125], KLOE [126] (see also [126, 127]), the test run results reported by APEX [128] and

MAMI [129], an estimate using a BaBar result [119, 130, 131], and a constraint from supernova

cooling [119, 132, 133]. In the green band, the A′ can explain the observed discrepancy between the

calculated and measured muon anomalous magnetic moment [123] at 90% confidence level. On the

right, we show in more detail the parameter space for larger values of ε. This parameter space can

be probed by several proposed experiments, including APEX [134], HPS [135], DarkLight [136],

VEPP-3 [137, 138], MAMI, and MESA [139]. Existing and future e+e− colliders such as BABAR,

BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe large parts of the parameter space

for ε > 10−4 − 10−3; their reach is not explicitly shown.

often write the coupling strength as α′ ≡ ε2α where α = e2/4π ' 1/137). In particular,485

if the value of ε at very high energies is zero, then ε can be generated by perturbative486

or non-perturbative effects. Perturbative contributions can include heavy messengers that487

carry both hypercharge and the new U(1) charge, and quantum loops of various order can488

generate ε ∼ 10−8−10−2 [140]. Non-perturbative and large-volume effects common in string489

theory constructions can generate much smaller ε. While there is no clear minimum for ε,490

values in the 10−12 − 10−3 range have been predicted in the literature [141–144].491

A dark sector consisting of particles that do not couple to any of the known forces492

and containing an A′ is generic in many new physics scenarios. Such hidden sectors can493
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have a rich structure, consisting of, for example, fermions and many other gauge bosons.494

The photon coupling to the A′ could provide the only non-gravitational window into their495

existence. Hidden sectors are generic, for example, in string theory constructions [145–148].496

and recent studies have drawn a very clear picture of the different possibilities obtainable in497

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic498

mixing portal are possible, many of which can be investigated at the intensity frontier.499

Masses for the A′ can arise via the Higgs mechanism and can take on a large range of500

values. A′ masses in the MeV–GeV range arise in the models of [149–152] (these models501

often involve supersymmetry). However, much smaller (sub-eV) masses are also possible.502

Masses can also be generated via the Stückelberg mechanism, which is especially relevant503

in the case of large volume string compactifications with branes [142]. In this case, the504

mass and size of the kinetic mixing are typically linked through one scale, the string scale505

Ms, and therefore related to each other. In Fig. 7, various theoretically motivated regions506

are shown [142, 143]. The A′ mass can be as small as M2
s /MPl, i.e. mA′ ∼ meV (GeV)507

for Ms ∼ TeV (1010 GeV). Note that particles charged under a massive A′ do not have an508

electromagnetic millicharge, but a massless A′ can lead to millicharged particles (see §4.1.3).509

The previous discussion focused on kinetic mixing between the hypercharge U(1)Y and the510

dark U(1) gauge bosons, parametrized by ε. As we mentioned above, many generalizations511

exist. One generalization is obtained by allowing for the possibility of mass matrix mixing,512

parametrized by εZ , between the dark photon and the heavy Z boson of the SM [153].513

Because of its expanded properties, the dark U(1) vector boson has been dubbed the “dark514

Z” and labeled Zd in such a picture, in order to emphasize its Z-like properties [153]. Overall,515

the Zd couples to both the electromagnetic (JEM
µ ) and the weak neutral (JNC

µ ) currents of516

the SM, via [153]517

Lint = −
(
ε e JEM

µ + εZ
g

2 cos θW
JNC
µ

)
Zµ
d . (4)

The additional interactions involving εZ violate parity and current conservation. Conse-518

quently, new phenomena such as “Dark Parity Violation” in atoms and polarized electron519

scattering can occur [153, 154]. Enhancements in rare “dark” decays of the Higgs as well520

as K and B mesons into Zd particles can also occur, suggesting new experimental areas of521

discovery [124, 153, 155]. Note however that for small mA′ , εZ is suppressed by (mA′/mZ)2
522

(if it originates exclusively from kinetic mixing) and these effects are extremely small.523
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FIG. 7. Parameter space for hidden-photons (A′) with mass mA′ < 1 MeV (see Fig. 6 for

mA′ > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints

from astronomical observations (gray) or from astrophysical, or cosmological arguments (blue),

and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-II [15],

Dish antenna [19], AGN/SNR [168]). Shown in red are boundaries where the A′ would account

for all the DM produced either thermally in the Big Bang or non-thermally by the misalignment

mechanism (the corresponding line is an upper bound). Regions bounded by dotted lines show

predictions from string theory corresponding to different possibilities for the nature of the A′ mass:

Hidden-Higgs, a Fayet-Iliopoulos term, or the Stückelberg mechanism. Predictions are uncertain

by O(1)-factors.

3.2. Phenomenological Motivation and Current Constraints524

A natural dividing line is mA′ ∼ 2me ∼ 1 MeV. For mA′ > 1 MeV, an A′ can decay to525

electrically charged particles (e.g., e+e−, µ+µ−, or π+π−) or to light hidden-sector particles526

(if available), which can in turn decay to ordinary matter. Such an A′ can be efficiently527

produced in electron or proton fixed-target experiments [116, 119, 128, 129, 134–137, 156]528

and at e+e− and hadron colliders [126, 127, 130, 140, 150, 157–165], see §3.3. Hidden-sector529

particles could be directly produced through an off-shell A′ and decay to ordinary matter.530

An A′ in this mass range is motivated by the theoretical considerations discussed above,531

by anomalies related to DM [166, 167], and by the discrepancy between the measured and532
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calculated value of the anomalous magnetic moment of the muon [123].533

Fig. 6 shows existing constraints for mA′ > 1 MeV [119] and the sensitivity of several534

planned experiments that will explore part of the remaining allowed parameter space. These535

include the future fixed-target experiments APEX [128, 134], HPS [135], DarkLight [136] at536

Jefferson Laboratory, an experiment using VEPP-3 [137, 138], and experiments using the537

MAMI and MESA [139] at the University of Mainz. Existing and future e+e− colliders can538

also probe large parts of the parameter space for ε > 10−4−10−3, and include BABAR, Belle,539

KLOE, SuperB, Belle II, and KLOE-2 (Fig. 6 only shows existing constraints, and no future540

sensitivity, for these experiments). Proton colliders such as the LHC and Tevatron can also541

see remarkable signatures for light hidden-sectors [157]. This rich experimental program is542

discussed in more detail in §3.3.543

For mA′ < 1 MeV, the A′ decay to e+e− is kinematically forbidden, and only a much544

slower decay to three photons is allowed. For the most part of the parameter space shown545

in Fig. 7, the A′ lifetime is longer than the age of the Universe. This figure shows the546

constraints, theoretically and phenomenologically motivated regions, and some soon-to-be-547

probed parameter space. At these low masses, the mixing of A′ with the photon can reveal548

itself in the phenomenon of photon ↔ A′ oscillations [73]. This happens in general when549

the propagation and the interaction eigenstates are misaligned, the most famous case being550

neutrino flavor oscillations. Oscillatory patters decohere very fast with increasing mass and551

are typically not relevant for mA′ > 1 MeV. Photons emitted from a source can transform552

to an A′, which, being weakly interacting, might leave no trace. The effective photon553

dissappearance is frequency dependent and distorts continuous spectra with a characteristic554

sinusoidal pattern in photon wavelength.555

As axions or ALPs, A′ bosons can also be DM through the vacuum-misalignment mech-556

anism [25, 169]. This intriguing possibility can be realized in a wide range of values for mA′557

and ε, see Fig. 7. Experiments such as ADMX, looking for axion DM, is sensitive to A′s558

as well. In this case, the use of magnetic fields to trigger the A′ → photon conversion is559

not required. This is another example, where the same experimental apparatus can often560

look for several kinds of particles. A few experimental searches are planned and discussed561

in §3.3.6, but a large parameter space still remains to be experimentally explored.562

3.2.1. Hints for MeV-GeV mass Dark Photons from Dark Matter563

Couplings between DM and dark photons at the MeV-GeV scale can drastically modify the564

phenomenology of DM. In direct detection experiments, the scattering cross section can be565

23



increased due to the light mediator, or alternatively the kinematics of the scattering can be566

altered if the mediator couples to nearly-degenerate states. In indirect searches, the self-567

annihilation and self-scattering rates for the DM can both be enhanced at low velocities;568

the former can lead to striking signals in cosmic rays, photons, and neutrinos, while the569

latter can significantly modify the internal structure of DM halos. While the search for dark570

photons has strong motivations entirely independent from their possible link to DM, their571

detection could potentially provide an entirely new window on the dark sector.572

Cosmic rays:573

In 2008, the PAMELA experiment reported an unexpected rise in the ratio of cosmic-574

ray (CR) positrons to CR electrons, beginning at ∼ 10 GeV and extending to above 100575

GeV [170]. This result was later confirmed by the Fermi Gamma-Ray Space Telescope [171]576

and most recently by AMS-02 [172]. The (largely model-independent) expectation from577

standard CR propagation models is that the positron fraction should fall with increasing578

energy. While there are proposals for generating the positron excess by modifications to CR579

propagation, they require non-trivial changes to the usual propagation paradigm, e.g. that580

the positrons do not suffer significant radiative losses over kpc distances [173], or that the581

positron production by proton scattering occurs primarily within the original CR accelera-582

tion site [174, 175]. Complementary measurements of the total e+e− spectrum by the Fermi583

Gamma-Ray Space Telescope [176] are consistent with a new source of e+e− pairs in the584

10-1000 GeV energy range.585

The annihilation of weak-scale DM provides an attractive hypothesis for the origin of586

this signal, but there are several difficulties with the conventional WIMP interpretation,587

e.g. [177]. (Non-DM explanations involving a new e+e− source have also been advanced,588

with the most popular being a population of pulsars; see e.g. [178, 179].) DM annihilating589

to a dark photon which subsequently decays, however, naturally yields (i) an enhanced590

signal (by up to 2-3 orders of magnitude) and (ii) a sufficiently hard positron spectrum591

to match the observations, as well as forbidding the production of antiprotons, if the dark592

photon is lighter than twice the proton mass (an antiproton excess was searched for, and593

not observed) [166, 167]. Benchmark models of this type were computed for mA′ ∼ 200 −594

900 MeV in [180], and found to provide a good fit to the data.595

The AMS-02 data, with their much smaller uncertainties, prefer a somewhat softer spec-596

trum of positrons than PAMELA. In turn, this favors dark photon models where the dark597

photon is heavy enough to decay to muons and charged pions, or possibly multi-particle final598

states (e.g. via decays through the dark sector); the spectrum due to dark photon decay to599
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an e+e− pair is (as the sole channel) somewhat harder than preferred by the data [181].600

