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Dark matter remains the foremost sign of particle physics beyond the Standard Model.

Little is known about its microscopic properties, but there are compelling astrophysical and

cosmological reasons to believe that it resides in a “dark sector” with its own forces, and

with weak coupling to the Standard Model. One popular theory which may explain these

dark matter interactions is known as the “kinetic mixing portal” wherein a “dark photon”

of a new abelian gauge symmetry is induced to mix with the Standard Model photon, and

thus to mediate interactions with the visible sector. In this dissertation we will examine the

phenomenology of this theory. As dark matter travels through the galaxy it may scatter

off of nuclei through dark photon exchange, losing enough energy to become gravitationally

trapped and accumulate in astrophysical bodies. We propose and examine in detail a search

for the dark photons radiated by this trapped population of dark matter in Chapters 2, 3, and

4, finding that there are viable regions of parameter space that cannot be probed by direct

detection but would be amenable to discovery by this search. In Chapter 5 we perform a

detailed calculation of the dark matter abundance in theories where dark matter annihilates

through the kinetic mixing portal. We find that the reach of current dark photon search

experiments are remarkably sensitive to the mass of the dark photon near resonance and

place an absolute lower limit on the thermal relic parameters of scalar dark matter coupled

to a dark photon.
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Chapter 1

Introduction
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1.1 21st Century Particle Phenomenology and the Dark

Matter Problem

Despite the remarkable success of the Standard Model (SM) in describing the interactions of

all directly observed elementary particles, we know it is not the final fundamental theory of

nature. Many phenomena still evade sufficient description. For one, it is believed that such

a final theory must include an understanding of quantum gravity near the Planck scale. But

even from the decidedly classical dynamics of stars and galaxies, it is readily apparent that

the SM is missing pieces. This mystery of 1930s astrophysics, now specified as the question of

particle dark matter, remains the clearest empirical indicator that our sub-Planckian particle

zoo is incomplete.

Dark matter was discovered through its gravitational influence [13, 14, 15], and though there

have been several tantalizing signals, it has not been confirmed that dark matter interacts

with the SM in any other way. At the same time, quantum field theory has shown to be

successful in describing the dynamics of all observed particles, and it emerged as the unique

synthesis of quantum theory and special relativity. Whatever dark matter is, it must be

embodied in a quantum field theory. But how can we determine the properties of that

theory? What are its symmetries? What matter particles does it contain, and how do

they interact among themselves? To answer these questions, dark matter phenomenologists

employ our portion of the scientific method: we propose new theories that fit established

empirical and internal consistency criteria, and we predict new phenomena to create new

checks on established theories.

Broadly speaking, there are two complementary currents in model building. On the one hand

there is the focus on top-down model building, tending towards a final theory that resolves

the SM’s internal mysteries. For instance, the Higgs mass is stabilized in supersymmetry

by the presence of a fermionic superpartner for every boson and a bosonic superpartner for

2



every fermion (see e.g. [16] for a review), and grand unified theories embed the SM’s gauge

group into some larger group, collecting the SM fermions into GUT multiplets [17]. The

profusion of new particles and interactions required to fill out these theories often include

several dark matter candidates. But different UV theories can produce the same IR physics.

If we are motivated primarily to describe the physics at low scales, our analysis will be

simplified by adding only one or two particles to the SM at a time. While this approach is

less complete, it is appropriate for the current environment of particle physics research. We

don’t know for sure if dark matter is a fermion or a boson, so it is prudent to eschew the

overbearing requirements of UV completeness and work with the simplest possible theory

that will meet observations. Let us review what these motivating observations are, before

considering common theoretical resolutions.

Dark matter was first proposed in the 1930s as an explanation of the anomalously high

velocity dispersions that Zwicky first observed in the Coma cluster [13]. In order to sustain

these high velocity dispersions, there must be much more mass in these astrophysical systems

than the mass accounted for in visible stars and hot gas. Measurements of the orbital

velocity of the galactic disk revealed that orbital velocity stayed close to its high central

value even at distances far outside the majority of the visible disk mass [14, 15], similarly

suggesting the presence of extra, invisible matter. As observational technology advanced

it became possible to measure the expansion of spacetime and subject general relativistic

cosmology to experimental tests. Relativity tells us that the dynamics of spacetime are linked

to the density of matter and energy on that spacetime, so measurement of the universe’s

expansion must be complemented by determination of its content. This pushed the missing

mass discrepancy to foremost prominence and served as a catalyst for bringing together the

previously disparate realms of particle physics, cosmology, and astrophysics to tackle what is

now known as the dark matter problem. For a while, it was thought that these odd galactic

features could be explained without appeal to a new type of matter, and might be due to

modified dynamics. The 21st century observation of the Bullet cluster through the dual
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methods of x-ray spectroscopy of hot gas and gravitational lensing by the total mass density

of the cluster showed that the dominant component of the galactic mass was weakly-or-non

interacting and thus could not be explained by “dim stars”, dust, or modified Newtonian

dynamics [18]. Study of the thermal history of the early universe in the ΛCDM cosmology

has provided invaluable insights in the hunt for dark matter. Density perturbations in

the dark matter caused tiny fluctuations in the temperature of the hot baryonic plasma

shortly after the Big Bang, which leaves an imprint on the high-multipole anisotropies of the

Cosmic Microwave Background. Precision measurements of these anisotropies [19] are now

considered the strongest evidence for the existence of nonbaryonic dark matter, and reveal

its abundance to be ΩX ≡ ρX/ρc ≈ 0.26, where ρc is the critical density of the universe and

ρX is the dark matter energy density.

The abundance of dark matter is its best measured quality, and a complete model of dark

matter should explain its value. Dark matter’s interactions today are so feeble that no

existing experiment has observed its decay or production in a collider, it is thought that

temperatures were high enough in the early universe to enable the dark and visible sectors

to achieve chemical equilibrium. As the universe expanded, the plasma’s momenta redshifted

and eventually the reactions connecting the dark and visible sectors ceased, freezing in the

comoving dark matter density. For a detailed review of this process see [20, 21].

Another hint towards the structure of the dark sector is furnished by further galactic obser-

vations. The standard ΛCDM cosmology postulates cold, collisionless dark matter, and its

predictions for large scale structure formation appear to be borne out by observation. How-

ever, observations at the galactic scale appear to diverge from ΛCDM simulations, which

points towards a more exotic picture of the dark sector. Simulations of galaxy formation in

the standard cosmology predict more sharply cusped dark matter density profiles than have

been observed [22], and the discrepancy can be resolved by postulating that dark matter
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experiences self-interactions, with a transfer cross section σT on the scale of

σT ≡
∫
dΩ

dσ

dΩ
(1− cos θ) ∼ 1 cm2mX

g
. (1.1)

Other unexpected features of galactic dynamics, primarily the “too big to fail” problem

[23] and the anomalous diversity of rotation curves [24, 25] may be explained by such a

self interaction. In order to enable self-interaction, the dark sector cannot be adequately

described with a single field. A minimal self interacting dark sector must contain at least

one matter particle and one mediator to induce the interaction.

1.2 Simplified Models and the Vector Portal

What sort of bottom-up theories can we construct to meet these cosmological and astro-

physical observations? The dark matter is a SM singlet, so all interactions between the dark

sector and the SM must factorize as

Lportal =
∑

i

OiSMOidark , (1.2)

where {OiSM} are SM singlets composed of SM fields and {Oidark} are singlets under dark sym-

metries composed of dark sector fields (and therefore trivially singlets under the SM). This

condition is remarkably restrictive on renormalizable operators. There are a few common

combinations of operators in the literature, which we will quickly review here.

The Higgs portal [26, 27] may be written in the unbroken phase as

L ⊃ −gφH†H − λφ2H†H , (1.3)

where g carries mass dimension 1, λ is dimensionless, H is the electroweak Higgs doublet,
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and φ is a dark sector scalar. When the electroweak symmetry is broken these interactions

produce mixing between φ and the dynamical Higgs boson, which induces a Yukawa coupling

to SM fermions proportional to their mass.

The axion portal [28] posits interactions of a pseudoscalar a with fermions and gauge bosons

L ⊃ ∂µa

fa

∑

f

gf f̄ iγ
µγ5f +

a

fa
F µνF̃µν , (1.4)

where fa is the axion decay constant.

The vector portal or kinetic mixing portal [29, 30] is given by

L ⊃ ε

2
F µνF ′µν , (1.5)

where F ′ is the field strength of a new U(1) symmetry of the dark sector, and ε is the dimen-

sionless kinetic mixing parameter. Sometimes in the literature this parameter is denoted by

κ or χ. Indeed, to avoid confusion with ε, which will denote the dimensionless energy of a

dark matter annihilation reaction, we will switch to using κ in Chapter 5.

For the rest of this dissertation we will focus on the vector portal, but before we specialize

let us review how these models have met our observations. The portals all enable the dark

matter to be in thermal contact with the visible sector during the early universe, and they

all constitute candidates for a thermal relic. Though the portals are agnostic to the nature

of the dark matter itself, all of the mediators can potentially induce self-interactions in the

dark sector [31], though they may not be the only such contributors.

With an eye towards the top-down view of phenomenology, let us motivate the kinetic mixing

portal, following the treatment of [29]. The SM already contains a factor of U(1)Y , which in

the Higgs regime is mixed with one generator of SU(2)L to produce the photon. Embeddings

of the SM gauge group into GUT theories, such as in [32], include extra factors of U(1), and
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Table 1.1: Charge and mass assignments for the matter contents of our toy U(1)A × U(1)B
theory.

Field A B Mass
ψA gA 0 m
ψB 0 gB m
ψAB gA −gB mAB

ΨAB gA gB MAB

Figure 1.1: Feynman diagram producing kinetic mixing between A and B boson in toy
U(1)A × U(1)B theory.

heavy fermions carrying both hypercharge and these new charges. To simplify our analysis

we will examine a toy theory under the gauge symmetry U(1)A × U(1)B and populated

by four Dirac fermion species, summarized in Table 1.1. We take MAB > mAB � m and

suppose that at some scale Λ > MAB the gauge kinetic terms are canonically normalized, so

that the Lagrangian of the theory is

− 1

4
AµνAµν −

1

4
BµνBµν + i

∑

f

f̄ 6Df −
∑

f

mf f̄f , (1.6)

where f labels the fermion states f ∈ {ψA, ψB, ψAB,ΨAB}, Aµν and Bµν are the field strength

tensors associated with the corresponding gauge boson Aµν ≡ ∂[µAν], and Dµ = ∂µ+iqAAµ+

iqBBµ is the gauge covariant derivative of the theory. Now consider the behavior of this

theory at some lower scale m < Λ′ < mAB. We need to integrate out the heavy fermions ψAB

and ΨAB. At one loop these will contribute the desired kinetic mixing through the diagram

shown in Fig. 1.1, as well as the wavefunction renormalization of both gauge bosons.
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This diagram evaluates to

gAgB
12π2

log(M2
AB/m

2
AB)(p2gµν − pµpν) , (1.7)

which contributes the term

gAgB
12π2

log(M2
AB/m

2
AB)AµνBµν (1.8)

to the effective action. We recognize this as the kinetic mixing term of the vector portal,

with the kinetic mixing parameter ε defined in terms of the toy parameters as

ε =
gAgB
6π2

log(M2
AB/m

2
AB) . (1.9)

With O(0.1) gauge constants this suggests a kinetic mixing parameter on the order of ε ∼

O(10−3). The wavefunction contributions from the other vacuum polarization diagrams are

of the same order of smallness as the kinetic mixing, and thus negligible in the effective

action when compared to the gauge kinetic terms themselves. The gauge sector of the toy

theory is now

− 1

4
AµνAµν +

ε

2
AµνBµν −

1

4
BµνBµν , (1.10)

while the fermion interactions are

− gAψ̄A 6AψA − gBψ̄B 6BψB , (1.11)

To perturbatively calculate low energy scattering between ψA and ψB from this Lagrangian

we could simply insert the kinetic mixing vertex. We would also have to consider the series

of contributions from having three insertions, and five, and so on. It is more convenient

to perform a field redefinition to eliminate the kinetic mixing term. For the details of this

transformation, including a complete treatment of mixing with hypercharge in the broken
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phase of electroweak theory, see Appendix B. While the effect on the U(1)A × U(1)B field

strength tensors is to eliminate the kinetic mixing term, at the level of the potential the

transformation becomes, to first order in ε

Aµ → Aµ ,

Bµ → Bµ − εAµ .
(1.12)

Thus the field redefinition to eliminate the kinetic mixing term has introduced the new

interaction

L ⊃ εgBψ̄B 6AψB . (1.13)

To summarize, the renormalization of this theory has produced an ε-suppressed “millicharge”

for the fermion ψB under the boson A, while there is no such charge for ψA under B. In

passing from this toy model to a phenomenological study of the dark sector we will identify

A with a new dark sector boson we call the “dark photon”, and B with the SM hypercharge

boson. Similarly we will identify the dark matter with ψA and replace ψB with SM fermions.

In the following chapters we will explore new ways of testing this theory of dark matter. In

Chapters 2, 3, and 4 we realize that the coupling of the dark photon to matter enables the

capture of dark matter in the Earth and the Sun. The captured dark matter will annihilate

to produce dark photons radiating outwards from the center of astrophysical bodies, and the

dark photons will decay to charged particles that can be found with existing experiments.

We examine the sensitivity of the IceCube detector at the South Pole and the AMS-02

spectrometer on the ISS to these dark photon decays. In Chapter 5 we will take a closer look

at the thermal history of the dark sector. We will see how the presence of a resonant dark

photon may allow dark matter to achieve the correct thermal relic abundance while sharply

reducing its coupling to the SM, and consider the implications for current and near-future

experimental sensitivities.
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Chapter 2

Dark Photons from the Center of the

Earth

The following is based on a previously published paper by the author, Jonathan L. Feng, and

Philip Tanedo [7].
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2.1 Introduction

As explained above, dark matter may live in a dark sector with its own forces. If the dark

sector contains an Abelian gauge symmetry, dark electromagnetism, the dark photon and

the Standard Model (SM) photon will generically mix kinetically. The idea of a separate

sector with its own photon [33, 34] and the further possibility of kinetic mixing between

these two photons [29, 30] were first explored long ago, and the myriad implications for dark

matter detection have recently attracted widespread interest [35, 36].

In this framework, dark matter will collect in the center of the Earth and annihilate to

dark photons XX → A′A′. These dark photons may then travel to near the surface of the

Earth and decay to SM particles, which may be detected in a variety of experiments, from

under-ice/underwater/underground experiments, such as the current experiments IceCube,

SuperK, and ANTARES, and future ones, such as KM3NeT, IceCube II, DUNE, and Hy-

perK, to space-based cosmic ray detectors, such as the current experiments Fermi-LAT and

AMS-02, and future ones, such as CALET, ISS-CREAM, and others. The resulting signals

of electrons, muons, photons, and hadrons that point back to the center of the Earth are

potentially striking signals of dark matter.

The possibility of dark matter signals from the centers of large astrophysical bodies was first

proposed and investigated many years ago [37, 38, 39, 40, 41, 42, 43, 44, 45, 46], and there

have been important advances for the particular case of the Earth in recent years [47, 48,

49, 50, 51, 52, 53, 54, 55]. Typically these signals rely on annihilation to neutrinos, resulting

in single-particle signals with a continuum of energies. In contrast, dark photons decay into

two charged particles, which may be seen at the same time in a single experiment, and the

total energy of these charged particles is equal to the dark matter particle’s mass, producing

potentially spectacular results.

A schematic picture of this chain of events is given in Fig. 2.1. A number of processes must
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Figure 2.1: Dark matter is captured by elastic XN → XN scattering off nuclei, collects in
the center of the Earth, and annihilates to dark photons, XX → A′A′. These dark photons
then travel to near the surface of the Earth and decay to SM particles, which may be
detected by a variety of experiments, including neutrino telescopes and space-based cosmic
ray detectors. As an example, we show IceCube and various signatures there resulting from
A′ decays to electrons, muons, and hadrons. We discuss the possibility that double tracks
(showers) may be resolved spatially (temporally) in the detector.

be evaluated to determine the resulting signal. For the specific case of dark photons, it is

tempting to simplify the analysis by making a number of assumptions. For example, one may

assume that the dark matter capture and annihilation processes have reached equilibrium

in the Earth and that the capture cross section has some fixed value, such as the maximal

value consistent with current direct detection bounds. Alternatively, the calculations simplify

immensely for dark matter masses large compared to all relevant nuclear masses, mX � mN ,

or dark photon masses mA′ large compared to the characteristic momentum transfer so that

the interaction is point-like. We show that none of these assumptions are valid in the regions

of parameter space of greatest interest; the large mX approximation may lead to errors of

an order of magnitude for mX ≈ 100 GeV, and the large mA′ approximation may also lead

to mis-estimates of factors of a few for very light mA′ ∼ MeV. To accurately determine

the sensitivity of experiments to probe the relevant parameter space, we carry out a general

analysis, without making these simplifying assumptions. An early exploration of dark matter

accumulation on the Earth mediated by massless dark photons is Ref. [30]. For previous work

exploring the case of massive dark photons, see Ref. [56] for the case of dark matter capturing
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in the Earth and annihilating into neutrinos, Refs. [57, 58, 59] for early work on celestial

body capture of dark matter annihilating into dark photons, and in particular Ref. [60] for

a description of the general framework of annihilation to light mediators that highlights the

specific case of solar capture and gamma ray signatures, which were later searched for by

the Fermi-LAT collaboration [61]. Finally, recent work has highlighted the effect of self-

capture [62, 63] and boosted dark matter [64].

These results are timely for several reasons. Dark photons have attracted significant interest

and are probed in many ways, including direct detection experiments, accelerator and beam

dump experiments, and astrophysical observables [35, 36]. The signals we discuss are de-

tectable for dark photon masses mA′ ∼ MeV−GeV and mixing parameters ε ∼ 10−10−10−8,

an interesting and large region of parameter space that includes territory that has not yet

been probed. These values of mA′ can also produce dark matter self-interactions that have

been suggested to solve small-scale structure anomalies [65, 66, 67, 68, 31]. The range of ε

values are naturally induced, for example, by degenerate bi-fundamentals in grand unified

theories [32]. It was recently pointed out that combining kinetic mixings of this size with the

self-interacting models for small-scale structure can also explain the excess of gamma rays

from the galactic center recently observed by Fermi-LAT [69].

At the same time, this work motivates a new class of searches for current indirect detection

experiments to discover dark matter. At present there are a number of landmark experi-

ments, including those mentioned above, that are transforming the field of indirect detection

with high precision measurements and increasingly large statistics. In many cases, how-

ever, their sensitivities for dark matter searches are clouded by uncertainties in astrophysical

backgrounds. The signals we highlight here come from a specific direction (the center of the

Earth), cannot be mimicked by astrophysics and, in many cases, are essentially background-

free. As a result, the processes discussed here provide an opportunity for both current and

future experiments to detect a smoking-gun signal of dark matter.
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2.2 Dark Photons

We consider the simplest model of dark matter interacting through dark photons. The

low-energy Lagrangian is

L = −1

4
F̃µνF̃

µν − 1

4
F̃ ′µνF̃

′µν +
ε

2
F̃µνF̃

′µν − 1

2
m2
Ã′
Ã′2

+
∑

f

f̄(i∂/− qfeÃ/−mf )f + X̄(i∂/− gXÃ′/−mX)X , (2.1)

where X is the Dirac fermion dark matter, and Ã and Ã′ are the SM and dark sector

gauge fields with field strengths F̃ and F̃ ′ and fine-structure constants α = e2/(4π) and

αX = g2
X/(4π), respectively. The sum is over SM fermions f with SM electric charges qf .

Dark electromagnetism is broken and the mass mÃ′ is generated by some mechanism, such

as the Higgs or Stueckelberg mechanisms, which we assume otherwise plays a negligible role

in the signals discussed here. Note that the dark matter particles X are stabilized not by

some ad hoc discrete parity symmetry or even by dark charge conservation (which is broken),

but by Lorentz symmetry, since X is the lightest fermion in the dark sector.

After diagonalizing the gauge kinetic and mass terms, the physical states are the usual

massless photon A, which does not couple to X, and the dark photon A′ with mass mA′ =

mÃ′/
√

1− ε2, which couples both to X and to SM fermions with charge εqfe, where ε ≡

ε/
√

1− ε2. We take the independent parameters of the theory to be

mX , mA′ , ε , αX . (2.2)

We typically fix αX by requiring X to saturate the observed dark matter density through

thermal freeze out, so αX = αth
X ' 0.035(mX/TeV). Alternatively, the maximum allowed

coupling is set by bounds on distortions to the cosmic microwave background [70, 71, 72].

Fitting the results from Ref. [73], we find αmax
X ' 0.17(mX/TeV)1.61. With a choice of αX
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the model is completely determined by the first 3 parameters.

Dark photons decay to SM fermions with width

Γ(A′ → ff̄) =
NCε

2q2
fα(m2

A′ + 2m2
f )

3mA′

√
1−

4m2
f

m2
A′

, (2.3)

where NC is the number of colors of fermion f . The dark photons we consider are produced

from the annihilation of extremely non-relativistic X particles, and so have energy mX . For

mA′ � me, the dark photon decay length is therefore

L = R⊕Be

(
3.6×10−9

ε

)2(
mX/mA′

1000

)(
GeV

mA′

)
, (2.4)

where R⊕ ' 6370 km is the radius of the Earth, and Be ≡ B(A′ → e+e−) is the branching

fraction to electrons. The A′ branching fractions can be determined from hadron production

at e+e− colliders [74]. For mA′ < 2mµ, Be = 100%. As mA′ increases above 2mµ, the

A′ → µ+µ− decay mode opens up rapidly, and Be drops to 50% at mA′ ∼ 300 MeV. For

500 MeV . mA′ . 3 GeV, Be and Bµ are nearly identical and typically vary between 15%

and 40%, with the rest made up by decays to hadrons, which also produce photons and

neutrinos from meson decays. For mX at the weak-scale and mA′ ∼ 100 MeV − GeV, the

requirement L ∼ R⊕ implies ε ∼ 10−10 − 10−8, and we will see that this is indeed the range

of kinetic mixing parameters that gives the most promising signals.
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2.3 Dark Matter Accumulation in the Earth

Dark matter interacting through dark photons is captured and annihilates at the center of

the Earth. The number NX of dark matter particles in the Earth obeys the equation

dNX

dt
= Ccap − CannN

2
X , (2.5)

where Ccap and Γann = 1
2
CannN

2
X are the rates for the capture and annihilation processes. We

ignore dark matter evaporation, which is negligible for weak-scale dark matter masses [41, 42].

We also ignore self-capture from dark matter–dark matter self-interactions. The impact of

self-capture for the Earth is suppressed by the fact that the escape velocity is low compared

to typical galactic dark matter velocities, and so typical dark matter self-scatterings simply

replace one captured dark matter particle with another [75].

The solution to Eq. (2.5) is

Γann =
1

2
Ccap tanh2

(τ⊕
τ

)
, (2.6)

where τ⊕ ' 4.5 Gyr is the age of the Earth, and τ = (CcapCann)−1/2 is the timescale for the

competing processes of capture and annihilation to reach equilibrium. To evaluate Γann, we

must therefore evaluate both Ccap and Cann, which we now do in turn.

2.3.1 Dark Matter Capture

Dark matter particles are captured when elastic scattering off nuclei N in the Earth re-

duces their velocity below the escape velocity. The elastic scattering process XN → XN is

mediated by t-channel A′ exchange. The most relevant scattering targets, N , are iron and

nickel; these and other elements are listed in Table 2.1. In the center-of-mass frame, the
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cross section is

dσN
dΩ

∣∣∣∣
CM

=
1

(EX + EN)2

2ε2αXαZ
2
N

[2p2(1− cos θCM) +m2
A′ ]

2
|FN |2

×
[
(EXEN + p2)2 + (EXEN + p2 cos θCM)2 − (m2

X +m2
N)p2(1− cos θCM)

]
,(2.7)

where EN , ZN , mN , and FN are the energy, electric charge, mass, and nuclear form factor

of target nucleus N , and p is the center-of-mass 3-momentum of the dark matter. Since

the collision is non-relativistic, p is negligible everywhere in Eq. (2.7), except possibly the

denominator. The cross section may then be simplified to

dσN
dΩ

∣∣∣∣
CM

≈ 4ε2αXαZ
2
N

µ2
N

(2p2(1− cos θCM) +m2
A′)

2
|FN |2 . (2.8)

where µN ≡ mNmX/(mN +mX) is the reduced mass of the X–N system.

It is tempting to simplify the denominator by neglecting p, and reducing the A′ exchange

to a contact interaction. However, it is not always true that m2
A′ � p2 so that the latter

term may be neglected. The typical size of the momentum is p2 ∼ µ2
Nw

2, where w is the

X velocity in the lab frame. Since capture typically occurs only for very small asymptotic

dark matter velocities, a reasonable choice would be w = v⊕(rN) ≈ 5 × 10−5, the escape

velocity at the radius rN that maximizes the radial number density nN(r)r2 of target nucleus

N . With these values, the contact interaction limit fails for mA′ . 3 MeV. Rather than

neglecting the momentum term altogether, a slightly more sophisticated approach would be

to make the substitution p2(1− cos θCM)→ µ2
Nw

2. In this work, however, we keep the full p

dependence in the propagator and evaluate the capture rate numerically so that our results

are valid throughout parameter space. We have confirmed that our results reproduce those

in the literature in the corners of parameter space where simplifying assumptions are valid.

For example, they match Ref. [76] in the large-mA′ , point-like cross section limit.

To determine capture rates, it is convenient to re-express the differential cross section as a
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function of recoil energy ER = µ2
Nw

2(1−cos θCM)/mN in the lab frame. In the non-relativistic

limit the expression simplifies to [77]

dσN
dER

≈ 8πε2αXαZ
2
N

mN

w2(2mNER +m2
A′)

2
|FN |2 . (2.9)

For FN , we adopt the Helm form factor [78],

|FN(ER)|2 = exp [−ER/EN ] , (2.10)

where EN ≡ 0.114 GeV/A
5/3
N is a characteristic energy scale for a target nucleus with atomic

mass number AN .

From this fundamental cross section we can determine the capture rate. The differential rate

of dark matter particles scattering off nuclei with incident velocity w at radius r from the

center of the Earth and imparting recoil energy between ER and ER + dER is given by

dCcap = nX
∑

N

nN(r)
dσN
dER

w f⊕(w, r) d3w d3r dER , (2.11)

where nX = (0.3 GeV/cm3)/mX and nN(r) are the dark matter and target nucleus number

densities, respectively, and f⊕(w, r) is the velocity distribution of incident dark matter at

radius r, which is distorted from the free-space Maxwell–Boltzmann distribution, f(u), by

the Earth’s motion and gravitational potential. We follow the velocity notation introduced

by Gould [43, 44, 46] where v⊕(r) is the escape velocity at radius r and u is the dark matter

velocity asymptotically far from the Earth.

The total capture rate is obtained by integrating Eq. (2.11) over the region of parameter

space where the final state dark matter particle has energy less than mXv
2
⊕(r)/2 and is

thus gravitationally captured. The escape velocity v⊕(r) and number densities nN(r) are

determined straightforwardly from the density data enumerated in the Preliminary Reference
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Table 2.1: Mass fractions of the Earth’s core and mantle for the elements most relevant
for dark matter capture [80, 50]. Also shown for each element is the capture rate CN

cap for
mX = 1 TeV, mA′ = 1 GeV, ε = 10−8, and αX = αth

X ' 0.035 as a measure of the relevance
of the nuclear target for dark matter capture.

Element Core MF Mantle
MF

CN
cap(s−1) Element Core MF Mantle

MF
CN

cap(s−1)

Fe 0.855 0.0626 9.43×107 Cr 0.009 0.0026 8.98×105

Ni 0.052 0.00196 7.10×106 O 0 0.440 4.03×105

Si 0.06 0.210 2.24×106 S 0.019 0.00025 2.41×105

Mg 0 0.228 1.05×106 Al 0 0.0235 1.62×105

Ca 0 0.0253 9.06×105 P 0.002 0.00009 2.04×104

Earth Model [79]. Following Edsjö and Lundberg [50], the target number densities are

modeled by dividing the Earth into two layers, the core and the mantle, with constant

densities and elemental compositions given in Table 2.1. The capture rate is then Ccap =
∑

N C
N
cap, where the rate on target N is

CN
cap = nX

∫ R⊕

0

dr 4πr2nN(r)

∫ ∞

0

dw 4πw3f⊕(w, r)

∫ Emax

Emin

dER
dσN
dER

Θ(∆E) . (2.12)

Here Θ(∆E) = Θ(Emax−Emin) imposes the constraint that capture is kinematically possible

by enforcing that the minimum energy transfer, Emin, to gravitationally capture the dark

matter particle is smaller than the maximum recoil energy kinematically allowed, Emax,

corresponding to cos θCM = −1. Explicitly, these energies are

Emin =
1

2
mX

[
w2 − v2

⊕(r)
]

Emax =
2µ2

N

mN

w2 . (2.13)

To make further progress, we must determine the distribution f⊕(w, r). A simple approach

is to only include the effect of the Earth’s gravitational potential. However, the Earth is

within the gravitational influence of the Sun, and one might expect the acceleration of dark

matter by the sun to suppress or eliminate the capture of heavy dark matter particles by

the Earth. In 1991, however, Gould argued that the interactions of dark matter with other
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planets leads to diffusion of the dark matter population between bound and unbound orbits

and one could thus ignore the impact of the Sun’s gravitational field and treat the Earth in

the “free-space” approximation to reasonable accuracy [81].