Direct leptophilic annihilation to SM particles no longer appears to provide a good expla-601

nation for the signal: the softer spectrum favors τ+τ− final states, which are constrained by602

searches for gamma-rays from dwarf galaxies [182].603

There are also gamma-ray bounds on µ+µ−, π+π−, and e+e− final states, but gamma-ray604

production in these decays is small, and so the bounds are generally much weaker (unless605

upscattering of ambient starlight by electrons is included, but this contribution also depends606

on the electron propagation). Constraints from the inner Galaxy are dependent on the slope607

of the DM density profile, which is not well-constrained by the data or theory; constraints608

from the outer halo and extragalactic gamma-ray background depend sensitively on the609

amount of small-scale substructure present, which is also poorly known. There is tension610

between gamma-ray observations and the predictions from models fitting the PAMELA611

signal, e.g. [183–185], but stronger statements are limited by the astrophysical uncertainties.612

A more robust constraint arises from measurements of the CMB. DM annihilation during613

the epoch of recombination can inject electrons and photons, which modify the ionization614

history of the Universe; this in turn modifies the scattering of CMB photons at late times615

and perturbs the observed anisotropy spectrum [186]. The current constraints probe relevant616

regions of parameter space [187, 188], and the Planck polarization data should improve the617

sensitivity by another factor of two, e.g. [187, 189]. The constraints are weaker if the local618

DM density is higher by a factor of ∼
√

2, or by permitting an O(1) contribution to the619

signal from local clumps of DM. This second option is particularly attractive for lighter620

dark photons (mA′ � 1 GeV), where the annihilation cross section continues to grow at621

velocities smaller than that of the main Milky-Way halo, and so the constraints from the622

CMB (originating from an epoch when the DM was extremely slow-moving) grow even623

stronger; this conclusion can be evaded if the excess observed by AMS-02 largely originates624

from DM clumps with small internal velocity dispersions [190].625

The constraints discussed above do not apply if the signal originates from decaying DM626

(e.g. [191]). In this case the size of the signal is not a difficulty, but the lack of antiprotons627

and the hard spectrum still motivate scenarios with decay through dark photons.628

Light DM:629

There have been several experimental results that might hint at the presence of O(1−10)630

GeV DM. The CDMS experiment has recently reported three events in their signal region631

[192], with the best fit WIMP hypothesis being favored over the background-only hypothesis632

at 99.8% confidence. The best-fit WIMP mass is 8.6 GeV/cm2, with a 68% confidence633
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contour extending from 6.5 − 20 GeV. This region is in good agreement with earlier hints634

of a signal from CoGeNT [193]; it appears in tension with limits from XENON100, but the635

comparison does depend on the response of xenon to low-energy nuclear recoils and on the636

DM velocity distribution [194].637

The preferred DM-nucleon scattering cross section for the CDMS events, σ ≈ 2 × 10−41
638

cm2, is quite large. The two SM particles which might be expected to mediate such a639

scattering are the Z boson and the Higgs, both of which are constrained (for light DM) by640

bounds on the invisible decay width of the Z and the Higgs; the cross section preferred by641

CDMS seems clearly ruled out for Higgs portal DM [195], and barely consistent for scattering642

through the Z [196]. This observation motivates the existence of a new mediator particle, in643

the event that the signal is indeed due to DM, e.g. [197]. A dark photon mediator naturally644

enhances the cross section; if the mass of the dark photon is inherited from the weak scale,645

the relation mA′ ∼ √ε mZ naturally predicts a DM-nucleon cross section comparable to that646

mediated by the Z, but the constraints on invisible decays no longer apply.647

There have also been hints of possible annihilation signals from ∼ 10 GeV DM in the648

Galactic Center and inner Galaxy [198–201]; these signals can be accommodated by light649

DM annihilation to dark photons which subsequently decay to SM particles [202].650

Self-interacting DM:651

Any coupling between MeV-GeV dark photons and DM will also give rise to a long-range652

self-interaction for the DM. This in turn can modify DM structure formation, flattening the653

cusps at the centers of halos [203] and reducing the concentration of subhalos [204]. These are654

two areas in which there are marked disagreements between the predictions of collisionless655

cold DM simulations and observations of galaxies, and the effect of self-interaction is to656

bring the two into closer agreement.657

Recent work on the cross section required to achieve agreement has pointed to a low-658

velocity cross section in the range of σ/mDM ∼ 0.1−1 cm2/g [205]. In dark-photon scenarios659

where the potential due to self-interaction can be approximated as a Yukawa potential, the660

maximum transfer cross section (in the classical regime, see [206]) is given by σT ≈ 22.7/m2
A′661

(e.g. [204]). Setting σT/mDM ' 1 cm2/g, we require mA′ ≈ 70 MeV ×
√

GeV/mDM, in662

agreement with similar estimates in [190]. It is remarkable that this entirely independent663

line of enquiry suggests a mass scale in the range accessible by dark photon searches.664
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3.2.2. Ultra-light Dark Photons665

In recent years, fits to cosmological data including large-scale structure and the CMB666

anisotropies (WMAP and Planck) have suggested the existence of dark radiation, i.e. a667

relic population of relativistic particles decoupled from ordinary matter. A′s with meV mass668

and ε ∼ O(10−6) would be produced in the early Universe in the right amount to account for669

this tendency [76] but a recent examination of the stellar evolution constraints showed that670

this region is ruled out [207]. If dark radiation exists and it is due to A′s the relic abundance671

has to be produced by decays or annihilation of dark-sector particles. Constrains on this672

scenario are very mild so there is motivation to explore a large range of masses and ε.673

More interesting is the possibility that light A′s constitute the DM of the Universe. There674

are two possibilities depending on the origin of the relic density of A′s. If mA′ ∼ 100 keV and675

ε ∼ 10−12 (thick red band labelled “Thermal DM” in Fig. 7) the right amount of DM A′s is676

produced by oscillations from the photon thermal bath before big bang nucleosynthesis [208].677

This hypothesis can be tested in direct DM detection experiments or indirectly through the678

A′ decay into three photons, which could be observed above the astrophysical diffuse X-ray679

backgrounds [208, 209]. In this case, DM A′s have larger velocities than standard “cold” DM680

qualifying as “warm” DM. This possibility is very appealing in the light of the unresolved681

issues with structure formation present in the cold DM paradigm mentioned in Sec. 2.2.2.682

Alternatively, a CDM relic of A′ can be produced by the “misalignment mechanism” in a683

way analogous to axions and ALPs [25, 169]. In this case, a small part of the DM A′s possibly684

oscillates into photons in the early Universe leaving a fingerprint in cosmological observables685

like the CMB spectrum, abundances of light elements created during BBN, and the isotropic686

diffuse photon background [25]. The region above the line labelled “non-Thermal DM” in687

Fig. 7) is free from any of such constraints and thus perfectly viable for CDM A′.688

3.3. Experimental Searches for Dark Photons: Status and Plans689

For mA′ > 1 MeV, our discussion here focuses on the case where the dark photon can690

only decay into SM matter, with ε-suppressed decay width. Another possibility is that the691

dark photon has ε-unsuppressed couplings to some new species “χ” of fermions or bosons692

(dark-sector matter), which are neutral under the SM gauge group, and in particular are693

electrically neutral. The latter will be discussed in detail in §4. We also comment on searches694

for ultralight A′, i.e. mA′ < 1 MeV.695
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3.3.1. Electron Beam Dump Experiments696

In electron beam dump experiments, a high-intensity electron beam dumped onto a fixed697

target provides the large luminosities needed to probe the weak couplings of dark photons.698

When the electrons from the beam scatter in the target, the dark photons can be emitted699

in a process similar to ordinary bremsstrahlung because of the kinetic mixing. The dark700

photons are highly boosted carrying most of the initial beam energy and get emitted at small701

angles in the forward direction. The detector is placed behind a sufficiently long shield to702

suppress the SM background. Dark photons can traverse this shielding due to their weak703

interactions with the SM and can then be detected through their decay into leptons (mostly704

e+e− for the mass range of interest). Therefore, a decay length of O(cm −m) is needed in705

order for the dark photons to be observable by decaying behind the shield and before the706

detector. This is possible for dark photons with masses larger than 2me up to O(100) MeV707

and small values of ε (roughly 10−7 . ε . 10−3). Electron beam dump experiments are thus708

well suited to probe this region of the parameter space.709

Depending on the specific experimental set-up with respect to the decay length of the710

dark photon, the possible reach of an experiment is determined not only by the collected711

luminosity but also by the choice of the beam energy, the length of the shield, and the712

distance to the detector. Large values ε for which the lifetime is very short are not accessible,713

since the dark photon decays within the shield. At very small values of ε, the sensitivity714

of these experiments is limited by statistics as there are very few dark photons that will be715

produced and that decay before the detector. The total number of events expected in such716

experiments from decays of dark photons has been determined in [119, 210].717

Several electron beam dump experiments were operated in the last decades to search718

for light metastable pseudoscalar or scalar particles (e.g. axion-like particles or Higgs-like719

particles). Examples are the experiments E141 [121] and E137 [120] at SLAC, the E774 [122]720

experiment at Fermilab, an experiment at KEK [211] and an experiment in Orsay [212]. The721

measurements performed by the experiments at SLAC and Fermilab have been reanalysed722

in [119] to derive constraints on the dark photon mass and coupling. Updated limits for723

all experiments were presented in [210], where the acceptances obtained with Monte Carlo724

simulations for each experimental set-up have been included. These limits are shown in Fig. 6725

together with all current constraints. Electron beam dump experiments cover the lower left726

corner of the parameter space in which the lifetime of the dark photon is sufficiently large727

to be observed behind the shield. In order to extend these limits with future experiments728

to smaller values of ε large luminosities and/or a long distance to the detector are needed,729
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since the lower limit of an experiment’s reach scales only with the fourth root of those two730

parameters.731

3.3.2. Fixed-Target Experiments732

Fixed-target experiments using high-current electron beams are an excellent place to search733

for A′s with masses 2me < mA′ < GeV and couplings down to ε2 ≡ α′/α > 10−10. In734

these experiments, the A′ is radiated off electrons that scatter on target nuclei. Radiative735

and Bethe-Heitler trident production give rise to large backgrounds. Generally speaking,736

three experimental approaches have been proposed: dual-arm spectrometers, forward ver-737

texing spectrometers, and full final-state reconstruction. In most cases, the detectors are738

optimized to detect the e+e− daughters of the A′. The complementary approaches map out739

different regions in the mass-coupling parameter space. General strategies for A′ searches740

with electron fixed-target experiments were laid out in [119]. The reach for recently proposed741

dark photon searches is shown in Fig. 6.742

Several experiments have been proposed to search for dark photons: APEX, HPS, and743