More recently, however, this simple picture has been refined with both potentially positive

and negative implications. In numerical work, both Lundberg and Edsjö [50] and Peter [51,

52, 53] have investigated the influence of the Sun, Earth, Jupiter, and Venus in more detail,

tracking the possibility that the Earth’s dark matter population is suppressed when particles

are kicked out of the solar system or captured by the Sun. For the case of supersymmetric

WIMPs—that is, dark matter with weak-scale mediators—they have found that these effects

can reduce the Earth’s capture rate by one order of magnitude or more, depending on the

dark matter mass. On the other hand, simulations of galaxies with baryons have shown that

dark matter substructures may be pulled into the disk and create a significant and relatively

cold enhancement of the local dark matter density known as a “dark disk” [82, 83]. For the

case of WIMP dark matter, this population may enhance indirect detection signals from the

Earth by up to three orders of magnitude [54, 84]. Note that the dark disk has a velocity

relative to our solar system that is ∼ 1/5 that of the ordinary dark matter halo [85]. It is

thus plausible that the dark disk populates a region in phase space more amenable to Earth

capture without significantly enhancing the direct detection rate.

As we show below, the dark photon case differs significantly from WIMPs, because both the

capture and annihilation rates are highly velocity dependent. One consequence of this is that

τ⊕ is typically larger than τ in Eq. (2.6), as opposed to the conventional wisdom that the

Earth has not reached its WIMP capacity. It is therefore not possible to simply extrapolate

the conclusions of WIMP studies to the present framework. In addition, as our analysis is

valid for general dark matter and dark photon masses, inaccuracies in the particle physics

modeling are greatly reduced, and the astrophysical uncertainties from dark disk and other

effects are very likely the dominant uncertainties entering the signal rate derivation. These
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astrophysical phenomena are therefore clearly interesting and important, but are beyond the

scope of the present work. Here, we use the free-space approximation, not because it is the

last word, but because it provides a simple “middle ground” estimate, with both suppressions

and enhancements possible.

With the free-space assumption, we proceed as follows. By energy conservation, w and u,

the incident dark matter particle’s velocities in the Earth’s and galactic frame, respectively,

are related by

w2 = u2 + v2
⊕(r) . (2.14)

The capture rate for a general dσN/dER can then be rewritten as

CN
cap = nX

∫ R⊕

0

dr 4πr2nN(r)

∫ ∞

0

du 4πu2f⊕(u)
u2 + v2

⊕(r)

u

∫ Emax

Emin

dER
dσN
dER

Θ(∆E) .

(2.15)

Here f⊕(u) is defined to be the angular-averaged and annual-averaged velocity distribution

in the rest frame of the Earth [86],

f⊕(u) =
1

4

∫∫ 1

−1

dcos θ dcosφ f
[(
u2 + (V� + V⊕ cos γ cosφ)2 + 2u(V� + V⊕ cos γ cosφ) cos θ

)1/2
]
,

(2.16)

where V� ' 220 km/s is the velocity of the Sun relative to the galactic center, V⊕ ' 29.8 km/s

is the velocity of the Earth relative to the Sun, and cos γ ≈ 0.51 is the angle of inclination

of the Earth’s orbital plane relative to the Sun’s orbit. Many-body simulations and other

considerations suggest a dark matter velocity distribution in the galactic rest frame of the

form [87, 88, 89, 90, 91, 92]

f(u) = N0

[
exp

(
v2

gal − u2

ku2
0

)
− 1

]k
Θ(vgal − u) , (2.17)

where N0 is a normalization constant, vgal is the escape velocity from the galaxy, and the
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parameters describing the distribution have typical values in the ranges [76, 93]

220 km/s < u0 < 270 km/s 450 km/s < vgal < 650 km/s 1.5 < k < 3.5 . (2.18)

We use the midpoint values of each of these, namely, u0 = 245 km/s, vgal = 550 km/s, and

k = 2.5. The truncated Maxwell–Boltzmann distribution is recovered for k = 0.

Upon inserting Eq. (2.9), the dER integral in Eq. (2.15) evaluates to

∫ Emax

Emin

dER
dσN
dER

=
2πε2αXαZ

2
N

w2mNEN
e

m2
A′

2mNEN

[
e−xN

xN
+ Ei(−xN)

]xmin
N

xmax
N

, (2.19)

where we use the substitution variable xN and exponential integral function [94],

xN =
2mNER +m2

A′

2mNEN
Ei(z) ≡ −

∫ ∞

−z
dt
e−t

t
. (2.20)

The total rate is Ccap =
∑
CN

cap = 32π3ε2αXαnX
∑

N Z
2
N(mNEN)−1exp

(
m2
A′

2mNEN

)
cNcap, where

cNcap =

∫ R⊕

0

dr r2nN(r)

∫ ∞

0

du uf⊕(u)Θ(∆xN)

[
e−xN

xN
+ Ei(−xN)

]xmin
N

xmax
N

. (2.21)

The capture rates CN
cap for various nuclei N at a representative point in parameter space are

shown in Table 2.1.

2.3.2 Dark Matter Annihilation

Once a dark matter particle is captured by the Earth, it repeatedly re-scatters, drops to

the center of the Earth, and eventually thermalizes with the surrounding matter. In the

case of the Sun, the dark matter thermalizes within the age of the Sun for X–proton spin-

independent scattering cross sections greater than 10−51, 10−50, and 10−47 cm2 for mX =
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100 GeV, 1 TeV, and 10 TeV, respectively [53]. Similar studies of Earth capture are not

available. However, we will find that, for the range of parameters where an observable indirect

signal is possible, the direct detection X–proton cross sections are at least σp ∼ 10−48 cm2,

corresponding to X–iron cross sections of σFe ∼ Z2
Fe(mFe/mp)

2σp ∼ 10−42 cm2, many orders

of magnitude larger than required for thermalization in the Sun. We therefore expect dark

matter to be thermalized in the Earth to an excellent approximation.

For thermalized dark matter, the annihilation rate parameter Cann is [76]

Cann = 〈σannv〉
[
GNmXρ⊕

3T⊕

]3/2

, (2.22)

where ρ⊕ ≈ 13 g/cm3 and T⊕ ≈ 5700 K are the matter density and temperature at the center

of the Earth, respectively, σann is the cross section for XX → A′A′, and v is the relative

velocity of the interacting particles, which is double the velocity of either interacting particle

in the center-of-mass frame.

The thermally-averaged cross section is

〈σannv〉 = (σannv)tree 〈SS〉 , (2.23)

where

(σannv)tree =
πα2

X

m2
X

[1−m2
A′/m

2
X ]3/2

[1−m2
A′/(2m

2
X)]2

(2.24)

is the tree-level cross section [95], and 〈SS〉 is the thermal average of the S-wave Sommerfeld

enhancement factor. This Sommerfeld enhancement factor [96] has been determined with

various degrees of refinement. An analytic expression that includes the resonance behavior

present for non-zero mA′ can be derived by approximating the Yukawa potential by the
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Hulthén potential [97, 98, 99]. The resulting Sommerfeld factor is

SS =
π

a

sinh(2πac)

cosh(2πac)− cos(2π
√
c− a2c2)

, (2.25)

where a = v/(2αX) and c = 6αXmX/(π
2mA′). The thermal average is, then,

〈SS〉 =

∫
d3v

(2πv2
0)3/2

e−
1
2
v2/v20 SS , (2.26)

where v0 =
√

2T⊕/mX .

2.3.3 Equilibrium Time Scales

In Fig. 2.2 we present results for the equilibrium timescale τ = (CcapCann)−1/2 in the (mA′ , ε)

plane formX = 100 GeV without Sommerfeld enhancement, andmX = 100 GeV, 1 TeV, 10 TeV

with Sommerfeld enhancement. The dark coupling αX is fixed by the thermal relic density.

For mA′ � mX , the parametric dependence of τ on ε and mA′ enters dominantly through

Cann and is τ ∼ C
−1/2
ann ∼ m2

A′/ε. This can be seen in the baseline values of the contours

in Fig. 2.2. The bumps in the contours reflect the resonance structure of the Sommerfeld

enhancement factor 〈SS〉.

In the shaded green (upper left) parts of the figures, the Earth’s dark matter population has

reached its maximal (equilibrium) value, and so the annihilation rate is essentially determined

by the capture rate, with Γann ≈ 1
2
Ccap. As one moves down and to the right, however, the

equilibrium timescale grows, and the population is eventually not maximal. We will see that

when the population is not at its maximal value, the signal quickly becomes undetectable.

The Sommerfeld enhancement plays an essential role in reducing the equilibrium timescale

and making the signal detectable in large regions of the (mA′ , ε) plane. For capture, the

typical velocity that enters has an irreducible contribution from the gravitational potential
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Figure 2.2: Contours of constant τ/τ⊕, the equilibrium timescale in units of the Earth’s
lifetime, in the (mA′ , ε) plane for mX = 100 GeV without (top left) and with (top right) the
Sommerfeld enhancement factor, mX = 1 TeV with the Sommerfeld factor (bottom left), and
mX = 10 TeV with the Sommerfeld factor (bottom right). The dark sector fine-structure
constant αX is set by requiring ΩX ' 0.23. In the green shaded regions, the Earth’s lifetime
is greater than the equilibrium timescale, τ⊕ > τ .

that accelerates dark matter as it falls into the Earth. Capture interactions, therefore, occur

at the typical escape velocity in the Earth’s core, vesc ≈ 5.0 × 10−5. However, after the

dark matter particles are captured, they sink to the core, and come into thermal equilibrium

with the normal matter. As a result, the population of dark matter particles at the center

of the Earth is even colder, with relative velocities v0 ≈ 1.0 × 10−6 [TeV/mX ]1/2. In the
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mA′ � αXmX limit, the Sommerfeld factor of Eq. (2.25) becomes

S0 =
2π αX/v

1− e−2παX/v
. (2.27)

For thermal relics, S0 is therefore typically ∼ 2παX/v ∼ 104−106. Sommerfeld enhancement

therefore reduces the equilibrium timescale by factors of ∼ 100 for mX ∼ 100 GeV, as can

be seen in Fig. 2.2 by comparing the top right and top left panels. This reduction on τ goes

to ∼ 1000 for mX ∼ 10 TeV. The Sommerfeld factor therefore plays an essential role in

boosting the current Earth’s dark matter population and the dark matter signal [56].

2.4 Signal Rates and Characteristics

After dark matter accumulates in the center of the Earth and annihilates to dark photons,

the dark photons propagate outwards with essentially no interactions with matter. The

characteristic radius of the thermalized dark matter distribution in the Earth is [76]

rX =

(
3T⊕

2πGNρ⊕mX

)1/2

≈ 150 km

√
TeV

mX

. (2.28)

An observer at the surface of the Earth or in low Earth orbit therefore sees the majority of

dark matter annihilations take place within 1.3◦
√

TeV/mX of straight down.

The dark photons are highly boosted with energy mX . In the decay A′ → ff̄ , the charac-

teristic angle between the direction of a parent A′ and its decay products in the Earth’s rest

frame is

θ ∼ tan−1

(
m2
A′ − 4m2

f

m2
X −m2

A′

)1/2

≈

√
m2
A′ − 4m2

f

mX

, (2.29)

assuming mA′ � mX . Much larger opening angles are possible, however, as discussed in

detail in the Appendix.
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The indirect detection signal is therefore two highly collimated leptons or jets that point

back to the center of the Earth within a few degrees. As we will discuss, in some cases, the

two leptons or jets may be simultaneously detected, and possibly even seen as two different

particles, in contrast to the standard neutrino-based indirect detection signals, where there

is only one primary particle. In any case, the signal of high-energy particles from the center

of the Earth distinguishes the signal from all possible astrophysical backgrounds, potentially

providing a smoking-gun signal of dark matter if the event rates are large enough.

We now determine the event rates and characteristics for two classes of experiments: under-

ice/underground/underwater detectors, represented by IceCube, and space-based experi-

ments, represented by Fermi-LAT and AMS-02.

2.4.1 IceCube

Dark photons may be detected in IceCube if they decay in IceCube or just below it. Decays

A′ → e+e−, qq̄ will be seen as showers, and for mA′ & 300 MeV, typically 15% – 40% of the

decays will be to muons [74] and be seen as tracks. The number of dark photon decays that

can be detected by IceCube is

Nsig = 2 Γann
Aeff

4πR2
⊕
εdecay T , (2.30)

where the factor of 2 results from the fact that each annihilation produces two dark photons,

Aeff is the effective area of detector,

εdecay = e−R⊕/L − e−(R⊕+D)/L (2.31)

is the probability that the dark photon decays after traveling a distance between R⊕ and

R⊕ + D, where D is the effective depth of the detector, and T is the live time of the
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experiment.

To very roughly estimate the detection rates for IceCube, we expect that for mX ∼ 1 TeV,

all dark photons that decay within the instrumented volume of IceCube are detected, and

so we take Aeff ≈ 1 km2 and D ≈ 1 km. For lighter dark matter, say, mX ∼ 100 GeV,

the decay products may be lost between the photomultiplier strings of IceCube. But these

should be seen with high efficiency in DeepCore [100], the subset of IceCube with finer string

spacings and lower threshold, and so we also present results for the instrumented volume of

DeepCore, with Aeff ≈ 0.067 km2 and D ≈ 0.55 km.
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Figure 2.3: Red: IceCube event rates for T = 10 years live time in the (mA′ , ε) plane for
mX = 100 GeV in DeepCore (top left) and IceCube (top right), mX = 1 TeV in IceCube
(bottom left), and mX = 10 TeV in IceCube (bottom right). The dark sector fine-structure
constant is set to the value αth

X which realizes ΩX ' 0.23. Green: Single event reach for
the maximal dark fine-structure constant αmax

X allowed by cosmic microwave background
distortion bounds [73]. Blue: current bounds from direct detection [101]. Gray: regions
probed by beam dump and supernovae constraints [102, 103, 35, 104, 105].
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Figure 2.4: Comparison of indirect and direct detection sensitivities in the (mX , σXn) plane
for mA′ = 100 MeV (left) and 1 GeV (right). The direct detection bounds are from the
LUX collaboration [108]. In this regime the interaction is effective point-like in contrast to
the low mA′ region [109, 110, 101] in Fig. 2.3, where the direct detection bounds become
independent of mA′ for low mA′ . Also shown is the ‘neutrino floor,’ where coherent neutrino
scattering affects direct detection experiments [111]; the dashed line is an extrapolation.