DarkLight at Jefferson Lab (JLab), and A1 using MAMI and MESA at Mainz.744

Existing dual-arm spectrometers at Hall A at JLab and MAMI at Mainz have already745

been used to search for dark photons. Two groups, the A′ Experiment (APEX) collaboration746

at JLab and the A1 collaboration at Mainz, have performed short test runs (few days of747

data taking) and published search results with sensitivity down to α′/α > 10−6 over narrow748

mass ranges [128, 129]. These results clearly demonstrate the high sensitivity that can be749

reached in fixed-target experiments. These experiments use high-current beams (∼ 100 µA)750

on relatively thick targets (radiation length X0 ∼ 1-10%) to overcome the low geometric751

acceptance of the detectors (∼ 10−3). Beam energy and spectrometer angles are varied to752

cover overlapping regions of invariant mass. Searches for A′ involve looking for a bump753

in the e+e− invariant mass distribution over the large trident background, which requires754

excellent mass resolution.755

APEX has been approved for a month-long run, tentatively in 2016. Using high-current756

beams (∼ 100µA) at four different beam energies on relatively thick targets (1-10% of a757

radiation length), the proposed full APEX experiment will probe A′ masses from 65 to 550758

MeV for couplings α′/α > 10−7 [134].759

A1 has already taken some more data, with the expectation that they will probe A′ masses760

in the range 50 − 120 MeV with a sensitivity in α′/α similar to the test run published in761

2011. Furthermore, A1 is developing a new experiment to search for dark photon decay762
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vertices displaced from the target by approximately 10 mm. They hope to cover the A′763

mass range 40 < mA′ < 130 MeV with a sensitivity in α′/α from 10−9 down to 10−11.764

The Heavy Photon Search (HPS) collaboration [135] has proposed an experiment for765

Hall B at JLab using a Si-strip based vertex tracker inside a magnet to measure the invariant766

mass and decay point of e+e− pairs and a PbWO4 crystal calorimeter to trigger. HPS uses767

lower beam currents and thinner targets than the dual arm spectrometers, but compensates768

with large (∼ 20%) forward acceptance. HPS has high-rate data acquisition and triggering769

to handle copious beam backgrounds and high-rate trident production. Because it can770

discriminate A′ decays displaced more than a few millimeters from the large, prompt, trident771

background, HPS has enhanced sensitivity to small couplings, roughly 10−7 > α′/α > 10−10
772

for masses 30 < mA′ < 500 MeV. For prompt decays, HPS will simultaneously explore773

couplings α′/α > 10−7 over the same mass range. HPS has conducted a successful test run774

at JLab during the spring of 2012, which demonstrated technical feasibility and confirmed775

simulations of the background rates. The proposal for “full” HPS was approved and funded776

by DOE in Summer, 2013. JLab has scheduled commissioning and running during 2014 and777

2015. HPS is being constructed during 2013-2014, will be installed at JLab in September,778

2014, and will begin running thereafter at the upgraded CEBAF accelerator.779

The DarkLight detector is a compact, magnetic spectrometer designed to search for decays780

to lepton pairs of a dark photon A′ in the mass range 10 MeV < mA′ < 90 MeV at coupling781

strengths of 10−7 < α′/α < 10−4. The experiment will use the 100 MeV beam of the JLaB782

FEL incident on a hydrogen gas target at the center of a solenoidal detector, comprising783

silicon detectors (for the recoil proton), a low mass tracker (for the leptons), and shower784

counters (for photon detection). By measuring all the final state particles, Darklight can785

provide full kinematic reconstruction. The available information also permits searching for786

invisible A′ decays via a missing mass measurement. A series of beam tests in summer 2012787

verified that sustained, high-power transmission of the FEL beam through millimeter-size788

apertures is feasible [213, 214]. JLab has approved Darklight. A full technical design is789

underway and funding is being sought. The goal is to begin data taking in 2016.790

The MESA accelerator [215], which recently has been approved for funding within the791

PRISMA cluster of excellence at the University of Mainz, hopes to cover a mass range792

comparable to that covered by Darklight. The MESA accelerator (155 MeV beam energy)793

will be operated in the energy recovering linac mode with one recirculating arc as well as794

a windowless gas jet target. The Mainz group is considering to use two compact high-795

resolution spectrometers rather than a high-acceptance tracking detector. The project is796
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several years off.797

3.3.3. Proton Beam Dump Experiments798

Proton beam dump experiments can also search for dark photons which decay to visible799

channels. Several reinterpretations of past experimental analyses from LSND [116, 156, 216],800

ν-Cal I [217–219], NOMAD [220, 221], PS191 [220, 222], and CHARM [223, 224] have re-801

sulted in limits on dark photons that are complementary to those coming from electron fixed802

target experiments, precision QED, and B-factories. One can take advantage of the large803

sample of pseudoscalar mesons (e.g., π0, η) produced in the proton-target collisions, which804

will decay to γA′ with a branching ratio proportional to ε2 if kinematically allowed [156].805

These experiments probe a similar region in A′ mass and coupling parameter space as past806

electron beam dumps discussed in Section 3.3.1, but do have unique sensitivity in certain807

cases. It remains to be investigated whether future proton beam dump experiments can808

cover new regions of A′ parameter space.809

Proton beam dump experiments also have significant sensitivity to invisible decays of A′,810

particularly when the decay products are stable and can re-scatter in the detector, (e.g., as811

in the case of A′ decaying to dark matter). In fact, there is a proposal to do a dedicated812

beam dump mode run at MiniBooNE to search for light dark matter [225]. This subject is813

discussed in more detail in §4.814

3.3.4. Electron-Positron Colliders815

During the past 15 years, high luminosity e+e− flavor factories have been producing an816

enormous amount of data at different center-of-mass energies. In Frascati (Italy), the KLOE817

experiment running at the DAΦNE collider, has acquired about 2.5 fb−1 of data at the818

φ(1020) peak. B-factories at PEP-II (USA) and KEK-B (Japan) have delivered an integrated819

luminosity of 0.5-1 ab−1 to BABAR and Belle, respectively. In China, the Beijing BEPC820

collider is currently running at various energies near the charm threshold and has already821

delivered several inverse femtobarn of data to the BESIII experiment.822

These large datasets have been exploited to search for dark photon production in the823

following processes:824

• The radiative production of a dark photon (A′) followed by its decay into a charged825

lepton or photon pair, e+e− → γA′, A′ → l+l−, γγ (l = e, µ) [149].826

• The associated production of a dark photon with a new light scalar particle, generally827
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dubbed as h′. The existence of the latter is postulated in models where the hidden828

symmetry is broken by some Higgs mechanism [160]. Similarly to the SM Higgs,829

the mass of the h′ is not predictable by first principles and could be at the ∼ GeV830

scale as well. The phenomenology is driven by the mass hierarchy. While scalar831

bosons heavier than two dark photons decay promptly, giving rise to events of the832

type e+e− → A′h′ → 3A′, A′ → l+l−, π+π−, their lifetime becomes large enough to833

escape undetected for mh′ < mA′ , resulting in e+e− → A′h′ → l+l− +missing energy834

events.835

• Radiative meson decays, which could also produce a dark photon with a branching836

ratio suppressed by a factor ε2 [130].837

The search for a light CP-odd Higgs (A0) in Υ(2S, 3S)→ γA0, A0 → µ+µ− conducted by838

BABAR [131] has been reinterpreted in terms of constraints on dark photon production [119,839

130, 134], as its signature is identical to that of e+e− → γA′, A′ → µ+µ−. Limits on the840

coupling ε2 at the level of 10−5 have been set. Future analyses based on the full BABAR and841

Belle datasets are expected to increase the sensitivity by an order of magnitude.842

A search for a dark photon and an associated scalar boson has been performed at BABAR843

in the range 0.8 < mh′ < 10.0 GeV and 0.25 < mA′ < 3.0 GeV, with the constraint844

mh′ > 2mA′ [164]. The signal is either fully reconstructed into three lepton or pion pairs, or845

partially reconstructed as two dileptonic resonances, assigning the remaining dark photon846

to the recoiling system. No significant signal is observed, and upper limits on the product847

αDε
2 are set at the level 10−10 − 10−8. These bounds are translated into constraints on the848

mixing strength in the range 10−4 − 10−3, assuming αD = α ' 1/137. A similar search849

currently performed by Belle should improve these limits by a factor of two.850

KLOE has searched for φ(1020) → ηA′, A′ → e+e− decays, in which the η was tagged851

with either the 3π0 or the π+π−π0 final states [126, 127]. The A′ → µ+µ−, π+π− channels852

were not included due to a higher background level. After subtraction of the φ Dalitz853

decay background, no evident peak is observed, and the following limits are set at 90% CL:854

ε2 < 1.5× 10−5 for 30 < mA′ < 420 MeV, ε2 < 5× 10−6 for 60 < mA′ < 190 MeV.855

The BESIII Collaboration has published a search for invisible decays of the η and η′856

mesons, motivated by the possible existence of light neutral dark matter particles [226].857

Events are selected from J/ψ → φη(η′) decays, where the φ is tagged by its charged kaon858

decay mode. No significant signal is observed, and 90% CL limits on the branching ratio859

BR(η → invisible) < 1.0×10−4 and BR(η′ → invisible) < 5.3×10−4 are set. These bounds860
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constrain the invisible dark photon decay through η(η′)→ A′A′, A′ → invisible.861

Future Searches using Current Datasets862

Current datasets have not been fully exploited to search for signatures of a dark sector.863

Current studies of the e+e− → γA′, A′ → l+l−, π+π− based on the full BABAR and Belle864

datasets are expected to probe values of the coupling ε2 down to ∼ 10−6, and extend the865

coverage down to ∼ 20 MeV, covering the full region favored by the g − 2 discrepancy.866

KLOE is expected to probe values of ε2 between ∼ 10−5 and ∼ 7 × 10−7 in the range867

500 < mA′ < 1000 MeV using the e+e− → µ+µ−γ sample selected for the study of the868

hadronic contribution to the muon magnetic anomaly. Similarly, invisible dark photon869

decays could be studied in the e+e− → γ + invisible final state, using data collected at870

BABAR with a specific single-photon trigger (see also §4). This search could probe dark871

photon masses 0 < mA′ < 5 GeV, significantly extending the parameter space covered by872

proposed searches in neutrino experiments [225]. The calorimeter hermeticity and energy873

resolution play a crucial role for this study, as well as the amount of accidental background.874

Similar considerations apply to searches for purely neutral dark photon decays.875