In Fig. 2.3 we present the number of signal events for mX = 100 GeV, 1 TeV, and 10 TeV

in the (mA′ , ε) plane. The bumpy features and closed contours are real physical features

resulting from Sommerfeld enhancement resonances. Also shown are the regions of parameter

space disfavored by existing bounds on dark-photon-mediated XN → XN scattering from

direct detection experiments, such as PANDAX-II [101, 106], and X-independent bounds on

dark photons from beam dump experiments and supernovae [102, 103, 35, 104, 105, 107].

We use the recently updated supernova cooling bounds in Ref. [107].

We see that the indirect detection signal discussed here probes regions of parameter space

that are so far inaccessible by other methods. As anticipated in Sec. 2.2, the indirect detection

signal is largest for ε ∼ 10−10 − 10−8, where the A′ decay length is comparable to R⊕. For

mX ∼ 10 TeV and ε ∼ 10−8, for example, Nsig ∼ 1, 000 events over 10 years are possible in

regions of parameter space that are otherwise currently viable. IceCube has collected roughly

7 years of data already, and so detailed analyses will either exclude large new regions of the
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(mA′ , ε) parameter space or discover dark matter.

For mX ∼ 100 GeV, the indirect and direct detection sensitivities are comparable for αX

between αth
X and αmax

X . The indirect and direct detection sensitivities are shown in the

conventional (mX , σXn) plane in Fig. 2.4, where σXn is the spin-independent X–nucleon

cross section: µ2
TA

2
TσXn = µ2

nσXT with T = Xe. The indirect detection signal is suppressed

for both large σXn (large ε, dark photons decay too soon) and small σXn (small ε, dark

matter capture is too slow and the captive population does not equilibrate). Of course, the

large σXn are already excluded by direct detection experiments. Focusing on the small σXn

region, for mX > 100 GeV, the indirect detection signals probe cross sections as much as

three orders of magnitude below the current bounds from direct detection experiments, such

as XENON and LUX.

Since σXn ∼ αXε
2, a given σXn corresponds to a larger value of ε when assuming the thermal

αth
X versus maximal αmax

X dark sector coupling. For this reason, the dashed αmax
X curves on

the left-hand plot in Fig. 2.4 are sometimes above the solid αth
X curves on the (mX , σXn)

plane. This is because when going from αth
X to αmax

X , the additional ε reach gained in indirect

detection experiments is less than that in direct detection experiments. The reason for

this is straightforward: the lower bound on the IceCube reach is set by the condition that

the tanh2(τ⊕/τ) in Eq. (2.6) is ‘saturated’ near unity, i.e. that dark matter capture and

annihilation are in equilibrium. This is why the lower contours of Fig. 2.3 display the same

resonances as Fig. 2.2. Since this condition is set by the geometric mean of the capture and

annihilation rates, it scales differently from direct detection experiments which has the same

parametric dependence as the capture rate.

The detector’s effective area Aeff and depth D are, of course, dependent on the energy and

type of the dark photon decay products, and a more detailed study of detector response is

required to estimate these more accurately. This is beyond the scope of the present work,

but we note here some basic considerations. Muons with energies Eµ ∼ 100 GeV−TeV lose
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energy primarily through ionization and travel a distance

Lµ =
1

ρβ
ln

[
α + βEµ
α + βEth

]
(2.32)

before their energy drops below a threshold energyEth, where ρ = 1 g/cm3, α ' 2.0 MeV cm2/g,

and β ' 4.2 × 10−6 cm2/g [112]. For Eµ = 1 TeV and Eth = 50 GeV, on average muons

travel a distance Lµ = 2.5 km. Dark photons that decay to muons a km or two below

IceCube may therefore be detected in IceCube, and so the effective depth of IceCube is a

bit larger than 1 km. For mX ∼ 10 TeV, the effective depth is larger still, although less

than a naive application of Eq. (2.32) would indicate, as such high energy muons lose energy

primarily through radiative processes. At TeV energies, the experimental angular resolution

for muon tracks is less than a degree, providing a powerful handle to reduce background.

For the case of showers from electrons or hadrons, the angular resolution is worse, but still

sufficient to identify showers as up-going to within tens of degrees. In addition, because dark

photons decay completely to visible particles, contained events are mono-energetic, with the

total energy equal to mX . The angle and energy distributions of tracks and showers are

therefore completely different from astrophysical sources, and provide powerful handles for

differentiating signal from background.

The dark photon signal has two primaries, which could in principle be identified as a smoking-

gun signal for the dark sector. In Figs. 2.5 and 2.6 we show histograms of the velocity

difference (time delay) and opening angle (track separation) of the two muons produced in

a dark photon decay. Details of the distributions are presented in the Appendix. Parallel

tracks have been considered previously in the context of slepton production from high energy

neutrinos in Refs. [113, 114] and have recently been searched for by IceCube [115]. As a

benchmark for IceCube reach, the parameters mX = 1 TeV, mA′ = 500 MeV, and ε =

5 × 10−9 gives an expected 40 muon events in 10 live years. The center panels of Figs. 2.5

and 2.6 then show that over ∼ 2.5 km between the A′ decay point and the maximal detection
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Figure 2.5: Lab-frame muon velocity differences for A′ → µ+µ− and (mX ,mA′) = (100 GeV,
500 MeV) (left), (1 TeV, 1 GeV) (center), and (10 TeV, 1 GeV) (right). Distributions are
normalized to 100 events and different values of mA′ are shown for comparison. The top
axes measure the time delay between the two final states per km between the decay and
observation positions.

distance, one expects a few events with timing separation of ∼ 0.03 ns and ∼ 20 m track

separation.

The timing separation is below the IceCube Digital Optical Module timing resolution of

∼ 5 ns [116]. The track separations are less than the ∼ 100 m separations probed by current

analyses [115], but they are also much larger than the ∼ 1 m separations from SM neutrino-

induced charm production. These results motivate looking for parallel muon tracks with

O(10 m) separations, which would be an unambiguous signal of physics beyond the SM, and

a spectacular signal of dark photons and dark matter. One step in this direction is the pro-

posed PINGU upgrade which would densely instrument a subset of the IceCube/DeepCore

detector [117]. However, for the proposed dark photon search, this comes at a large cost

in available volume and propagation distance. A possible alternative direction to improve

sensitivity to these parallel muon signals is to increase the detector density of the IceTop

surface array.
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Figure 2.6: Lab-frame muon opening angles (bottom axis)/track separation (top axis) for
A′ → µ+µ− and the same mX values as Fig. 2.5. Different values of mA′ are shown for
comparison.

2.4.2 Fermi-LAT/AMS-02

The dark photon decay products may also be detected by space-based cosmic ray detec-

tors, such as Fermi-LAT and AMS-02. Though these are far smaller than IceCube, the

dark photon may decay anywhere between the Earth’s surface and the detector, providing

a partially-compensating enhancement to the rate. For Fermi and AMS, we follow the for-

malism described above, but now use Aeff = 1 m2. Both Fermi and AMS are in low Earth

orbit, flying 550 and 400 km above the ground, respectively. We choose D = 550 km in

Eq. (2.31). Note that, after the dark photon decays, the resulting charged particles are bent

in the Earth’s magnetic field by an angle

θ = 0.5◦
TeV

p

L

550 km

B

0.5 G
, (2.33)

where p is the particle’s momentum, L is the distance it travels, and we have normalized the

Earth’s magnetic field B to an average value at the surface of the Earth. For mX & TeV, this

deflection is less than the dispersion from the dark matter’s spatial distribution at the center

of the Earth given in Eq. (2.28), but for mX ∼ 100 GeV, this deflection may be significant,

and the signal may arrive at an angle as large as 5◦ relative to straight down.
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Figure 2.7: 10 year signal event rates for a space-based detector in low Earth orbit, such as
Fermi/AMS. Colors and bounds are the same as Fig. 2.3.

The resulting event rates for such space-based detectors are given in Fig. 2.7 for a live time of

10 years. The parameter space that can be probed largely overlaps with that already probed

by direct detection, but Fermi and AMS may set bounds complementary to the existing

direct detection experiments. As a benchmark, consider the parameters mX = 1 TeV,

mA′ = 400 MeV, and ε = 10−8, for which one expects Nsig = 10 signal events in 10 live

years. The velocity difference and opening angle distributions are shown in the center panels

of Figs. 2.5 and 2.6. For a primary propagation distance of ∼ 300 km, this yields timing

separations of up to tens of nanoseconds and separations of up to a kilometer. We therefore

do not expect to see both primary particles from dark photon decay in Fermi or AMS. Of

course, this is still possible: the A′ may decay near Fermi or AMS; secondary photons from

hadronic final states my happen to have little transverse momentum; or the A′ may decay

far from the detectors to two charged particles, which are both bent by the magnetic field

into the detectors. Although possible, all of these are highly improbable, and two-particle

events are a small fraction of the total number of single-particle signal events. An alternative

possibility is when there is a small splitting between mA′ and 2mf . In this case the decay

products have small transverse momentum by Eq. (2.29), at the cost of a reduced branching

ratio.

Last, the number of signal events Nsig does not take into account experimental efficiencies

associated with each apparatus. For example, we have assumed that the volume of the
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International Space Station between the Earth and AMS does not affect the dark photon

primaries, and, further, that the hadronic products of the dark photons are detectable. A

more complete analysis of the Fermi/AMS reach will require more realistic modeling and

different triggers.

2.5 Conclusions

We have presented a novel method to discover dark matter that interacts with the known

particles through dark photons that kinetically mix with the SM photon. The dark matter

is captured by the Earth and thermalized in the Earth’s center, and then annihilates to

dark photons. The dark photons then travel to near the surface of the Earth and decay.

We have determined the signal rates without simplifying assumptions concerning the dark

matter and dark photon masses. In viable regions of the model parameter space, thousands

of such dark photon decays are possible in IceCube, and smaller, but still detectable, signals

in space-based detectors such as Fermi and AMS are also possible.

As with traditional indirect detection signals that rely on annihilation to neutrinos, the dark

photon signal points back to the center of the Earth, differentiating it from astrophysical

backgrounds. In contrast to the neutrino signal, however, the dark photon decays to two vis-

ible particles. The dark photon signal is therefore even more striking, as it is monoenergetic

if fully contained. In addition, in principle both particles could be detected simultaneously

yielding, for example, parallel muon tracks in IceCube with separations of ∼ O(10 m). We

have shown distributions of these separations for representative points in model parameter

space.

As discussed in Sec. 2.3.1, the leading uncertainty in the signal rate predictions is from the

capture rate analysis. The escape velocity of the Earth is not large, and so this capture rate
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is subject to detailed modeling, including the effects of the Earth, Sun, Jupiter, and Venus.

In addition, a cold “dark disk” population of dark matter may significantly enhance the

capture rates. The implications of these effects for WIMP dark matter have been considered

in Refs. [50, 51, 52, 53, 54, 84]; it would be interesting to determine their effects on dark

matter with dark photon-mediated interactions.

In this study, we have assumed the dark matter X is a Dirac fermion and the mediator is a

dark photon that mixes only with the SM photon, and so couples only to charged particles.

It would be interesting to consider cases where X is a pseudo-Dirac fermion or a scalar, and

cases where the dark photon mixes with the Z (and so couples to neutrinos, for example),

or is replaced by a scalar (for which the dark matter may also be Majorana). Dark matter

that collects and annihilates at the center of the Sun is also a promising source of decaying

dark photons and will probe different regions of parameter space [6].

Finally, the experiments have been modeled very roughly here; detailed analyses, preferably

by the experimental collaborations themselves, are required to evaluate the accuracy of the

signal rate estimates. However, our conclusion that there are viable regions of parameter

space that predict thousands of signal events indicates that there are certainly regions of

parameter space where the indirect detection signals discussed here are the most sensitive

probes, surpassing direct detection detectors, beam dump experiments, and cosmological

probes. The possibility of discovering signals of dark matter that, unlike so many other indi-

rect detection signals, are essentially free of difficult-to-quantify astrophysical backgrounds,

provides a strong motivation for these searches.
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Chapter 3

Dark Photons from the Center of the

Sun

The following is based on a previously published paper by the author, Jonathan L. Feng, and

Philip Tanedo [6].
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3.1 Introduction

As previously discussed, the kinetic mixing portal predicts a novel class of indirect detection

signals. In this framework, dark matter is captured by large gravitating bodies and annihi-

lates into dark photons. The decay products of these dark photons can be detected if they

escape the gravitating object. The formalism for dark matter capture and annihilation was

developed many years ago for the case of dark matter annihilating in the Sun or Earth to

neutrinos [37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. In the past few years, studies have begun

to explore the case of annihilation into new, light SM singlet particles [60], including the

specific case of dark photons [57, 58, 59].

In Ref. [7], we carried out a detailed examination of dark matter annihilating to dark photons

in the center of the Earth. We found that this could result in spectacular signals in the

IceCube Neutrino Observatory and possibly also space-based detectors such as the Fermi

Large Area Telescope (LAT) and the Alpha Magnetic Spectrometer (AMS). As an example,

in currently unconstrained regions of parameter space with dark matter masses 100 GeV .

mX . 10 TeV, dark photon masses mA′ ∼ MeV − GeV, and kinetic mixing parameters

10−10 . ε . 10−8, this scenario predicts up to thousands of TeV-energy e+/e−, µ+/µ−, and

hadron pairs from the center of the Earth streaming through the IceCube detector each year.

Experimental searches for this signal will therefore either exclude new regions of parameter

space or provide the first unambiguous signal of dark matter. Additionally, in contrast to

the standard case of indirect detection of neutrinos, in the dark photon case, all of the

annihilation products from a single dark matter particle can be detected, allowing one to

reconstruct the dark matter mass from a few clean signal events.

In this work we examine the complementary possibility that dark matter accumulates not

in the Earth, but in the Sun, annihilating to dark photons (“dark sunshine”) which decays

to SM particles. The complete process is shown schematically in Fig. 3.1.
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Figure 3.1: Dark matter is captured by elastic XN → XN scattering off nuclei, collects in
the center of the Sun, and annihilates to dark photons, XX → A′A′. These dark photons
then leave the Sun and decay to SM particles, including positrons that may be detected by
the Alpha Magnetic Spectrometer on the International Space Station.