A search for a light h′, pair produced with a dark photon is being performed at KLOE876

using e+e− → A′h′ → l+l− + missing energy events. This search fully complements the877

analysis performed by BABAR covering a totally different parameter space. Extensions to878

non-Abelian model could easily be probed using current datasets. The simplest scenario879

include four gauge bosons, one dark photon and three additional dark bosons, generically880

denoted W ′. A search for di-boson production has been performed at BABAR in the four881

lepton final state, e+e− → W ′W ′,W ′ → l+l− (l = e, µ), assuming both bosons have similar882

masses [227]. More generic setups could easily be investigated.883

The existence of a dark scalar or pseudo-scalar particle can also be investigated in B →884

K(∗)l+l− decays. The sensitivity of BABAR and Belle searches to the SM Higgs–dark scalar885

mixing angle and pseudo-scalar couplings constants are projected to be at the level of 10−4−886

10−3 and 103 TeV, respectively [228].887

3.3.5. Proton Colliders888

Proton colliders have the ability to reach high center-of-mass energy, making it possible to889

produce Z bosons, Higgs bosons, and perhaps other new, heavy particles (such as supersym-890

metric particles, W ′/Z ′ states, or hidden-sector particles) directly. As pointed out in many891

theoretical studies [151, 157, 165, 230, 231], if new states are produced, they could decay to892

A′ bosons and other hidden-sector states with very large branching ratios. For GeV-scale893
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A′ masses, the A′ would be highly boosted when produced in such decays and its decay894

products would form collimated jets, mostly composed of leptons (“lepton-jets” [151]).895

The general-purpose proton collider experiments at the Tevatron and LHC have all pre-896

sented first searches for lepton-jets in heavy-particle decays [162, 163, 232–234]. The searches897

usually employ a specialized lepton-jet identification algorithm to distinguish them from the898

large multi-jet background. Events with additional large missing transverse energy (from899

other escaping hidden-sector particles) or a particular di-lepton mass (corresponding to the900

A′ mass) have also been searched for [235]. Results have often been interpreted in super-901

symmetric scenarios; the updated ATLAS analysis using 7 TeV pp data from 2011 excludes902

di-squark production with a squark mass up to about 1000 GeV or a weakly-produced state903

with mass up to about 400 GeV, decaying through cascades to two lepton-jets [236]. Current904

searches have mostly focused on A′ bosons heavy enough to decay to muon pairs, since this905

offers a cleaner signal than electron pairs, but good sensitivity has also been seen down to906

∼ 50 MeV (limited by photon conversions to e+e− pairs).907

ATLAS has recently searched for decays of the Higgs boson to electron lepton-jets, ex-908

cluding a branching ratio of about 50% [237]. Searches have mostly focused so far on prompt909

decays of dark photons, but ATLAS has now searched for decays of the Higgs boson to long-910

lived A′ bosons decaying to muons in the muon chambers, constraining the branching ratio911

to be less than 10% for a proper lifetime between 10 and 100 mm [238].912

3.3.6. Photon Regeneration Experiments (ultra-light dark photons)913

Light dark photons (∼ meV) may be searched for in photon regeneration experiments.914

Experiments using laser light as REAPR and ALPS-II have already been explained in §2.3.1.915

The sensitivity of ALPS-II (in its final phase) is shown in Fig. 7 (REAPR would be similar).916

It reaches the region where meV mass A′ can be cold DM. This region is motivated by type-II917

string models, in particular anisotropic compactifications (with one very large dimension),918

where the A′ arises via the Stuckelberg mechanism.919

Photon regeneration experiments have been performed in the microwave range (µeV920

A′ masses) by attempting the transfer of power between isolated microwave cavities in921

tune following the concept of [77, 78] (dark green sharp triangles labelled “mwLSW”). The922

current constraints correspond to proof-of-concept experiments by groups in the University923

of Western Australia (UWA) [79] and ADMX [80] and a more mature experiment performed924

at CERN [81]. The axion-sensitivity improvements expected by ADMX (see 2.3.2) will also925

allow a much more sensitive parasitic search of A′s, see curve labelled ADMX in Fig. 7 [80].926
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3.3.7. Helioscopes (ultra-light dark photons)927

Helioscopes looking for solar axions can detect transversely polarized A′s emitted from the928

solar interior [239]. If the A′ mass is due to the Stuckelberg mechanism, the region in which929

they are sensitive is already excluded by our knowledge of the Sun [207] (the emission of930

longitudinally polarized A′s would require a too high solar core temperture to be compatible931

with the measured solar neutrino fluxes [240]). If the A′ mass comes from a Higgs mechanism,932

the situation is different and is currently being explored [241]. The SHIPS helioscope in the933

Hamburg Sternwarte [242] is currently looking for this possibility but more theoretical input934

is required to asses the impact of its measurements and future directions.935

A more promising endeavor is to detect the solar flux of longitudinally polarized A′s,936

which dominates for mA′ . 10 eV. These A′s have typical energies 10-300 eV and produce937

ionization in DM detectors such as XENON10 [241]. The first rough analysis of [241] shows938

a very promising venue to search for Stuckelberg A′s near the solar limit. This line shall939

benefit of future experiments with more exposure and more detailed analysis of the low940

energy single-electron ionization events. The parameter-space regions that can be explored941

are motivated from string theory and from DM.942

3.3.8. Cold DM searches (ultra-light dark photons)943

If DM comprises cold A′s produced by the misalignment mechanism it will produce a signal944

in Haloscopes looking for axion DM if they are tuned to the A′ mass [25]. The signal has two945

characteristics that make it different from an axion signal. First, it is not proportional to the946

magnetic field and thus survives when this is switched off (which could lead one to think it is947

a systematic). Second, the A′ polarization vector changes its orientation with respect to the948

cavity eigenmodes producing an oscillation of the effectiveness of the DM-cavity coupling949

and thus of the power output. If the A′ polarization is homogeneously aligned in the DM950

halo only a daily modulation is expected, but if this is not the case, more complicated951

patterns are to be expected. The sensitivity of the next phases of ADMX to axion DM can952

be directly translated into sensitivity to A′ DM (green regions labelled ADMX and ADMX-953

HF in the low-ε regime of Fig. 7). The sensitivity of these experiments is impressive, as954

a moderate coverage of the axion line in axion searches implies orders of magnitude in ε955

of pristine unexplored parameter space. The Yale search of 0.1 meV ALP DM [243] is a956

good example. With its sensitivity goal of gaγγ ∼ O(10−10) GeV−1 it can barely surpass the957

strong astrophysical constraints on ALPs but its sensitivity to A′s is χ ' 10−12, two orders958
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of magnitude deep into unexplored territory.959

The vast amount of parameter space to be explored has inspired new DM broadband960

experiments. The idea is avoid the time-consuming (and technology dependent) mode-961

tuning of resonant cavities and employ a dish antenna (which triggers A′ DM conversion962

into light of frequency given by the A′ mass) and a broadband receiver [244, 245]. With963

this setup one can study the 3-D momentum distribution of DM in the halo [244]. One can964

also search for axion/ALP DM by embedding it in a strong magnetic field parallel to the965

dish surface [244]. Currently there are no experiments of this type being planned but a few966

groups in Hamburg (DESY), CERN, and University of Zaragoza have expressed interest.967

3.4. Opportunities for Future Experiments: New Ideas, Technologies, & Ac-968

celerators969

The physics motivations for dark photons, as outlined in §3.1, easily motivate extending970

searches far beyond the present generation of experiments. Large parts of the mass-coupling971

parameter space, shown in Fig. 6, will remain uncovered after the experiments at JLab and972

Mainz have run, and after data from the B- and Φ-factories will have been fully analyzed. If973

something is found in the present generation of experiments, it will be incumbent on future974

experiments to confirm the findings, explore the detailed properties of the new particle, and975

to seek any cousins. That exercise will demand experiments with improved performance and976

reach. If nothing is found in the present searches, there remains a vast and viable region of977

parameter space to explore. Specific models for dark photons have been advanced, which978

populate the virgin territory, and general considerations from theory and phenomenology do979

so as well. So extending searches for dark photons throughout the whole of the parameter980

space is a high priority in either case.981

Future experiments can improve upon coverage of the dark photon parameter space sig-982

nificantly. Future fixed target electro-production experiments and future e+e− colliding983

beam facilities can extend the search for visible dark photon decays, and future beam dump984

experiments, discussed below in §4, will extend the search for invisible decays, ultralight985

dark photons, and millicharged particles.986

3.4.1. Future Fixed Target Experiments987

At fixed target machines, several generic improvements look possible which can expand988

the reach significantly. First, in HPS-like experiments, it should be possible to boost the989
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integrated luminosity by at least one order of magnitude by boosting the product of the990

current on target and the run time. Boosting the current on target will require tracking991

detectors that avoid the highest occupancy/radiation damage environments yet preserve992

most of the acceptance, or new pixellated and rad hard detectors that can tolerate the higher993

rates. Second, studies have shown that catching the recoil electron in addition to the A′994

decay products, will boost the mass resolution by a factor ∼ 2, and will reduce Bethe-Heitler995

backgrounds by as much as a factor of 2 to 3, improving the significance. Third, triggering996

on pions and muons can boost the sensitivity for A′s for masses beyond the dimuon mass997

by large factors where the ρ dominates the A′ decays, and will help significantly for higher998

masses too. Fourth, using low-Z nuclear targets and maximal beam energies improves the999

reach in the 300 − 1000 MeV range too, since the radiative A′ cross section increases with1000

higher beam energies and form-factor suppression will be mitigated by going to smaller,1001

lower-Z nuclei. CEBAF12 at JLab will provide 12 GeV beams where these effects can boost1002

production by a factor of 5 or more. Fifth, since the sensitivity of bump hunt searches depend1003

inversely with the square root of the invariant mass resolution and directly with the square1004

root of the acceptance, and since vertex searches depend critically on the vertex resolution,1005

improving these parameters can lead to significant gains. It is not unreasonable to assume1006

a factor of 2 improvement in the acceptance and the mass resolution. The vertex resolution1007

can be improved by using thinner targets (with compensating higher currents), shorter1008

extrapolation distances from the first detector layer to the target, and thinner detectors,1009

yielding better impact parameter resolution. Taken together, future experiments may be1010

able to discriminate A′ decays just a few mm from the target (vs 15 mm in the current1011

version of HPS). Finally, optimized analysis procedures and multivariate analyses may buy1012

factors of two improvement in sensitivity. An estimate [246] Snowmass of the reach of a1013

future experiment, which assumes a factor 4 improvement in mass resolution, a factor 2 in1014

vertex resolution, 30 times the luminosity, and higher energy running with particle ID, gives1015

Fig. 8. Note that this exercise exploits just one of the current approaches for fixed target1016

electroproduction.1017

New approaches may be even more powerful [247]. While detailed performance estimates1018

for new experimental layouts are not yet available, several new ideas are being discussed1019

and the possibilities for improving the reach of dark photon searches significantly look very1020

real.1021
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FIG. 8. Parameter space for hidden-photons (A′) with mass mA′ > 1 MeV (see Fig. 6 for present

constraints and presently planned experiments), showing in blue a reach projection possible in

a future HPS-style fixed target experiment. The projected reach here assumes a factor of two

improvement in the vertex resolution, a factor of four improvement in mass resolution, a factor of

30 times more luminosity, and higher-energy running with improved particle ID.