At first sight, replacing the Earth with the Sun may appear to be a simple substitution,

but this is far from the case. There are some obvious differences: the longer propagation

distance required for dark photons to escape the Sun compared to the Earth implies that

searches for solar dark photons probe smaller kinetic mixing parameters ε. In addition, the

Sun’s size provides more targets and a bigger gravitational potential to assist dark matter

capture, and the solar capture rate is more reliably calculated than the Earth’s. There is also

a very significant new complication, however: for dark photons from the Sun, the magnetic

fields of the Sun and Earth deflect the dark photon decay products, potentially ruining the

directionality of the signal. Cuts to define the signal region and optimize the signal above

background must, therefore, be very carefully defined.

In this work, we perform a complete, systematic analysis of solar capture of dark matter and

its subsequent annihilation into dark photons. We go beyond prior analyses by including

the effect of non-perturbative Sommerfeld enhancements of the annihilation rate. We also

consider self-capture in the Sun [75], which we find to be a subleading effect in the regions

of parameter space with significant event rates. In addition, we model the effect of the

solar magnetic field on the signal. We focus on the reach of AMS-02 to detect the signal in

positrons and optimize the signal over background by defining stringent cuts to reduce the
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background to almost negligible levels. The analysis makes essential use of AMS’s excellent

angular resolution [118], which has not previously been utilized in its dark matter searches.

Including these effects, we show that AMS can discover dark matter through the dark

sunshine signal for parameters 100 GeV . mX . 10 TeV, mA′ ∼ O(100) MeV, and

10−10 . ε . 10−8. The signal probes a region in parameter space that is unconstrained by

beam dump and supernova bounds. This region is also probed by direct detection, and so this

suggested search provides a complementary probe. Such values of ε are naturally induced,

for example, by degenerate bi-fundamentals in grand unified theories [32]. These values of

mA′ and ε also produce dark matter self-interactions that have been suggested to solve small

scale structure anomalies [31] and may simultaneously explain the excess of gamma rays

from the galactic center recently observed by the Fermi Large Area Telescope [69].

The Fermi-LAT collaboration has set investigated the possibility of dark matter captured in

the Sun annihilating into on-shell mediators [61]. The approach taken there was to use light

mediators as a general motivation for searches for asymmetries, for example, for an excess

of positrons from the hemisphere including the Sun over the opposite hemisphere. This

study is complementary to that work in that we maximize the search reach by defining more

stringent cuts that reduce the background to near-negligible levels. In addition, we consider

the dark photon mediator specifically, determine the reach in this model’s parameter space,

and compare it to the reach of other experimental and observational constraints.

3.2 Dark Matter Interactions Through a Dark Photon

The dark photon A′ is the gauge boson of a broken U(1) symmetry that kinetically mixes

with the hypercharge boson. The diagonalization of the Hamiltonian from the kinetically

mixed gauge–basis states to physical states is detailed in the Appendix. When the dark
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photon mass is very light, the mixing with the Z boson is negligible and this system may be

treated as a mixing between the photon and the dark photon. The effective Lagrangian for

the photon–dark photon system is

L = −1

4
FµνF

µν − 1

4
F ′µνF

′µν +
1

2
m2
A′A

′2 −
∑

f

qfe(Aµ + εA′µ)f̄γµf − gXA′µX̄γµX , (3.1)

where we sum over SM fermions f with electric charge qf , ε is the kinetic mixing parameter

in the physical basis, and gX is the dark U(1) gauge coupling. We present our results in terms

of the electromagnetic and dark fine structure constants, α = e2/(4π) and αX = g2
X/(4π).

In the limit where mX � mA′ � me, the dark photon decay length is

L = R� Br(A′ → e+e−)

(
1.1× 10−9

ε

)2(
mX/mA′

1000

)(
100 MeV

mA′

)
, (3.2)

where R� = 7.0× 1010 cm = 4.6× 10−3 au is the radius of the Sun, and the branching ratio

to e+e− can be determined from hadron production at colliders and is between 40% and

100% for the range 1 MeV . mA′ . 500 MeV [74].

We consider two choices for the dark photon couplings. First, we consider the case where the

present dark matter abundance is set by thermal freeze out with respect to the annihilation

process XX̄ → A′A′. The Born approximation cross section valid at freeze out is [95]

〈σannv〉Born =
πα2

X

m2
X

(1−m2
A′/m

2
X)

3/2

[1−m2
A′/(2m

2
X)]

2 . (3.3)

Obtaining the observed ΩXh
2 = 0.12 from thermal freeze out requires 〈σannv〉 = 2.2 ×

10−26 cm3/s [119], so that

αth
X = 0.035

(mX

TeV

)
. (3.4)
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Alternatively, one may assume that the dark matter abundance is set by non-thermal dy-

namics and allow αX to take its maximal experimentally-allowed value. The most stringent

bounds come from the imprint of dark matter annihilation products on the cosmic microwave

background (CMB) [70, 71, 72, 73]. We fit the results of Ref. [73] and find that the maximum

coupling allowed by the CMB is

αmax
X = 0.17

(mX

TeV

)1.61

(3.5)

in the range of phenomenologically relevant masses.

3.3 Experimental Bounds on Dark Photon Mediators

Here we briefly review the bounds on dark photons that are most relevant in the parameter

space relevant to this work.

3.3.1 Direct Detection

Direct detection experiments bound dark photon mediated interactions with weak-scale dark

matter. These were recently examined in Ref. [101], which highlighted that the exclusion

contour in the (mA, ε) plane becomes independent of mX for small mA when the contact-

interaction limit breaks down. This is easy to understand: in the mA � mX limit, the

X–nucleon cross section and annihilation rate scale as

σXn ∼ αXρ0 ∼
αX
mX

〈σannv〉 ∼
α2
X

m2
X

. (3.6)

Fixing αX to yield the thermal relic cross section 〈σannv〉 = 2.2×10−26 cm3/s gives αX ∼ mX ,

and so the direct detection bounds are constant in mX for a thermal relic.
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3.3.2 Colliders and Fixed-Target Experiments

Direct searches for dark photons production at colliders and beam dump experiments are

reviewed in Ref. [35]. These searches do not make use of the dark photon–dark matter

coupling and can thus be plotted in the (mA′ , ε) plane independently of the dark matter mass.

In the mass range probed by this study, MeV < mA′ < GeV and 10−12 < ε < 10−7, the most

relevant bounds are from the E137 beam dump experiment [120, 121], the LSND neutrino

experiment [122, 123, 124], and the CHARM fixed target experiment [125, 126]. For the dark

matter mass range where AMS is sensitive to solar dark photons, these collider experiments

are less sensitive than the direct detection bounds from LUX presented in Ref. [101].

3.3.3 Indirect Detection

Bounds on dark matter annihilation into dark photons in the present day coming from the

diffuse positron spectrum constrain the dark sector coupling, αX [59, 57, 60]. These bounds

do not reach the thermal coupling and are weaker than the CMB bounds that define our

maximal coupling in Eq. (3.4).

3.3.4 Supernova Bounds

Independent of the dark matter properties, light mediators are constrained by the cooling

of supernova by mediator emission [102, 103, 35, 104, 105, 107]. In particular, Ref. [107]

recently refined the analysis of supernova cooling and found that the bounds on dark photons

are nearly an order of magnitude weaker than previously published limits. Separately, the

absence of a prompt MeV γ-ray signal from supernova 1987A sets additional bounds on the

(ε,mA′) plane [104]. Ref. [127] pointed out that dark matter interactions may weaken these

bounds when the dark matter is light (mX . GeV).
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3.3.5 Cosmology

The cosmic microwave background sets bounds on dark matter annihilation products in

the early universe [70, 71, 72]. In addition to the CMB bounds from Ref. [73] that set the

maximum phenomenologically allowed αX in Eq. (3.5), the impact of late dark photon decays

on big bang nucleosynthesis and the CMB constrains the (mA′ , ε) plane for mA′ . GeV [128].

3.4 Dark Matter Accumulation in the Sun

Similar to capture in the Earth, dark matter is captured in the Sun if elastic collisions with

solar nuclei transfer enough energy that the dark matter’s velocity falls below the Sun’s

escape velocity. Dark matter may also be self-captured by scattering off of already-captured

dark matter [75]. The captured dark matter accumulates in the solar core and thermalizes.

This accumulation is balanced by annihilation into pairs of dark photons. Due to the low

temperature at the core of the Sun, this annihilation rate is Sommerfeld enhanced from dark

photon-mediated interactions at low relative velocity.

The number of dark matter particles in the Sun, NX , satisfies the rate equation

ṄX = Ccap + CselfNX − CannN
2
X , (3.7)

where the C coefficients encode the capture rate, self-capture rate, and annihilation rate.

We ignore the effect of dark matter evaporation, which is negligible for dark matter masses

above O(10) GeV [41, 42]. The equilibrium time scale for this expression is

τ =
1√

CcapCann + 1
4
C2

self

. (3.8)
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Below we show that the self-capture effect on the equilibrium time is negligible for our

parameter range of interest. The solution to the rate equation in the relevant limit C2
self �

CcapCann is

NX =

√
Ccap

Cann

tanh
t

τ
Γann ≡

1

2
CannN

2
X =

1

2
Ccap tanh2 t

τ
. (3.9)

The factor of 1/2 accounts for the fact that two dark matter particles are removed in each

annihilation. When the age of the Sun is greater than the equilibrium time, τ� ' 4.5 Gyr > τ ,

the Sun is saturated with dark matter and the annihilation rate is maximized and matches

the accumulation rate. For τ� < τ , the dark matter population in the Sun is still growing

and the tanh2(τ�/τ) factor suppresses the annihilation rate relative to the capture rate.

We now examine each term in Eq. (3.7).

3.4.1 Dark Matter Capture

The capture rate for dark matter scattering off of a particular nuclear species N in the Sun

is the integral of the differential cross section over the volume of the Sun; the incident dark

matter velocity, w; and the nuclear recoil energies, ER, for which capture occurs:

CN
cap = nX

∫ R�

0

dr 4πr2nN(r)

∫ ∞

0

dw 4πw3f�(w, r)

∫
dER

dσN
dER

∣∣∣∣
capture

, (3.10)

where nX = ρX/mX is the local dark matter number density, nN(r) is the N number density

at a distance r from the solar center, f�(w, r) is the dark matter velocity distribution at

that position, and dσN/dER is the elastic scattering cross section. The full capture rate is

the sum over all nuclear species in the Sun, Ccap =
∑

N C
N
cap.

The velocity of dark matter asymptotically far from the Sun, u, is distributed according

to a Maxwell–Boltzmann-like velocity distribution. In the neighborhood of the Sun, this
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distribution is distorted due to the solar gravitational potential. Taking this acceleration

into account and invoking energy conservation, the incoming dark matter velocity w for an

interaction with a nucleus in the Sun is

w2 = u2 + v2
�(r) , (3.11)

where v�(r) is the escape velocity at a distance r from the solar center. The dark matter

velocity distribution, f�(w, r), thus satisfies

w3f�(w, r) dw = u
[
u2 + v2

�(r)
]
f(u) du . (3.12)

This may then be substituted directly into Eq. (3.10). We use the asymptotic velocity

distribution in the solar rest frame,

f�(u) =
1

2

∫ 1

−1

dc f

(√
u2 + u2

� + 2uu�c

)
, (3.13)

where u� = 233 km/s is the solar velocity in the galactic rest frame, and

f(u) = N

[
exp

(
v2

gal − u2

ku2
0

)
− 1

]k
Θ(vgal − u) , (3.14)

where vgal is the galactic escape velocity and N is chosen to normalize the distribution to

integrate to unity. The Maxwell–Boltzmann distribution is recovered for k = 0 and vgal →∞.

The astrophysically favored range of parameters is [76]

220 km/s < u0 < 270 km/s 450 km/s < vgal < 650 km/s 1.5 < k < 3.5 . (3.15)

In this analysis we use the central values of these ranges. We confirm that varying these

parameters in this range does not perceptibly alter the dark matter capture rate in the

Sun [93].
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The differential elastic scattering cross section in the non-relativistic limit is

dσN
dER

= 8πε2αXαZ
2
N

mN

w2(2mNER +m2
A′)

2
|FN |2 , (3.16)

where the Helm form factor is

|FN |2 = exp

(
−ER
EN

)
EN =

0.114 GeV

A
5/3
N

, (3.17)

for a target nucleus N with mass mN and atomic number AN . Dark matter captures in

the Sun when the outgoing X velocity is less than the escape velocity v�(r) at distance r

from the solar center. This occurs if sufficient energy, ER, is transferred to the nucleus. The

minimum energy transfer from an incident X with velocity w to the nucleus at distance r

from the Sun in order for the dark matter to be captured is

Emin =
1

2
mX

[
w2 − v2

�(r)
]
. (3.18)

The range of allowed recoil energies is determined by kinematics. Writing the dark matter–

nucleus reduced mass as µN , the lab frame recoil energy is

ER =
1

2
Emax(1− cos θCM) Emax =

2µ2
Nw

2

mN

, (3.19)

where we have identified the maximum kinematically permitted recoil energy, Emax. Capture

occurs when Emax > ER > Emin. It is convenient to write this as

∫
dER

dσN
dER

∣∣∣∣
capture

=

∫ Emax

Emin

dER
dσN
dER

Θ(∆E) ∆E = Emax − Emin . (3.20)

One may then substitute the results of Eqs. (3.12), (3.16), (3.20) into Eq. (3.10). In Ref. [7]
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we showed that the resulting capture rate may be succinctly written as

Ccap = 32π3ε2αXαnX
∑

N

Z2
N

mNEN
exp

(
m2
A′

2mNEN

)
cNcap (3.21)

cNcap =

∫ R�

0

dr r2nN(r)

∫ ∞

0

du uf�(u)Θ(∆xN)

[
e−xN

xN
+ Ei(−xN)

]xmin
N

xmax
N

, (3.22)

where we use the substitution variable xN and exponential integral function [94],

xN =
2mNER +m2

A′

2mNEN
Ei(z) ≡ −

∫ ∞

−z
dt
e−t

t
. (3.23)

We use the AGSS09 solar composition model to extract the nN(r) [129, 130, 131]. Ref. [76]

tabulated the elements that give the largest contributions to dark matter capture: O, Fe,

Si, Ne, Mg, He, S, and N. These are given in decreasing order of importance, but they are

all significant, with the nitrogen contribution just a factor of 5 below that of oxygen in the

mX � mN limit. Hydrogen, the most abundant nucleus in the Sun, is a subdominant target,

since the capture rate is proportional to µ2
NmNZ

2
N .

3.4.2 Dark Matter Annihilation

Captured dark matter thermalizes in the Sun for X–proton spin-independent scattering

cross sections above 10−51, 10−50, and 10−47 cm2 for mX = 100 GeV, 1 TeV, and 10 TeV,

respectively [53]. As we will see below, these values are greatly exceeded here. The dark

matter, then, thermalizes and is Boltzmann distributed in a core near the center of the Sun,

with number density

nX(r) = n0e
−r2/r2X rX =

√
3T�

2πGNρ�mX

≈ 0.03R�

(
100 GeV

mX

)1/2

. (3.24)
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Writing Γann = 1
2

∫
d3xn2

X(x)〈σannv〉 and using the definition for Cann in Eq. (3.9) gives

Cann = 〈σannv〉
(
GNmXρ�

3T�

)3/2

, (3.25)

where the solar density and temperature are ρ� = 151 g/cm3 and T� = 15.5× 106 K.