3.4.2. Searches at Future e+e− Colliding Beam Facilities1022

The e+e− colliding beam machines have conducted sensitive searches for dark photons over1023

a wide range of masses. These searches, using existing data sets, are continuing. Since1024

future facilities are already approved, it is comparatively straight-forward to extrapolate1025

their performance for future searches. The coupling accessible by current datasets from1026

e+e− colliders are at the level ε2 ∼ 10−6−10−5 for dark photon masses below a few hundred1027

MeV. This limitation comes essentially from the available statistics and thus the luminosity1028

that can be delivered by the accelerators. The luminosity typically scales quadratically1029

with their center of mass energy, basically compensating the inverse scaling of the relevant1030

production cross-sections.1031

Current factories reach instantaneous luminosities of a few times 1032 (1034) cm−2s−1 at1032

1 (10) GeV. Several next generation flavor factories have been proposed or are currently1033

under construction. The upgraded KEK B-factory, SuperKEKB, is expected to start taking1034

data in 2016 and should collect 50 ab−1 by 2022, about two orders of magnitude larger than1035

the dataset collected by Belle. Several tau-charm factories operating between 2 − 5 GeV1036

with instantaneous luminosities at the level of 1035− 1036 cm−2s−1 have been proposed, but1037
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remain to be funded at the time of this writing. Their expected sensitivity would roughly be1038

at the level SuperKEKB should reach. At Frascati, KLOE-2 will install a new inner tracker,1039

a cylindrical GEM detector, to improve the momentum resolution of charged particles while1040

keeping the amount of material at a minimum. This approach will hopefully reduce the1041

background from photon conversions produced in e+e− → γγ, γ → e+e− events, allowing1042

KLOE-2 to explore the very low mass region.1043

An alternative approach has been proposed by the authors of [138], colliding a single1044

intense positron beam on an internal target. Specifically, the VEPP-3 collaboration has1045

proposed to use a 500 MeV positron beam of VEPP-3 on a hydrogen gas internal target.1046

The search method is based on the study of the missing mass spectrum in the reaction1047

e+e− → A′γ, which allows the observation of a dark photon independently of its decay1048

modes and lifetime in the range mA′ = 5− 20 MeV, see Fig. 6.1049

In summary, next generation flavor factories could probe values of the coupling ε2 down1050

to a level comparable to presently planned fixed target experiments for prompt decays, while1051

extending their mass coverage to significantly higher masses. Should a signal be observed,1052

e+e− colliders will be ideally suited to investigate in detail the structure of a hidden sector,1053

complementing dedicated experiments.1054

3.4.3. Future Searches at the LHC1055

The large datasets expected at the LHC in the near-term future (300 fb−1 at 14 TeV) will1056

contain billions of Z and millions of Higgs bosons, allowing branching ratios to lepton-jets1057

as low as 10−7 (or ε ' 10−3) to be probed for Z decays and 10−3 for Higgs decays. Strongly-1058

produced SUSY particles with masses up to 1 (2.5) TeV are another potential source of1059

lepton jets, if decays proceed through the hidden sector. In fact, the lepton jet signature1060

could even be critical for their discovery. In the longer term with its very high luminosity1061

option (3000 fb−1), the LHC will allow ever more sensitive Z and Higgs decay searches, and1062

extend the mass reach for SUSY production even higher.1063

4. LIGHT DARK-SECTOR STATES (INCL. SUB-GEV DARK MATTER)1064

4.1. Theory & Theory Motivation1065

DM and neutrino mass provide strong empirical evidence for physics beyond the SM. Ar-1066

guably, rather than suggesting any specific mass scale for new physics, they point to a hidden1067

(or dark) sector, weakly-coupled to the SM. Dark sectors containing light stable degrees of1068
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freedom, with mass in the MeV-GeV range, are of particular interest as DM candidates as1069

this regime is poorly explored in comparison to the weak scale. Experiments at the intensity1070

frontier are ideally suited to explore this light dark-sector landscape, as discussed in this1071

section.1072

4.1.1. Light Dark Matter1073

DM provides one of the strongest empirical motivations for new particle physics, with ev-1074

idence coming from various disparate sources in astrophysics and cosmology. While most1075

activity has focused on the possibility of weakly-interacting massive particles (WIMPs) with1076

a weak-scale mass, this is certainly not the only possibility. The lack of evidence for non-SM1077

physics at the weak scale from the LHC motivates a broader perspective on the physics of1078

DM, and new experimental strategies to detect its non-gravitational interactions are called1079

for. A wider theoretical view has also been motivated in recent years by anomalies in di-1080

rect and indirect detection [170, 248, 249], possible inconsistencies of the ΛCDM picture of1081

structure formation on galactic scales [250], and the advent of precision CMB tests of light1082

degrees of freedom during recombination.1083

The mass range from the electron threshold ∼0.5 MeV up to multi-TeV characterizes the1084

favored range for DM candidates with non-negligible SM couplings (on the scale of terrestrial1085

particle physics experiments). The simple thermal relic framework, with abundance fixed1086

by freeze-out in the early Universe, allows DM in the MeV-GeV mass range if there are1087

light (dark-force) mediators which control the annihilation rate [251]. Related scenarios,1088

such as asymmetric DM, also require significant annihilation rates in the early Universe,1089

and thus light mediators are a rather robust prediction of models of MeV-GeV-scale DM1090

that achieves thermal equilibrium. Current direct detection experiments searching for elastic1091

nuclear recoils lose sensitivity rapidly once the mass drops below a few GeV, although several1092

ideas have been proposed to look for DM scattering off electrons or molecules [252, 253].1093

Experiments at the intensity frontier provide a natural alternative route to explore this light1094

MeV-GeV scale DM regime. Crucially, the light mediators required for DM annihilation to1095

the SM provide, by inversion, an accessible production channel for light DM that can be1096

exploited in high luminosity experiments.1097

Models of sub-GeV DM are subject to a number of terrestrial and cosmological con-1098

straints, as discussed below. However, simple models interacting through one or more of the1099

portal couplings are viable over a large parameter range; e.g. an MeV-GeV mass complex1100

scalar charged under a massive dark photon can be thermal relic DM, with SM interactions1101
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mediated by the kinetic mixing portal.1102

4.1.2. Light Dark-Sector States1103

There is no compelling argument, beyond simplicity, for cold DM to be composed of a single1104

species, or even a small number of species. Light stable thermal relics require the presence1105

of additional light mediators as discussed above, and the dark sector may be quite complex.1106

Indeed, the annihilation channels required for (thermalized) DM in the early Universe could1107

occur within the dark sector itself if there are additional light states, subject to constraints1108

from cosmology on the number of relativistic degrees of freedom. Since SM neutrinos do1109

contribute a (highly dub-dominant) fraction of hot DM, we already know that in the broadest1110

sense DM must be comprised of multiple components. Thus care is required to assess the1111

experimental sensitivity according to the underlying assumptions about the stability of the1112

dark sector state in cosmological scales, and whether or not stable dark sector states under1113

study comprise some or all of DM.1114

4.1.3. Millicharged Particles1115

Particles with small un-quantized electric charge, often called mini- or milli-charged particles1116

(MCPs), also arise naturally in many extensions of the SM. MCPs are a natural consequence1117

of extra U(1)s and the kinetic mixing discussed in §3.1 for massless A′ fields. In this case,1118

any matter charged (solely) under the hidden U(1) obtains a small electric charge. MCPs1119

can also arise in extra-dimensional scenarios or as hidden magnetic monopoles receiving1120

their mass from a magnetic mixing effect [254–256]. Milli-charged fermions are particularly1121

attractive because chiral symmetry protects their mass against quantum corrections, making1122

it more natural to have small or even vanishing masses. MCPs have also been suggested as1123

DM candidates [257–259].1124

Terrestrial experiments as well as astrophysical and cosmological observations provide1125

interesting bounds on MCPs. These limits, in addition to comments on future prospects,1126

are summarized in §4.2.2.1127

4.2. Phenomenological Motivation and Current Constraints1128

4.2.1. Constraints on Light Dark Matter and Dark Sectors1129

A variety of terrestrial, astrophysical and cosmological constraints exist on light DM and1130

dark sector states, which we now summarize. We focus on the scenario with dark sector1131
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FIG. 9. Parameter space for dark photons decaying invisibly to dark-sector states χ for various

mχ. Constraints from precision QED tests of α (red) and the muon anomalous magnetic moment

(green) [123] are independent of the A′ decay mode (these are the same as in Fig. 6). Constraints

from (on-shell) A′ decays to any invisible final state arise from the measured K+ → π+νν̄ branching

ratio [123, 225, 260] (brown) and from a BABAR mono-photon search [261–263] (blue); significant

improvements are possible with DarkLight [265] (dark blue dashed), VEPP-3 [137, 138] (magenta

dashed), ORKA [262] (brown dashed), and BELLE II [262] (light blue solid). If the χ are long-

lived/stable and can re-scatter in a downstream detector, constraints arise also from LSND (gray)

for m′A < mπ0 , mχ < m′A/2 [264]. Additional parameter space can then also be probed at

existing/future proton beam-dump facilities like Project X, LSND etc., (the solid dark green line

shows a proposed MiniBooNE beam-off-target-run [225]), and at electron-beam dumps at JLab

(dark red), the ILC (purple), and other facilities like SLAC, SuperKEKB etc. (not shown) [263].
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states χ (including DM) interacting with the SM through a dark photon, emphasizing the1132

assumptions going into each limit. For example, the limits depend on the dark photon and1133

light DM mass. We also note that generalizations to beyond the kinetic mixing portal,1134

including for example leptophilic DM, can drastically alter the limits. The limits on dark1135

photons that couple to light DM, along with prospects for various future experiments to be1136

discussed below, are displayed in Fig. 9.1137

Several constraints are common to both visibly (see §3) and invisibly decaying dark1138

photons. In particular, precision QED measurements [123] and precision tests of the fine-1139

structure constant α (including the electron anomalous magnetic moment) constrain the1140

kinetic mixing parameter ε . 10−4 (10−2) for a dark photon mass mA′ ∼ 1 MeV (100 MeV).1141