The captured dark matter is extremely cold, with typical velocity

v0 =
√

2T�/mX = 5.1× 10−5
√

TeV/mX . (3.26)

The thermally–averaged XX → A′A′ cross section for annihilation is therefore significantly

modified from the tree-level expression given in Eq. (3.3) to

〈σannv〉 = S 〈σannv〉Born , (3.27)

where S is the non-relativistic Sommerfeld enhancement [96] of the Born approximation

annihilation rate. An analytic expression for S for the case of mA′ 6= 0 may be derived

by approximating the Yukawa potential with the Hulthén potential [97, 98, 99], giving an

enhancement of S-wave processes of

Ss =
π

a

sinh(2πac)

cosh(2πac)− cos(2π
√
c− a2c2)

c�1−→ π αX/v

1− e−παX/v , (3.28)

where a = v/(2αX) and c = 6αXmX/(π
2mA′). The Sommerfeld enhancement, S, is the

thermal average of Ss,

〈SS〉 =

∫
d3v

(2πv2
0)3/2

e−
1
2
v2/v20 SS . (3.29)

The general form of Ss on the left-hand side of Eq. (3.28) encodes the effects of resonances

generated by the long-range potential. Ref. [7] showed that these resonances play a crucial
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role for dark matter accumulation in smaller bodies such as the Earth which would otherwise

not be in thermal equilibrium. In contrast, in the regime of parameter space of interest, the

Sun is already in thermal equilibrium so that tanh τ�/τ ≈ 1 in Eq. (3.9) and the effect of

the detailed modeling of enhancements to Cann is negligible.

3.4.3 Dark Matter Self-Capture

The effect of dark matter self-capture in the Sun, parametrized by Cself in Eq. (3.7), is

studied in detail by Zentner in Ref. [75]. Cself becomes relevant in the regime of very large

self-interactions relative to the annihilation rate. One may obtain large self-interactions in

the limit of a light mediator since a low-velocity self-interaction enhancement analogous to

Sommerfeld enhancement may boost the capture rate; indeed, such a scenario is separately

of interest as a proposed solution to small-scale structure anomalies in astrophysics [31].

In the dark photon framework discussed here, we find that in the regions of parameter space

where a signal is detectable in AMS, the effect of self-capture is negligible. Heuristically,

this may be understood as resulting from the fact that, although the self-capture rate is

indeed non-perturbatively-enhanced at small velocities, the annihilation rate is Sommerfeld-

enhanced even more. This is because the self-scattering occurs with velocities w & v�, while

the annihilation occurs at the much smaller velocities v0 � v� in Eq. (3.29). As a result, as

we will show below, the self-capture contribution to the equilibrium time in Eq. (3.8) may

be safely ignored.

For completeness, however, we demonstrate how recent self-interacting dark matter re-

sults are applied to self-capture. Following Ref. [31], the relevant cross section for self-

scattering is the viscosity cross section, dσV /dΩ = sin2 θ dσ/dΩ, which regulates forward

and backward scattering divergences that do not affect the dark matter phase space evolu-

tion. For distinguishable particles, one may approximate this with the transfer cross section,
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dσT/dΩ = (1−cos θ)dσ/dΩ. The transfer cross section only regulates the forward divergence,

but there is an extensive literature on this cross section in the classical limit (mXw/mA′ � 1)

from the plasma physics literature [132, 133], which may be applied to the present case [134],

yielding

σT '
π

m2
A′





4β2 ln(1 + β−1) if β . 10−1

4β2 (1 + 1.5β1.65)
−1

if 10−1 . β . 103

(
ln β + 1− 1

2 lnβ

)2

if β & 103

β ≡ 2αXmA′

mXw2
, (3.30)

Over most of the regime for solar dark matter self-capture, Cself ∼ σT ∼ α2
X . Parametrically,

CcapCann ∼ ε2αα3
XS C2

self ∼ α4
X , (3.31)

where S ∼ αX . Since both terms scale as α4
X , one cannot tune the dark sector coupling to

suppress the ordinary capture rate relative to the self-capture rate. Thus self-capture can

only become a dominant effect in the small ε regime. We show below that this only occurs

for ε so small that the Sun is not in equilibrium. In the extreme case, when ε is so small

that CcapCann � C2
self, then τ ≈ 2/Cself in Eq. (3.8) is typically much larger than the age of

the Sun, τ�, and the annihilation rate is suppressed.

Beyond the classical regime, Eq. (3.30) must be modified. In the so-called resonant regime

where

αXmX

mA′
& 1 and

mXv

mA′
. 1 , (3.32)

one may approximate the Yukawa potential between the dark matter particles with the

Hulthén potential which may be solved analytically for S-wave scattering. In the regime

of mA′/mX . v, however, higher partial waves are required and one must perform a full

numerical integration of the Schrödinger equation. A detailed investigation of this limit is
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beyond the scope of this study.

3.4.4 Equilibrium Time
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Figure 3.2: Contours of constant τ/τ�, the equilibrium timescale in units of the Sun’s age,
in the (mA′ , ε) plane for mX = 100 GeV (top left), 1 TeV (top right), and 10 TeV (bottom
left). The dark sector fine-structure constant αX is set by requiring ΩX ' 0.23. In the
green shaded regions, τ� < τ and the Sun’s dark matter population has reached equilibrium.
Bottom–Right: contours for mX = 1 TeV, as in the top right, but extending to very
low ε. The dashed line shows the case where self-capture has been ignored. The effect of
self-capture becomes relevant only for very low ε, where equilibrium times are large and the
annihilation signal is highly suppressed.

Fig. 3.2 presents results for the equilibrium time, τ , defined in Eq. (3.8). The region for which

τ is less than the age of the Sun, τ�, is shaded in green. The contours in Fig. 3.2 reflect the
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Figure 3.3: Schematic depiction of positron trajectories bending in the Earth’s magnetic
field. For each positron energy, one considers a solid angle πθ2

cut given by Eq. (3.38). Since
the Earth’s magnetic field is well known this mapping is well defined. The inset shows the
origin of the angular dependence implicit in the Sun exposure in Eq. (3.36).

Sommerfeld resonances from Eq. (3.28). Unlike the case of the Earth studied in Ref. [7], these

resonances do not play a major role since, in the region probed by AMS, tanh2 τ�/τ ≈ 1 and

the annihilation rate in Eq. (3.9) is not affected by further enhancements. The bottom right

plot shows the regime where self-interactions are significant and cause a noticeable deviation

from the Cself = 0 limit. As noted above, this only occurs in the region where the Sun is not

yet in equilibrium so that the dark matter annihilation rate is suppressed.

3.5 Positron Signal and Background at AMS

The dark photons produced by dark matter annihilation in the Sun decay to all kinematically-

accessible charged SM particles, leading to a variety of possible signals (e+e−, µ+µ−, π+π−,

etc.) that can be detected in a number of experiments. We consider the e+e− signal for

dark photons with mA′ > 2me. We specifically focus only on positrons, since the e+ and

e− signals have identical properties and the positron background is smaller [135], and we

consider the AMS-02 experiment on the International Space Station (ISS), which is optimal

for positron detection.
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The positron signal and background are very different: the signal has a hard spectrum and

points back to the Sun, while the astrophysical background drops rapidly with energy and is

effectively isotropic. In principle, it is therefore easy to isolate the signal by considering very

energetic positrons that point back to the Sun. In practice, however, the signal is greatly

complicated by the magnetic fields of the Sun and Earth, which each significantly deflect

even TeV positrons. In the following, we begin by accounting for the Sun’s magnetic field,

which is not well constrained, and neglecting the Earth’s magnetic field, which is relatively

well understood.

Our general strategy is the following: for fixed parameters mX , mA′ , and ε, and a given

experimental live time T , we consider only positrons with energies above Ecut that point

back to the Sun within an angle θcut. For a particular choice of Ecut, we choose θcut(Ecut)

so that the number of background positrons is NB = 1. We then determine the number of

signal positrons, NS, that pass these cuts, given a model for the Sun’s magnetic field. We

then determine the optimal value of the energy cut, Eopt
cut , which maximizes NS, and we use

these maximal values of NS to determine the reach of AMS.

This procedure neglects the Earth’s magnetic field. Since this magnetic field is well mapped,

we assume that its effect on the signal may be de-convoluted so that positrons can be ray-

traced back to a distance of several R⊕ from the Earth, where the Earth’s magnetic field is

negligible. It is at this position that the solid angle of size πθ2
cut should be defined. This is

shown schematically in Fig. 3.3.

In the remainder of this section we discuss the number of background events NB, the bending

of positrons in the solar magnetic field, the number of signal events NS, and the optimization

of NS.
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3.5.1 Number of Background Events: Energy and Angular Cuts

We define the signal to be positrons with energies above Ecut that point back to the Sun

within an angle θcut. Together, these parameters control the number of background positrons.

The background isotropic positron flux has been precisely measured by AMS [135] to be

dΦ

dE
≈ 1.5× 10−9

GeV cm2 sr s

(
E

100 GeV

)−2.8

. (3.33)

The number of background events in the signal region is, then,

NB(Ecut, θcut) = ξ�Ω�(θcut)

∫ ∞

Ecut

dΦ

dE
dE , (3.34)

where, for small θcut,

Ω�(θcut) = π θ2
cut sr ' 9.6× 10−4 sr

(
θcut

1◦

)2

(3.35)

is the solid angle subtended by θ < θcut, and ξ� is the exposure of AMS to the Sun, a

function of positron energy, the ISS’s orbit, and AMS’s fixed orientation on the ISS. For

positron energies above 50 GeV, a detailed calculation finds that in 924 days of livetime,

AMS’s exposure to the Sun was ξ� ' 1.6 × 105 m2 s [136]. Assuming uniform operating

conditions, then,

ξ� = 6.3× 104 m2 s
T

yr
' 20 cm2 T , (3.36)

where T is the AMS livetime, that is, its total time in orbit. The “effective area” 20 cm2 is

much smaller than the geometric size of the detector due, in part, to the fact that the Sun

is only in the field of view a small fraction of the time. For comparison, if AMS spent 100%

of its livetime with the sun at the center of its field of view, the exposure would be about 80

times larger [136].
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The resulting number of background events is

NB(Ecut, θcut) = 0.051

(
100 GeV

Ecut

)1.8(
θcut

1◦

)2(
T

yr

)
. (3.37)

Fixing θcut as a function of Ecut for a given T by requiring only a single background event,

NB = 1, yields

θcut(Ecut) = 4.4◦
(

Ecut

100 GeV

)0.9 (yr

T

)1/2

. (3.38)

3.5.2 Bending of Signal Positrons by the Solar Magnetic Field

Before quantifying the number of signal events, let us examine the bending of a signal

positron by the solar magnetic field. In the absence of magnetic fields between the Sun and

the Earth, positrons from solar dark photon decays would point back to within a degree (for

mX > 100 GeV) of the center of the Sun where the dark matter is concentrated within a

core of radius rX from Eq. (3.24). The AMS electromagnetic calorimeter’s angular resolution

is parametrized by ∆θ68 '
√

5.8◦2/(E in GeV) + 0.23◦2 [118]; the angular resolution from

the tracker is even better [136]. For the positron energies we will consider, the experimental

angular resolution is therefore less than a degree and is negligible.

The signal, however, is smeared out by the solar magnetic field, which bends charged particles

as they travel to the Earth. Because of the solar wind, the magnetic field of the Sun differs

from a dipole and varies with the 11-year solar cycle. As an approximation, we use the Parker

model for the heliospheric magnetic field, which has radial and azimuthal components in

heliocentric coordinates [137]; see Refs. [138, 139] for reviews. Since the positrons propagate
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in the radial direction, it is sufficient to model the azimuthal part of the magnetic field,

Bφ =

(
3.3 nT√

2

)
au

r
, (3.39)

where we have used the facts that at R = au, |B| = 3.3 nT and the radial and azimuthal

components of the field are equal in magnitude. We ignore a subleading r−2 piece in Bφ

which is suppressed by a factor of R� = 0.005 au. This model was invoked in Ref. [140]

to explain the PAMELA positron excess as the result of increased activity during the solar

cycle. With this magnetic field, the bending angle of a positron of energy E produced at a

dark photon decay position rd from the Sun is

θbend(rd, E) = 8.9◦
(

TeV

E

)∫ au

rd

Bφ(r′) dr′

au (3.3 nT)
= 6.3◦

(
TeV

E

)
ln

au

rd
. (3.40)

3.5.3 Number of Signal Events

The total number of signal events NS is

NS = N0
S Br(A′ → e+e−)Pdet , (3.41)

where

N0
S = 2Γann

ξ�
4π(1 au)2

(3.42)

is the number of dark photons produced when the Sun is in AMS’s field of view, Br(A′ →

e+e−) is the probability that a dark photon decays to a positron, and Pdet is the probability

that such a positron is detected within the signal region by AMS. In Eq. (3.42), the factor

of 2 accounts for the two dark photons produced per dark matter annihilation, and ξ� is the

exposure defined in Eq. (3.36). N0
S and Br(A′ → e+e−) are completely determined by the
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model parameters, while Pdet depends also on the cut parameters.