The muon anomalous magnetic moment provides a stronger constraint for heavier dark1142

photons, with ε . few × 10−3 (10−2) for mA′ ∼ 50 MeV (300 MeV). Furthermore, model-1143

independent constraints from the measurements of the Z-boson mass, precision electroweak1144

observables, and e+e− reactions at a variety of c.o.m. energies constrain ε . 3 × 10−2
1145

independent of mA′ [266] (not shown).1146

The next class of constraints relevant to this scenario relies on the assumption that the1147

dark photon decays invisibly (but not necessarily to stable states like DM). Measurements1148

of the K+ → π+νν̄ branching ratio [260] place limits on ε in the range 10−2 − 10−3 if1149

the decay K+ → π+A′ is kinematically allowed. Strong constraints on ε exist in a narrow1150

region mA′ ∼ mJ/ψ, in which case the the decay J/ψ → invisible is resonantly enhanced.1151

Furthermore, a limit on the branching fraction Υ(3S)→ γ +A0, A0 → invisible (with A0 a1152

scalar [261]) can be recast as a limit on the continuum process e+e− → γA′, A′ → invisible,1153

leading to ε . few × 10−3 [262, 263].1154

If the dark sector states χ are stable (e.g., if χ is the DM), or at least metastable with1155

lifetimes of O(100 m), then proton- and electron-beam fixed target experiments are sensitive1156

to the scattering of χ with electrons or nuclei, with a rate that depends on αD. The LSND1157

measurement of the electron-neutrino elastic scattering cross section [267] places a limit in1158

the range ε . 10−5 − 10−3 for αD = 0.1, m′A < mπ0 , mχ < m′A/2 [264]. Furthermore,1159

the SLAC MilliQ search for milli-charged particles [268] is senstive to A′s heavier than π0,1160

and constrains values of ε as low as 10−3 [269] (not shown). Constraints from the SLAC1161

beam-dump experiment E137 are also applicable [270] (not shown).1162

Direct detection experiments can probe light DM χ in the halo through its scattering with1163

electrons [252, 253]. An analysis of the XENON10 dataset has placed limits on the χ-electron1164

scattering cross section σe < 10−37 cm2 for χ masses in the range 20 MeV - 1 GeV [253],1165
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and more recent direct detection experiments as well as dedicated future experiments could1166

probe significant new parameter space.1167

Late-time DM annihilation to charged particles can distort the CMB. Assuming χ satu-1168

rates the observed relic density and annihilates through an s-wave reaction, then the CMB es-1169

sentially rules out this scenario [186–189]. These bounds are, however, model-dependent and1170

may be avoided in several ways, for example: 1) χ may annihilate through a p-wave process,1171

e.g. scalar DM annihilating through an s-channel dark photon to SM fermion pairs [264], 2)1172

the dark sector may contain new light states, opening up new annihilation modes for χ, which1173

do not end with electromagnetic final states, 3) the DM may be matter-asymmetric [271],1174

and 4) χ may comprise a sub-dominant component of the DM.1175

4.2.2. Additional constraints on Millicharged Particles1176

Several portions of the charge-vs-mass (Q-vs-mMCP) parameter space for MCPs can be1177

excluded based upon available experimental results. Some of these bounds, e.g. direct mea-1178

surements, rely on relatively few assumptions, while others are dependent on the accuracy1179

of astrophysical and cosmological models. Fig. 10 illustrates the parameter space for MCPs1180

and a brief summary of the most stringent bounds follows.1181

Direct measurements cover large parts of the parameter space of MCPs for Q ∼ e. The1182

SLAC ASP (Anomalous Single Photon) search for e+e− → γX final states, where X is any1183

weakly interacting particle, set a bound of Q > 0.08e for mMCP ∼< 10 GeV [272, 273]. Data1184

from a proton beam dump experiment, E613, at Fermilab excludes charges between 10−1e1185

and 10−2e for mMCP < 200 MeV [274]. A SLAC electron beam dump experiment looking1186

for trident production e−N → e−NQ+Q− set a bound of Q > 0.03e for mMCP < 1 GeV1187

[272]. Moreover, the SLAC MilliQ experiment set a bound of 5.8 × 10−4e for mMCP < 1001188

MeV [268]. In addition to these accelerator-based experiments, the results of a search for1189

orthopositronium decays into invisible particles can be recast into bounds on MCPs. This1190

measurement gives a bound of Q < 8.6 × 10−5e for mMCP < 500 keV [275]. Finally, the1191

precise agreement between the measured and calculated values for the Lamb shift can be1192

used to set a bound of Q < (1/9) emMCP for M & 3 keV [272, 276].1193

Additional constraints can be placed on MCPs from indirect cosmology and astrophysics1194

results (See [272] and references therein). Photons travelling in a plasma acquire an effective1195

mass and can decay into MCPs. Therefore MCPs produced inside stars can contribute to1196

their cooling. White dwarf and red giant stars bound MCPs for mMCP∼< keV by requiring1197

that the MCP production rate not exceed the rate of nuclear energy production.1198
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FIG. 10. Bounds on the millicharge Q vs mass mMCP from astrophysics and various experiments.

Constraints from cosmology include bounds from BBN on the effective relativistic degrees1199

of freedom. CMB data from WMAP is also an indirect test ground for new invisible states1200

that inject charged particles into the CMB. In addition, requiring that the MCPs relic density1201

not over-close the Universe excludes mMCP ∼ TeV for Q ∼ e. For sub-eV masses, light-1202

shining-through-wall-type setups can even go below some cosmological constraints [277, 278].1203

New electron and proton beam dump experiments, planned or proposed to search for1204

light DM, could also cover new parameters space of MCPs, particularly the mMCP ∼ GeV1205

region. The primary modes of production are pN → pNQ+Q− or pp → Q+Q− at proton1206

beam dump experiments, and e−N → e−NQ+Q− at electron beam dump experiments.1207

MCPs produced at the beam dump would then travel and scatter elastically off of nuclei at1208

a detector situated downstream of the target and able to look for neutral current scattering1209

events. The detection of MCPs relies on an experiment sensitive to low momentum recoil1210

channels, such as electron recoils and/or coherent nuclear scattering, see §4.3.3.12111212
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4.3. Proposed and Future Searches1213

4.3.1. Proton-fixed Target1214

Proton-beam fixed target-detector setups have significant potential to search for light DM1215

and other long-lived dark sector states. An intense source of dark sector states can be pro-1216

duced in the primary proton-target collisions and detected through their scattering [156, 264,1217

279] or visible decays [116, 156] in a near detector. Of particular importance to this experi-1218

mental program are the existing and future Fermilab neutrino factories such as MiniBooNE,1219

MINOS, NOνA, MicroBooNE, and LBNE, which have an unprecedented opportunity to1220

search for light DM. The studies in [156, 264, 279] demonstrate the existence of a large1221

DM signal in existing neutrino experiments for motivated regions of DM parameter space.1222

However, numerous experimental challenges remain to maximize the sensitivity to the DM1223

signal, foremost among them competing with the large neutrino neutral current background.1224

A proposal for a dedicated search for light DM at MiniBooNE is described in [225].1225

DM particles χ, interacting with the SM through a kinetically mixed dark photon, can1226

be produced through the decays of secondary pseudoscalar mesons, π0, η → γA′, A′ →1227

χχ∗. Such DM particles can travel to the detector and scatter via A′ exchange, leaving the1228

signature of a recoiling electron or nucleon. The MiniBooNE sensitivities to DM masses1229

of 1, 10, 100 MeV are represented by the green contours in Fig. 9. MiniBooNE can probe1230

motivated regions of DM parameter space in which the relic density is saturated and the1231

muon anomalous magnetic moment discrepancy is explained. The signal significance for1232

several operational modes is can be found in [225].1233

In order to mitigate the neutrino background, [225] proposed to run in a beam-off target1234

configuration, in which the protons are steered past the target and onto either 1) the perma-1235

nent iron absorber located at the end of the 50 m decay volume, or 2) a deployed absorber1236

positioned 25 m from the target. A one week test run in the 50 m absorber configuration1237

measured a reduction of the neutrino flux by a factor of 42. Additional improvements in1238

distinguishing χ signal from the neutrino background are possible by exploiting the fine1239

ns-level timing resolution between the detector and proton spill, since heavy O(100 MeV)1240

DM particles will scatter out of time.1241

The experimental approach to search for light DM employed by MiniBooNE is applicable1242

to other neutrino experiments and intense proton sources, such as MINOS, NOνA, Micro-1243

BooNE, LBNE, and Project X. For instance, the MicroBooNE LAr detector can also perform1244

a search with comparable sensitivity to that outlined for MiniBooNE with a long enough1245
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beam-off-target run. More generally, the DM mass range that can be covered is governed by1246

the proton beam energy and the production mechanism, as well as the ability to overcome1247

the neutrino neutral current background. For instance with the FNAL Booster (8.9 GeV)1248

and Main Injector (120 GeV) as well as a future Project X, the accessible DM mass range is1249

a few MeV to a few GeV. Both LBNE [280] and Project X [281] have considered light DM1250

searches to expand the physics reach and help motivate the projects.1251

The search for light DM provides an additional physics motivation for intense proton1252

beam facilities. Given the significant investment in existing and future infrastructure for1253

neutrino experiments, it is critical to take advantage of the unique opportunity afforded by1254

these experiments to probe the non-gravitational interactions of light DM and more generally1255

explore the possibility of of a dark sector with new, light, weakly-coupled states.1256

4.3.2. B-factories1257

B-factories like BABAR and Belle and future super-B factories like Belle 2 are powerful probes1258

of light DM with a light mediator. An existing mono-photon search by BABAR [261] already1259

places important constraints on this class of models [262, 263] (see also [140, 149, 282]), and1260

similar search at a future B-factory can probe significantly more parameter space [262].1261

Such searches are more powerful than searches at other collider or fixed-target facilities1262

for mediator and hidden-sector particle masses between a few hundred MeV to 10 GeV.1263

Mediators produced on-shell and decaying invisibly to hidden-sector particles such as DM can1264

be probed particularly well. Sensitivity to light DM produced through an off-shell mediator1265

is more limited, but may be improved with a better theoretical control of backgrounds,1266

allowing background subtraction and a search for kinematic edges. The implementation of1267

a mono-photon trigger at Belle II would be a necessary step towards providing this crucial1268

window into such light dark sectors.1269

4.3.3. Electron fixed target1270

Electron beam fixed target experiments enable powerful low-background searches for new1271

light weakly-coupled particles and can operate parasitically at several existing facilities1272