We now determine the detection probability Pdet. For a positron to be detected in the AMS

signal region, (1) it must be created by a dark photon that decays after traveling a distance

between R� and 1 au, and (2) it must not be deflected out of the signal region by the solar

magnetic field. Letting rd be the distance a dark photon travels before it decays. condition

(2) implies

θbend(rd, E) ≤ θcut(Ecut) , (3.43)

or, given Eqs. (3.38) and (3.40),

rd ≥ rmin
d (E,Ecut) ≡ au e−E/E0(Ecut) , (3.44)

where

E0(Ecut) ≡ 1.5 TeV

(
100 GeV

Ecut

)0.9(
T

yr

)1/2

. (3.45)

Positrons that do not satisfy Eq. (3.44) are produced too far from the Earth and are deflected

too much to satisfy the angle cut. Given the two constraints on rd, the signal region in the

space of dark photon decay position rd and positron energy E is bounded by

R� ≤ rd ≤ au rmin
d (E,Ecut) ≤ rd Emin ≤ Ecut ≤ E ≤ mX , (3.46)

where Emin = 50 GeV is the minimum positron energy cut from AMS. This region is shown

in Fig. 3.4.
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Figure 3.4: Schematic depiction of the signal region of integration, Eq. (3.46), in the plane
of A′ decay distance rd and positron energy E. The beige shading represents the magnitude
of the integrand, Eq. (3.47). We integrate over the box R� < rd < au, Ecut < E < mX and
then subtract the integral over the red shaded region bounded by R� and rmin

d .

The probability density for positrons to be produced at position rd and energy E is

dPdet

drd dE
=
e−rd/L

L

1

mX

, (3.47)

where the decay length, L, is defined in Eq. (3.2), and we have used the fact that for

me � mA′ � mX , the positron energies are evenly distributed in the range 0 ≤ E ≤ mX .

Ref. [61] confirms that these positrons do not lose appreciable energy propagating to Earth.

The probability for a positron to be detected in the AMS signal region is, then,

Pdet =

∫
dPdet

drd dE
drd dE =

∫
e−rd/L

drd
L

dE

mX

≡ P 0
det − PB

det Θ(E∗ − Ecut) , (3.48)

where the region of integration is defined by Eq. (3.46). P 0
det and PB

det are defined to be the

integral over the box and the red region, respectively, in Fig. 3.4. P 0
det is the probability, in the

absence of magnetic fields, that a dark photon will decay after traveling a distance between

59



R� and 1 au to produce a positron with energy greater than Ecut. P
B
det is the correction to

this näıve probability caused by the angular cuts to account for the solar magnetic field. E∗

is defined to be the energy for which rmin
d (E∗, Ecut) = R�. Above this energy the condition

Eq. (3.44) is trivial since dark photons must decay beyond R� or else their decay products

are caught in the Sun. The upper limit of the dE integral in PB
det is

E× ≡ min (E∗,mX) where E∗ = E0 log
au

R�
. (3.49)

This definition of E× is necessary since E∗ > mX for sufficiently small Ecut. For the Parker

model of the solar magnetic field, the integrals can be evaluated exactly:

P 0
det =

mX − Ecut

mX

(
e−

R�
L − e− au

L

)
(3.50)

PB
det =

E0

mX

[
Ei

(
−au

L
e
−E×
E0

)
− Ei

(
−au

L
e
−Ecut

E0

)]
+
E× − Ecut

mX

e−
R�
L , (3.51)

where the Ei function is defined in Eq. (3.23). The difference of exponentials in Eq. (3.50)

determines the shape of the region of dark photon parameter space that can be reached.

When L � R� this term drops rapidly because few dark photons decay outside the Sun.

When L� au, one may expand the exponentials so that

P 0
det ≈

mX − Ecut

mX

au

L
∝ ε2m2

A′ . (3.52)

This is illustrated in Fig. ??, which shows contours of constant decay length L and how

these shape the N0
S and NS reach. Values of Ecut are chosen for each choice of (mA′ , ε) to

optimize Pdet. Decreasing the dark matter mass mX produces lower energy positrons which

are subsequently deflected more by the magnetic fields so that the probability decreases. For

example, at mX = 100 GeV the maximum probability is reduced by two orders of magnitude

relative to mX = TeV, significantly reducing the reach of AMS.
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Figure 3.5: Schematic description of the signal region in the plane of decay distance rd and
positron energy E. As one varies Ecut, the rmin

d line shifts downward while the lower limit of
the dE integration shifts upward. The optimal Ecut is then when the integral over the red
and green regions are equivalent. The shading represents the magnitude of the integrand,
Eq. (3.47).

3.5.4 Optimizing the Signal

Throughout this study we choose Ecut to optimize the signal probability Pdet while fixing

the number of background events, NB = 1. Because the probability is a concave function of

Ecut, the choice of Ecut as a function of mX ,mA′ , and ε is found by solving dPdet/dEcut = 0,

where

dPdet

dEcut

= − 1

mX

(
e−

R�
L − e− au

L

)
+

1

mX

Θ(E∗ − Ecut)

[
F1Θ(mX − E∗) + F2

]
(3.53)

F1 =
0.9E0

Ecut

[
e−

R�
L − exp

(
−au

L
e
−E×
E0

)]
log

au

R�
(3.54)

F2 = e−
R�
L − exp

(
−au

L
e
−Ecut

E0

)
. (3.55)

This equation is solved numerically to give the choice Eopt
cut that optimizes Pdet. To clarify

the nature of this optimization, we show the effect of varying Ecut in Fig. 3.5. Figure 3.6

shows a set of representative Eopt
cut contours in the (mA′ , ε) plane for mX = 10 TeV.
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Figure 3.6: Left: Contours of Eopt
cut , the value of Ecut that maximizes the probability Pdet in

the (mA′ , ε) plane for mX = 10 TeV. In the region below lowest plotted contour, 550 GeV,
Eopt

cut > E∗ so that the PB
det term in Eq. (3.48) vanishes—the solar magnetic field does not

affect the choice of cuts—and Eopt
cut = Emin. Right: Contours of the corresponding values of

θcut from Eq. (3.38).

3.6 Results: AMS Reach

To provide a rough estimate of AMS’s discovery potential, in Fig. 3.7 we show results for

the number of signal events that pass the optimized cuts detailed in the previous section.

Contours of NS are given in the (mA′ , ε) plane for both thermal (αth
X ) and maximal (αmax

X )

dark sector couplings and for the benchmark dark matter masses, mX = 100 GeV, TeV, and

10 TeV. These are the same benchmark masses used in our recent analysis of Earth capture

of dark matter [7].

The NS contours are shaped by the signal probability Pdet shown in Fig. ?? and described

in Sec. 3.5.3. This is in contrast to the case of Earth capture where the low-ε portion of the

contours were shaped by the equilibrium condition and followed the Sommerfeld resonances

analogous to Fig. 3.2. Although the two scenarios are qualitatively similar, their signal

reach is limited by different physics. For a fixed mX , the search for dark photons from the

62



Sun probes a region in the (mA′ , ε) plane probes a region below that of the Earth capture

scenario presented in Ref. [7]. This is as expected: solar dark photons must propagate further

to escape the Sun than those from the Earth, and they thus provide sensitivity to a region

of longer decay lengths L and smaller ε.
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Figure 3.7: Top and Bottom–Left: Red: Number of AMS signal events NS for mX =
100 GeV, 1 TeV, 10 TeV, NB = 1 background event, and livetime T = 3 years in the (mA′ , ε)
plane. The dark sector fine-structure constant αX is set by requiring ΩX ' 0.23. Green:
The NS = 1 reach for αX = αmax

X , the maximal allowed coupling from CMB bounds [70,
71, 72], as written in Eq. (3.5). Blue: Current bounds from direct detection [101, 106].
Gray: Regions probed by other dark photon searches discussed in Sec. 3.3. Bottom–
Right: Comparison of indirect and direct detection sensitivities in the (mX , σ) plane for
mA′ = 100 MeV. Red: NS = 1 signal event contours for αX = αth

X (solid) and αmax
X

(dashed). Green: Same, but for NS = 10. The direct detection bounds are from the
PANDAX-II experiment [106]; note that in this regime the point-like interaction limit is
valid; this is not the case for the low mA′ region [109, 110, 101]. Also shown is the “neutrino
floor,” where coherent neutrino scattering affects direct detection experiments [111].
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The NS contours are not significance contours. A more detailed analysis is required to

obtain significant contours, but we note that, in particular, in looking for an excess of signal

positrons, we have treated all positrons with energies above Ecut with equal weight. This is a

great oversimplification. For example, for models with mX = 10 TeV, the signal is optimized

for Ecut ∼ 1 TeV, as seen in Fig. 3.6, and so any positrons from the Sun’s direction with

energy between around 1 and 10 TeV contributes to NS. But at the upper end of this range,

the background is completely negligible, even integrated over the whole sky. If AMS detected

just one multi-TeV positron, and it came from the direction of the Sun, this would be quite

significant. In this case, the NS = 1 contours may be thought of as characterizing the reach

of AMS, whereas in other cases, requiring NS = 5 over a background of NB = 1 might be

more reasonable.

With this caveat in mind, we now compare the signal reach to the sensitivities of other

probes. In Fig. 5.1, the dark photon bounds from colliders, beam dumps, and cosmology

outlined in Sec. 3.3 are shown in gray. For dark matter masses MX & TeV, the search

reach extends well beyond these bounds—the latter in part due to the recent reanalysis

in Ref. [107] which had found that prior estimates have overestimated the reach of these

searches by about an order of magnitude. Even given collider experiment and cosmology

bounds, AMS could detect tens or even hundreds of high energy positrons from the Sun.

Direct detection experiments are, however, more sensitive. Current bounds from PANDAX-

II are also shown in Fig. 5.1 in blue. For the framework analyzed here, the AMS reach

contours probe the same region of parameter space as existing direct detection searches.

This is due, in part, to the solar magnetic field deflecting the positrons and smearing out

what is otherwise a very clean directional signal for AMS. The severity of this effect can be

seen by comparing to Fig. 3.8, which shows the signal contours in the case where the solar

magnetic field is ignored.

One may extend the signal reach by increasing the solar exposure. As a benchmark for this,
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Figure 3.8: Same as Fig. 5.1 but with no solar B field. Comparing to Fig. 5.1, one sees that
a large fraction of potential signal positrons are deflected for lighter dark matter masses.

Fig. 3.9 shows the reach of a hypothetical ‘high solar exposure’ experiment which the same

properties as AMS but that points to the sun during its entire livetime. This corresponds

to an exposure that is 80 times larger for T = 3 years livetime [136].

Direct detection experiments and the indirect detection signal analyzed here are, however,

quite complementary. As an example, in this paper we have focused on the case where

dark matter scatters elastically. However, the model already has all of the ingredients to

introduce a pseudo-Dirac splitting between the dark matter states, if one assumes that the

order parameter that controls the dark photon mass also gives a small Majorana mass to the

X and X̄. This was most recently explored in Ref. [141] for collider searches of dark matter–

dark photon systems. As is well known, only a modest splitting is required to suppress the
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Figure 3.9: Same as Fig. 5.1 but for a hypothetical high-exposure experiment with ξhigh
� =

80ξ�. The condition of a single background event NB = 1 in Eq. (3.38) sets such strong cuts
that there are no signal positrons for mX . 500 GeV.

direct detection signal [142]. In such a case, the solar capture process is largely unchanged.

The splitting sets a lower bound on the relative velocity of dark matter–ordinary matter

scattering, which sets an upper bound on the Sommerfeld enhancement. However, since the

Sun is a large enough target that it is in equilibrium through most of the relevant parameter

space, this reduced Sommerfeld enhancement does not have a large effect on the dark matter

annihilation rate. Thus it is simple to consider a regime in theory-space where the high-mX

bounds in Fig. 5.1 probe new territory. We emphasize that this regime does not require any

new ingredients beyond the assumptions implicit in the benchmark model of this paper. We

leave a detailed study of this scenario to future work.

In the bottom–right panels of Figs. 5.1–3.9, we show these results in the usual direct detection
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plane (mX , σXn) where σXn is the X-nucleon cross section. We fix mA′ = 100 MeV. The

reach of the solar dark photon signal appears to be greater for αth
X than for αmax

X . This is

because σXn ∼ αXε
2 so that σXn corresponds to a smaller value of ε when assuming the

maximal αmax
X dark sector coupling versus the thermal value αth

X .

3.7 Conclusions

We have presented a novel method to discover dark sectors whose gauge bosons kinetically

mix with the SM. Dark matter is captured by the Sun and can yield a smoking gun signature

when it annihilates to dark photons that exit the Sun. These dark photons then decay into

e+e− pairs that may be searched for using directional discrimination from a space-based

telescope such as AMS with its fantastic angular resolution. This search is insensitive to

difficult-to-quantify astrophysical backgrounds and provides an opportunity for unambiguous

dark matter discovery by AMS.

We have presented a complete treatment in the dark photon scenario that includes several

effects that had heretofore been neglected. Our analysis incorporates the effect of non-

perturbative Sommerfeld enhancements in the dark matter annihilation rate at the center of

the Sun, which enlarges the region of parameter space in which dark matter capture and an-

nihilation are in equilibrium. This is a necessary condition for a maximal annihilation rate.

We have also addressed the non-perturbative enhancements in dark matter self-scattering at

low velocities. These affect the rate of dark matter self-capture. In most of the phenomeno-

logically relevant parameter space, self-capture remains a subdominant effect. We pointed

out regimes that may be of interest for self-interacting dark matter models, where there may

be significant deviations from our analysis.

We modeled the effects of the solar magnetic field on the experimental reach of the AMS
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detector. These magnetic fields smear out the signal, weakening the directionality of the

signal, which would otherwise be effectively point-like. Assuming high-energy positrons can

be accurately ray-traced back to regions where the Earth’s magnetic field is negligible, we

defined a set of cuts that optimize the signal probability Pdet subject to a fixed number of

allowed background events, and we estimated the reach for AMS with three years of data.

The reach extends beyond regions probed by beam dump and supernova bounds, and is

similar to the regions probed by direct detection. These latter bounds, however, are much

less stringent if the dark matter section includes even very small pseudo-Dirac mass splittings.

Such splittings are generic in our framework and require no additional ingredients. We leave

a detailed exploration of this scenario to future work [3]. For comparison, we have also shown

results for the case where the signal is not degraded by bending in a solar magnetic field,

and for a hypothetical AMS-like experiment that points at the Sun and so has 80 times its

exposure. In both of these cases, again requiring negligible background, the number of signal

events is improved by an order of magnitude.

In Ref. [7] we showed that the IceCube experiment can be used to search for captured

dark matter in the Earth annihilating into dark photons. For dark sunshine leading to

positrons and electrons, however, the IceCube signal is suppressed, since these positrons

and electrons will be captured in the Earth before entering IceCube. However, if the dark

photons decay into muons, these muons may penetrate through kilometers of earth to reach

IceCube. Because the amount of earth between the Sun and IceCube is time dependent, this

signal would have an annual modulation. Separately, we have shown in the appendix that

gauge invariance requires dark photons to have a small coupling to the weak neutral current.