[263]. Electron-nucleus collisions feature a light dark-sector particle production rate com-1273

parable to that of neutrino factories, but the production mechanism is analogous to QED1274

bremsstrahlung. Importantly, beam related neutrino and neutron backgrounds are negligi-1275

ble. Electron beam production also features especially forward-peaked particle kinematics,1276
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so for multi-GeV beam energies, experimental baselines on a 10 m scale, and 1 m-scale detec-1277

tors, the signal acceptance is of order one for sub-GeV DM masses. This approach is sensitive1278

to any new physics that couples to leptonic currents and is limited only by cosmogenic back-1279

grounds, which are both beatable and systematically reducible; even a test implementation1280

with no cosmogenic neutron reduction offers sensitivity to well motivated regions of param-1281

eter space. Previous generations of electron beam experiments, such as the MilliQ or E1371282

experiment at SLAC have already demonstrated sensitivity to light DM [269, 270].1283

The minimal setup requires a O(m3) fiducial volume (or smaller) detector sensitive to1284

neutral current scattering placed 10s of meters downstream of an existing electron beam1285

dump. At low momentum transfers, DM scattering predominantly yields elastic electron1286

and coherent nuclear recoils in the detector. At higher momentum transfers, inelastic hadro-1287

production and quasi-elastic nucleon ejection dominate the signal yield. The approach offers1288

comparable sensitivity using either continuous wave (CW) or pulsed electron beams, but1289

CW sensitivity is limited by cosmogenic background so background reduction strategies are1290

required to achieve optimal sensitivity; for pulsed beams, timing cuts render cosmogenic1291

backgrounds negligible. This approach can be realized parasitically at several existing elec-1292

tron fixed target facilities including SLAC, JLab, and Mainz. It may also be possible to1293

utilize pulsed beams at the SuperKEK linac beam and (in the future) at the ILC.1294

Fig. 9 shows the sensitivity projections for a 1 m3 detector placed 20 m downstream of1295

an Aluminum beam dump. Two lines are shown, giving the 10-event sensitivity per 5×1022
1296

electrons-on-target, for a hypothetical experiment at JLab using a 12 GeV beam (red) and at1297

ILC using a 125 GeV beam (purple). Excellent sensitivity is obtained for light dark photon1298

and light dark-matter masses.1299

5. CHAMELEONS1300

5.1. Theory & Motivation1301

Cosmological observations are able to pinpoint with great precision details of the Universe1302

on the largest scales, while particle physics experiments probe the nature of matter on the1303

very smallest scales with equally astounding precision. However, these observations have left1304

us with some of the greatest unsolved problems of our time, most notably the remarkable1305

realisation that the most dominant contribution to the energy density of our Universe is also1306

the least well understood. Dark energy, credited with the observed accelerated expansion1307

of the Universe, makes up around 70% of the total matter budget in the Universe however1308

48



there is no single convincing explanation for this observation nor is there a clear pathway to1309

distinguishing between different models through cosmological observations. If this accelera-1310

tion is not caused by a cosmological constant then the most convincing explanations come1311

in the form of scalar field models that are phenomenological but with the hope of being1312

effective field theories of ultra-violet physics. If a scalar field is indeed responsible for this1313

observed acceleration it would need to be very light m ∼ H0 and evolving still today. These1314

light fields should couple to all forms of matter with a coupling constant set by GN . A1315

coupling of this kind would cause an as yet unobserved fifth force and should be observable1316

in a plethora of settings from the early Universe through big bang nucleosynthesis, structure1317

formation and in all tests of gravity done today. Thus, we are left with a puzzle as to how1318

a scalar field can both be observable as dark energy and yet not be observed to date in all1319

other contexts.1320

1321

A solution to this puzzle was presented in [283–285] with so-called chameleon fields.1322

Chameleon fields are a compelling dark energy candidate, as they couple to all SM particles1323

without violating any known laws or experiments of physics. Importantly, these fields are1324

testable in ways entirely complementary to the standard observational cosmology techniques,1325

and thus provide a new window into dark energy through an array of possible laboratory1326

and astrophysical tests and space tests of gravity. Such a coupling, if detected, could reveal1327

the nature of dark energy and may help lead the way to the development of a quantum1328

theory of gravity.1329

1330

A canonical scalar field is the simplest dynamical extension of the SM that could ex-1331

plain dark energy. In the absence of a self interaction, this field’s couplings to matter —1332

which we would expect to exist unless a forbidden by some symmetry — would lead to a1333

new, fifth fundamental force whose effects have yet to be observed. However, scalar field1334

dark energy models typically require a self interaction, resulting in a nonlinear equation1335

of motion [286, 287]. Such a self interaction, in conjunction with a matter coupling, gives1336

the scalar field a large effective mass in regions of high matter density [283, 284]. A scalar1337

field that is massive locally mediates a short-range fifth force that is difficult to detect,1338

earning it the name “chameleon field.” Furthermore, the massive chameleon field is sourced1339

only by the thin shell of matter on the outer surface of a dense extended object. These1340

nonlinear effects serve to screen fifth forces, making them more difficult to detect in certain1341

environments.1342
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1343

Current best theories treat chameleon dark energy as an effective field theory [285, 288]1344

describing new particles and forces that might be seen in upcoming experiments, and whose1345

detection would point the way to a more fundamental theory. The ultraviolet (UV) behav-1346

ior of such theories and their connection to fundamental physics are not yet understood,1347

although progress is being made [289–292].1348

A chameleon field couples to DM and all matter types, in principle with independent1349

strengths. At the classical level, a chameleon field is not required to couple to photons,1350

though such a coupling is not forbidden. However, when quantum corrections are included,1351

a photon coupling about three orders of magnitude smaller than the matter coupling is typi-1352

cally generated [293]. The lowest order chameleon-photon interaction couples the chameleon1353

field to the square of the photon field strength tensor, implying that in a background elec-1354

tromagnetic field, photons and chameleon particles can interconvert through oscillations.1355

The mass of chameleon fields produced will depend on the environmental energy density1356

as well as the electromagnetic field strength. This opens the vista to an array of different1357

tests for these fields on Earth, in space, and through astrophysical observations. Several1358

astrophysical puzzles could also be explained by chameleons, e.g., [294]. Their coupling1359

to photons, combined with their light masses in certain environments, allows chameleons1360

to be produced with intense beams of photons, electrons, or protons and detected with1361

sensitive equipment. This makes them, by definition, targets for the intensity frontier. In1362

fact chameleon particles are a natural bridge between the cosmic frontier and the intensity1363

frontier; not only do they hold the possibility of being a dark energy candidate but they are1364

testable through astrophysical and laboratory means.1365

1366

The chameleon dark energy parameter space is considerably more complicated than that1367

of axions, but constraints can be provided under some assumptions. With the caveat that all1368

matter couplings are the same but not equal to the photon coupling, and the assumption of1369

a specific chameleon potential, V (φ) = M4
Λ(1+Mn

Λ/φ
n) in which we set the scale MΛ = 2.4×1370

10−3 eV to the observed dark energy density and, for concreteness, n = 1, our constraints1371

and forecasts are provided by Fig. 11. Current constraints (solid regions) and forecasts1372

(curves) are discussed below.1373
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5.2. Current laboratory constraints1374

Laboratory constraints on chameleon dark energy come from two different types of exper-1375

iments: fifth force searches, and photon coupling experiments, both of which are shown1376

as shaded regions in Figure 11. Gravitation-strength fifth forces can be measured directly1377

between two macroscopic objects, such as the source and test masses in a torsion pendulum.1378

Currently the shortest-range torsion pendulum constraints on gravitation-strength forces1379

come from the Eöt-Wash experiment [295]. The source and test masses in Eöt-Wash are1380

parallel metal disks a few centimeters in diameter with matched sets of surface features. As1381

the lower disk is rotated, gravity and any fifth forces induce torques in the upper disk so as to1382

align the surface features. The separation between the disks can be varied, and the torsional1383

oscillations in the upper disk can be compared with predictions. Another type of fifth force1384

experiment uses an ultracold gas of neutrons whose bouncing states in the gravitational field1385

of the Earth are quantized, with energy splittings ∼ 1 peV [296]. If the neutrons feel a fifth1386

force from the experimental apparatus comparable to the gravitational force of the Earth,1387

then the energy splittings will be altered. The Grenoble experiment measures these energy1388

splittings at the ∼ 10% level, excluding very strong matter couplings βm & 1011.1389

Dark energy may couple to the electroweak sector in addition to matter. Such a cou-1390

pling would allow photons propagating through a magnetic field to oscillate into particles of1391

dark energy, which can then be trapped inside a chamber if the dark energy effective mass1392

becomes large in the chamber walls. An “afterglow experiment” produces dark energy par-1393

ticles through oscillation and then switches off the photon source, allowing the population1394

of trapped dark energy particles to regenerate photons which may emerge from the chamber1395

as an afterglow. Current afterglow constraints from the CHASE experiment [297] exclude1396

photon couplings 1011 . βγ . 1016 for βm & 104, as shown in Fig. 11 for an inverse-power-1397

law chameleon potential [297–299]. At yet higher photon couplings the trapped dark energy1398

particles regenerate photons too quickly for CHASE to detect them. However, collider ex-1399

periments can exclude such models, by constraining chameleon loop corrections to precision1400

electroweak observables [300].1401

5.3. Forecasts for Terrestrial experiments1402

Proposed experiments promise to improve constraints on chameleon dark energy by orders1403

of magnitude over the next several years. Fig. 11 summarizes forecasts and preliminary1404

constraints, shown as solid lines. The next-generation Eöt-Wash experiment, currently under1405
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Experiment Type Couplings excluded

Eöt-Wash torsion pendulum 0.01 . β . 10

Lamoreaux Casimir β∼>105 (φ4)

Grenoble bouncing neutron β∼>1011

GRANIT bouncing neutron forecast: β∼>108

NIST neutron interferometry forecast: β∼>107

CHASE afterglow 1011 . βγ . 1016 subject to 104 . βm . 1013,

ADMX microwave cavity meff = 1.952 µeV, 109 . βγ . 1015

CAST helioscope forecast: βm . 109, βγ > 1010

TABLE I. Laboratory tests of dark energy. Approximate constraints on chameleon models with

potential V (φ) = M4
Λ(1 +MΛ/φ) and MΛ = 2.4× 10−3 eV (unless otherwise noted).
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FIG. 11. Constraints on the matter and photons couplings for a chameleon dark energy model

with V (φ) = M4
Λ(1 +MΛ/φ). Current constraints are shown as shaded regions, while forecasts are

shown as solid lines.

way, will have an increased force sensitivity and probe smaller distances. This will allow1406

it to detect or exclude a large class of chameleon models with well-controlled quantum1407

corrections [301, 302]. Improvements to fifth force measurements using neutrons should1408

improve constraints on the chameleon-matter coupling considerably. Also proposed is a1409

neutron interferometry experiment at NIST, which should be competitive with the bouncing1410

neutron experiments. A neutron interferometer splits a neutron beam and sends the two1411
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through two different chambers, one containing a dense gas which suppresses chameleon1412

field perturbations, and the other a vacuum chamber in which scalar field gradients are1413

large. These gradients will retard the neutron beam passing through the vacuum chamber,1414

resulting in a phase shift which varies nonlinearly with the gas pressure. Potentially more1415

powerful are the next-generation Casimir force experiments [303]. However, these currently1416

suffer from systematic uncertainties including the proper calculation of thermal corrections1417

to the Casimir effect. The forecasts shown require that the total uncertainty in the Casimir1418

force be reduced below 1% at distances of 5− 10 µm.1419

Other planned experiments search for photon-coupled chameleons. Afterglow experiments1420

have been proposed at JLab and the Tore Supra tokamak, while a microwave cavity-based1421

afterglow experiment is under way at Yale. Since forecasts for these experiments are not1422

available for the chameleon potential assumed in Fig. 11, we are unable to include them in1423

the figure. However, the JLab and Tore Supra experiments are expected to fill in some of the1424

gap between CHASE and torsion pendulum experiments, while the microwave cavity search1425

is a precision experiment capable of targeting a model with a specific mass in response to1426

hints from an afterglow experiment. Yet another type of experiment is the helioscope, which1427

uses a high magnetic field to regenerate photons from scalar particles produced in the Sun1428

[304]. Since such particles do not need to be trapped prior to detection, helioscope forecasts1429

extend down to arbitrarily low matter couplings. One proposed helioscope adds an X-ray1430

mirror to the CAST axion helioscope at CERN in order to increase its chameleon collecting1431

area; forecasts for this experiment are shown.1432

5.4. Tests of the Chameleon Mechanism by Astrophysical Observation1433

Complimentary to detector based experiments, chameleons offer a rich phenomenology of1434

unique astrophysical signatures. Combining data from astrophysical observations with lab-1435

oratory experimental data will allow us to constrain chameleon models. Below we review1436

some of the more intriguing astrophysical signatures predicted in chameleon models. One1437

benefit of observational tests of chameleons is that these observations may be performed1438

complimentarily with observations taken for reasons not related to chameleon gravity. Or-1439

dinary matter interacting via a low mass particle (m ∼ H0) leading to a new fifth force1440

typically requires a very small coupling. Bounds on any additional fifth force have been set1441

by measuring the frequency shift of photons passing near the Sun from the Cassini satellite1442

on their way to Earth [305].1443
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The screening mechanism from chameleons has significant consequences for the forma-1444

tion of structure. These modifications to structure formation include an earlier collapse1445

of density perturbations compared to the prediction from ΛCDM and clumpier DM halos1446

[306]. Another effect on structure formation in chameleon gravity is that the critical density1447

required for collapse depends on the comoving size of the inhomogeneity itself [307]. Also,1448

galactic satellite orbits become modified based on the size of the satellite itself due to a1449

backreaction from the satellite causing a velocity difference of up to 10% near the thin shell1450

[308].1451

Due to the existence of the two-photon vertex (Lφ↔γ = F µνFµνφ/4M), chameleons mix1452

with photons in the presence of a background magnetic field. This mixing is the result of the1453

propagation eigenstates being different from the photon polarization-chameleon eigenstates.1454

The result of this mixing is a non-conservation of photons. In the case of type Ia supernovae,1455

[309] demonstrated that photons convert to chameleons in the interior of the supernova, pass1456

through the surface of the supernova, and than convert back to photons in the intergalactic1457

magnetic field. The net result is an observed brightening of supernovae. This scenario1458

provides an explanation for the discrepancy between distance measurements of standard1459

candles and standard rulers beyond z ∼ 0.5 [310].1460

Another prediction of chameleon gravity is that in unscreened environments, (such as1461

voids) stellar structure is modified, most notably in the red giant branch of stars. The1462

authors of [311] found that chameleons affect the size and temperature of red giant stars1463

where they tend to be smaller (∼ 10%), and hotter (∼ 100s of Kelvins). Also, observations1464

of circularly polarized starlight in the wavelength range 1−103Å could be a strong indication1465

of chameleon-photon mixing [312].1466

Astrophysical tests of chameleons in f(R) theories may be parameterized by how effi-1467

ciently bodies self-screen (χ) and the strength of the fifth force (α) [313]. For the case of1468

chameleon f(R) gravity, χ ≡ df/dR is measured at present time. The additional force is1469

parametrized by rescaling Newton’s constant G → G(1 + α) for unscreened objects and1470

G(r)→ G[1 + α(1−M(rs)/M(r))] for partially screened objects. Fifth forces are screened1471

at radii r < rs, unscreened for radii rs < r, and M(r) is the mass contained within a shell at1472

radius r. For an object to be unscreened, ΦN � χ where ΦN is the Newtonian potential. The1473

Sun and Milky Way (coincidentally) possess a similar gravitational potential: Φ� ∼ 2×10−6
1474

and ΦMW ∼ 10−6. Stars in the tip of the red giant branch of the HR diagram and Cepheid1475

variables have gravitational potentials ΦN ∼ 10−7. These stars will have their outer layers1476

unscreened provided they reside in smaller galaxies in a shallow gravitational potential. For1477

54



fifth forces of a strength described by α = 1/3, values of χ greater than 5 × 10−7 may be1478

ruled out at 95% confidence. This upper bound is moderately lower for fifth force strength1479

defined by α = 1, where values of χ greater than 1 × 10−7 may be ruled out at a 95%1480

confidence level [313] (also see Fig.(5) of [313]). These constraints on χ and α from local1481

Universe observations are stronger than current cosmological constraints on chameleon fifth1482

forces [314]-[315] which typically give an upper limit not less than χ ∼ 10−6.1483

5.5. Space tests of Gravity1484

Remarkably, the original predictions of signatures in space for chameleon models would still1485

be the most striking [283, 284]. The proposed experiments discussed there have not yet taken1486

place. However, the MicroSCOPE [316] mission and STE-QUEST [317] are future satellite1487

experiments that hold the promise of testing these theories in a way complementary to the1488

terrestrial and astrophysical methods discussed here. The expected signatures are large and1489

for example an O(1) observed difference in Newton’s constant for unscreened objects would1490

be a smoking gun for these models.1491

There is great potential for testing chameleon theories in the laboratory, the sky and1492

through astrophysics ; both at the cosmic and the intensity frontiers. The possibilities for1493

astrophysics are discussed further under the Novel Probes of Dark Energy and Gravity in1494

the Cosmic Frontier.1495

6. CONCLUSIONS1496

Establishing the existence of a Dark Sector, and the new light weakly-coupled1497

particles it could contain, would revolutionize particle physics at the Copernican1498

level: once again our simple conception of Nature would be fundamentally altered, and here1499

we would realize that there is much more to the world than just the SM sector. Searches1500

for dark-sector particles are strongly motivated by our attempts to understand the nature1501

of the dark matter, the strong CP problem, and puzzling astrophysical and particle physics1502

observations. New physics need not reside exclusively at the TeV scale and beyond; it1503

could well be found at the low-energy frontier and be accessible with intensity frontier tools.1504

Axions, invented to solve the strong CP problem, are a perfect dark matter candidate. Dark1505

photons, and any dark-sector particles that they couple to, can be equally compelling dark1506

matter candidates, could resolve outstanding puzzles in particle and astro-particle physics,1507

and may also explain dark matter interactions with the SM. Other dark-sector particles could1508
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account for the Dark Energy. Discovery of any of these particles would redefine our1509

worldview.1510

Existing facilities and technologies, modest experiments, and experimental1511

cleverness enable the exploration of dark sectors. Searches for new light weakly-1512

coupled particles depend on the tools and techniques of the intensity frontier, i.e. intense1513

beams of photons and charged particles, on technological means of dealing with high in-1514

tensities, and on extremely sensitive, needle-in-the-haystack detection techniques. A rich,1515

diverse, and low-cost experimental program is already underway that has the potential for1516

one or more game-changing discoveries. Current ideas for extending the searches to smaller1517

couplings and higher masses increase this potential markedly. The US high-energy physics1518

program needs to include these experimental searches, especially when the investment is so1519

modest, the motives so clear, and the payoff so spectacular. At present, nearly all the1520

experimental efforts world-wide have strong US contributions or significant US1521

leadership, a position that should be maintained.1522

Axions, ALPS, dark photons, milli-charged particles, and light dark matter are all natu-1523

rally connected by their dark-sector origins, and by the fact that all these particles couple1524

to the photon, either directly, or through couplings induced by kinetic mixing. Microwave1525

cavities and light-shining-through-walls experiments designed to search for axions and ALPs1526

have been adapted to search for dark photons. So have helioscopes looking for solar axions.1527

A series of beam dump experiments, originally motivated as axion searches, have been rein-1528

terpreted to set important limits on dark photon couplings and masses. More recently, a1529

new series of electron and proton beam dump experiments, the latter capitalizing on exist-1530

ing neutrino detectors and eventually Project X beam intensities, will hunt for signs of light1531

dark matter produced in the dump by dark photon decays.1532

Searches for new light weakly coupled particles are, compared to typical con-1533

temporary particle physics experiments, small, accessible, hands-on, and per-1534

sonal in a way that is impossible in much larger efforts. The NLWCP environment1535

offers ideal educational opportunities for undergraduates, graduate students, and post docs,1536

and revitalizes more experienced physicists too. All must deal with the full breadth of ex-1537

perimental activities: theory, design, proposal writing and defense, hardware construction1538

and commissioning, software implementation, data taking, and analysis. These experiments1539

have brought theorists and experimentalists into very close collaboration, to the benefit of1540

both camps and the field as a whole.1541

A great deal can be done with existing tools and techniques, in searching for QCD1542
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axions that could account for the dark matter, in extending searches for dark photons1543

throughout the favored parameter space, and in searching for new dark-sector particles like1544

light dark matter. Even more is possible with the addition of relatively modest investments1545

in superconducting magnets, more sensitive microwave detection, resonant optical cavities,1546

high rate, highly pixelated silicon detectors, and new higher energy electron accelerators,1547

high intensity proton facilities, and upgraded e+e− and pp colliding beam facilities. Modest1548

investments will pay great dividends.1549

In conclusion, the search for dark sectors and the new, light, weakly-coupled1550

particles they may contain should be vigorously pursued in the US and else-1551

where.1552
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