For small masses this is suppressed relative to the coupling to the electric current, but such

a neutrino signal would not be affected by the solar magnetic fields which afflict the positron

signal. It may then be interesting to recast IceCube searches for solar neutrinos in terms of

an excess coming from intermediate dark photons that decay to neutrinos.
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Chapter 4

Dark Photons from Inelastic Dark

Matter at the Center of the Sun

The following is based on a previously published paper by the author and Philip Tanedo [3].
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4.1 Introduction

As we have seen, direct detection experiments still place stringent constraints on the simplest

kinetic mixing portal theories, and it is natural to ask if variations on these models can avoid

direct detection bounds while remaining accessible to other experiments.

Inelastic models were initially invoked for just this purpose: to reconcile the experimental

tension between the DAMA modulation signal and null results from CDMS [142, 143], in

part because even a small mass splitting ∆ ∼ 100 keV can weaken upper limits on the spin-

independent cross section from nuclear recoils by many orders of magnitude. These models

are also appealing for their potential to resolve small scale structure problems if the mass

splitting is ∆ & 50 keV [144].

In this manuscript we focus on a simplified model of a self interacting inelastic dark sector

that interacts with the Standard Model by kinetic mixing [29, 30] between a hypothesized

massive U(1)X gauge boson, hereafter referred to as the “dark photon” [33, 34], and the

Standard Model photon.

In previous work [7, 6] we investigated a novel indirect detection signal of the elastic limit

of this model: dark matter is captured by astrophysical objects and annihilates into dark

photons. These dark photons then stream outwards and decay to Standard Model particles

that may be detected by existing experiments. We found that dark matter capture and anni-

hilation within the Earth could produce unique signals in the IceCube Neutrino Observatory

over a large, currently unconstrained region of parameter space with dark matter masses

100 GeV . mX . 10 TeV. We discovered further that the same process occurring in the

Sun, which we term “dark sunshine,” may result in energetic positrons detectable by the

Alpha Magnetic Spectrometer (AMS-02), providing a probe of the dark sector unconstrained

by dark photon exclusions from fixed target experiments and supernova observations, with

100 GeV . mX . 10 TeV, 1 MeV . mA′ . 100 MeV, and 10−10 . ε . 10−8. This region of
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parameter space exhibits a large overlap with the parameter space excluded by large noble

liquid direct detection experiments. We now ask whether inelastic models that obviate these

exclusions could still be found through dark sunshine.

This is not an obvious question. Inelastic models avoid direct detection constraints due to the

kinematics of endothermic scattering. Dark matter that falls into the Earth’s gravitational

well will typically not be energetic enough to scatter. We may suspect, on the other hand,

that the stronger gravitational influence of the Sun will allow these interactions to occur,

even at mass splittings that prohibit scattering in terrestrial liquid xenon experiments. In

such a case we expect that the solar dark matter capture and annihilation rates are only

mildly suppressed by the addition of a mass splitting, rendering a dark sunshine search as

potentially the only way to observe dark matter in our solar system.

To answer this question, we perform a complete analysis of dark matter capture and anni-

hilation in the Sun with this model, including kinematic suppression of dark matter capture

relative to the elastic case, modification of the annihilation rate due to Sommerfeld enhance-

ment in inelastic models, relaxation of competing limits from direct detection, and the effect

of the Sun’s magnetic field on the positron signal at AMS-02. We find that even with mass

splittings large enough to weaken constraints from LUX by two orders of magnitude, the

capture and annihilation processes are only weakly affected. As a result, there exist regions

of parameter space untouched by other probes of the dark sector, and favored by small

scale structure observations, where AMS-02 is expected to see tens or hundreds of energetic

positrons produced by boosted dark photon decays in existing datasets. For the case of dark

matter capture by the Earth, we find that in the case when the inelastic mass splitting is

small our results are unchanged from earlier analysis, but that the Earth does not capture

dark matter efficiently when the mass splitting is large enough to substantially modify direct

detection limits on the model.

Dark matter capture and annihilation in gravitating bodies has been examined before [37,

71



38, 39, 40, 41, 42, 44, 43, 46, 49] with early works considering the production of neutrinos

by captured dark matter annihilation in the Sun, while more recent studies have focused on

the production of new particles beyond the Standard Model, of which dark photons are one

example [60, 57, 58, 59]. The ANTARES neutrino telescope has recently placed limits on a

similar scenario to what we have considered, searching for muons and neutrinos coming from

mediator decays in a secluded dark matter framework [145]. Kouvaris et al. further examine

“darkonium” bound states in the Sun and argue that AMS-02 may be sensitive to dark

photons emitted during the formation of these bound states [146]. Inelastic dark matter

models have also been previously applied to other astrophysical anomalies [147], collider

searches [148, 141], and solar dark matter capture [149].

4.2 Model

The hidden sector we consider in this manuscript consists of two Dirac fermions of nearly

identical masses interacting inelastically through the gauge boson of a broken U(1)X gauge

symmetry, called the “dark photon,” that kinetically mixes with the Standard Model hyper-

charge boson. Inelastic couplings may be introduced in the fermion sector by diagonalizing a

mass matrix that induces maximal mixing between the two species. A model of an inelastic

dark sector consisting of Majorana fermions was given in Ref. [142], and most SUSY-inspired

dark sector models share this trait. To comport with our earlier work on dark matter capture

and annihilation we have chosen to use a simplified model of inelastic Dirac dark matter.

This class of model was first invoked in Ref. [150]. Here we provide an explicit construction

to establish notation. Suppose that the dark sector consists of two Dirac fermions, denoted

ψ and χ, which carry opposite-sign U(1)X charges. The relevant dark sector interactions are

Ldark ⊃ gXψ̄ 6A′ψ − gX χ̄ 6A′χ−
(
ψ̄ χ̄

)



M m

m M







ψ

χ


 . (4.1)
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We assume M � m. We can now rewrite the Lagrangian in terms of the mass eigenstates

X1,2 = (ψ ∓ χ) /
√

2:

Ldark ⊃ gXX̄2 6A′X1 + gXX̄1 6A′X2 − (M −m)X̄1X1 − (M +m)X̄2X2 . (4.2)

If the mass matrix is more general both elastic and inelastic couplings may occur, with

arbitrary relative strength. We have chosen to consider the simpler case. We emphasize

that these inelastic couplings may be accomplished without the introduction of any new

fields beyond a second fermion in the dark sector: the mass matrix consists of terms that are

either U(1)X invariant or that may be produced when the U(1)X is broken by a dark-charged

Higgs field. We assume that the Higgs field responsible for the dark photon mass is heavy

enough that its dynamics do not affect the phenomena we will examine.

The diagonalization of the dark photon–SM gauge Lagrangian has been detailed elsewhere

[151, 152, 6], and results in an effective theory where the dark photon has mixing parameter

ε suppressed couplings to the SM electromagnetic current, and coupling to the weak neutral

current further suppressed by m2
A′/m

2
Z . Because we consider dark photons of mass below

1 GeV, the latter coupling can be safely neglected, and the effective Lagrangian of our

simplified model is

L = −1

4
FµνF

µν − 1

4
F ′µνF

′µν +
1

2
m2
A′A

′2 +
∑

f

f̄ [i 6∂ − qfe( 6A+ ε 6A′)−mf ] f

+ iX̄1 6∂X1 + iX̄2 6∂X2 + gXX̄2 6A′X1 + gXX̄1 6A′X2 −mXX̄1X1

− (mX + ∆)X̄2X2 .

(4.3)

In the above expression we sum over SM fermions f with electric charge qf , gX is the hidden

U(1) gauge coupling, mX ≡ M − m is the mass of the lighter of the two hidden sector

particles, the dominant component of the dark matter, and ∆ ≡ 2m is the mass splitting

between the two species. Henceforth in this manuscript, unless there is ambiguity, we will
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omit subscripts and refer to the lighter species as simply X.

This model has five free parameters: mX , ∆, mA′ , gX , and ε. We assume that mX > mA′ .

We fix gX by assuming that the dark matter abundance is set by thermal freeze-out of the

process X̄X → A′A′, which is the dominant annihilation channel in the case where ε� gX .

In the limit where the mass splitting is much smaller than the dark matter mass, which we

assume throughout, the thermal relic density is unaffected at the 10% level by the presence

of the more massive state [153]. In order to satisfy the observed abundance as a thermal

relic we take [119]

αX = 0.035
(mX

TeV

)
. (4.4)

The dark photon decay rate is given by

Γ =
1

Br(A′ → e+e−)

ε2α(m2
A′ + 2m2

e)

3mA′

√
1− 4m2

e

m2
A′
. (4.5)

Our assumption that mX > mA′ implies that there are no hidden sector states into which the

dark photon can decay. The branching ratio to electrons is then 1 when 2me < mA′ < 2mµ,

and at higher masses it is determined from hadron production at colliders [74]. From this

we write the boosted dark photon decay length, which determines whether dark photons

produced by dark matter annihilation are able to escape the Sun before decaying and thus

produce a positron signal at AMS-02:

L =
vγ

Γ
= R� Br(A′ → e+e−)

(
1.1× 10−9

ε

)2(
mX/mA′

1000

)(
100 MeV

mA′

)
, (4.6)

where R� = 7 × 1010 cm = 4.6 × 10−3 au is the radius of the Sun and we have taken the

limit me � mA′ � mX .

74



4.3 Experimental Constraints

The possibility of a hidden U(1)X boson that kinetically mixes with the photon has been

extensively investigated, both as part of an interacting dark sector and as a stand-alone

extension of the Standard Model. Here we review those experimental constraints relevant

for the region of parameter space accessible to dark sunshine.

4.3.1 Direct Detection Experiments

Direct detection experiments bound the dark matter–nucleon cross section for weak scale

dark matter, which in this model is a function of the dark coupling constant, the dark matter

and dark photon mass, and the kinetic mixing parameter. The strongest current bounds

come from the PANDAX-II experiment [106]. In the inelastic dark matter framework, direct

detection bounds are modified and generically produce weaker exclusion limits [142, 154, 155].

Before we proceed it is a good idea to have a general idea of the orders of magnitude involved.

In order for the lighter state to scatter at all against a nucleus of mass mN it must have a

lab frame speed wmin of

wmin =

√
2∆

(
1

mN

+
1

mX

)
. (4.7)

We can estimate from this the size of the mass splitting that will forbid scattering. If dark

matter has a characteristic velocity of 220 km/s and a mass much higher than that of the

nucleus, and we take mN ∼ 100 GeV we see that ∆ ∼ 100 keV. We now make this more

precise.

The differential nuclear recoil rate in a detector whose fiducial volume encompasses NT nuclei

with mass mN , mass number A, and atomic number Z, when the dark matter velocities follow
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a Maxwell–Boltzmann distribution, is given by [156]

dR

dER
=
NTmNρX
4u0mX

F 2
N(ER)

σXn
µ2
n

(fpZ + fn(A− Z))2

f 2
n

(
erf(ymin + η)− erf(ymin − η)

η

)
. (4.8)

This formula depends on

• The Helm form factor:

F 2
N = exp

(
−ER
EN

)
EN =

0.114 GeV

A
5/3
N

. (4.9)

• The Earth’s velocity in the galactic rest frame in units of the velocity of the local

standard of rest, u0:

η ≡ u⊕
u0

=
V� + V⊕ cos γ cos(ω(t− t0))

u0

, (4.10)

where u0 = 220 km/s, V� = u0 +12 km/s, V⊕ = 30 km/s, ω = 2π/yr, t0 = June 2, and

cos γ = 0.51 describes the inclination of the Earth’s orbital plane relative to the Sun’s

orbit about the galactic center. Both here and in our later examination of the dark

matter capture rate we adhere to the conventions established by Gould [44, 43, 46, 49]:

u denotes “asymptotic” velocities far from the gravitational influence of the Sun, v

denotes escape velocities, and w denotes lab frame velocities at the point of interaction.

• The speed y of a WIMP incident on the detector in units of u0. Its lower limit ymin

corresponds to the lowest speed the WIMP can have while imparting a recoil energy

ER:

ymin ≡
1

u0

√
1

2mNER

(
mNER
µN

+ ∆

)
, (4.11)

where µN is the reduced mass of the WIMP–nucleus system. This is in contrast to µn,
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which denotes the reduced mass of the WIMP–nucleon system.

We note that direct detection limits are usually derived with the assumption that the dark

matter velocities in the galaxy follow a Maxwell–Boltzmann distribution, in contrast to our

treatment of dark matter capture. We confirmed in previous work that the capture rate in

the Sun is only weakly sensitive to this discrepancy and we therefore expect our results to

be valid over all distributions favored by dark matter halo observations and simulations.

Over a given time interval, the expected number of events seen within a window of nuclear

recoil energies is given by

NTmNρX
4u0mX

σXn
µ2
n

(fpZ + fn(A− Z))2

f 2
n

∫
dER dt F

2
N(ER)

(
erf(ymin + η)− erf(ymin − η)

η

)
,

(4.12)

where the limits of integration are determined by the experiment’s nuclear recoil sensitivity

and the live time of the experiment. In order to roughly evaluate the effect of a nonzero mass

splitting on the PANDAX-II bounds, we notice that only the integral over recoil energy and

time is dependent on ∆, through the dependence on ymin. For a fixed detector composition

and size we see that for each dark matter mass, upper limits on σXn scale as

σupper
Xn ∝

[∫
dER dt F

2(ER)

(
erf(ymin(∆) + η)− erf(ymin(∆)− η)

η

)]−1

. (4.13)

To explicitly evaluate the recoil integral we assume that the fiducial volume of PANDAX-II

is composed entirely of nuclei of Z = 54 and A = 131. We assume that PANDAX-II has

a nuclear recoil threshold of 1 keV, and average the Earth’s velocity relative to the WIMP

wind over a full annual cycle. The results of this scaling on the (mX , σXn) plane are shown

in Figure 4.1.

These bounds on the cross section can be translated into bounds on light mediators between
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Figure 4.1: Left: Rescaling of PANDAX-II limits (Blue) [106] on spin independent WIMP–
nucleon scattering for indicated fixed values of δ ≡ ∆/mX . Red: δ = 10−6, Orange:
δ = 10−7, Yellow: δ = 10−8. Right: Same as Left, but for fixed values of ∆. Orange:
∆ = 100 keV. Yellow: ∆ = 10 keV. Also shown is the neutrino floor, where coherent
scattering of solar and atmospheric neutrinos will appear as background in direct detection
experiments.

the dark and visible sector [101], and can therefore be shown on the dark photon (mA′ , ε)

plane. To see how these bounds change when a dark sector mass splitting is introduced,

we notice that the WIMP–nucleon cross section is quadratically dependent on the kinetic

mixing parameter, and therefore that bounds on ε will scale like the recoil integral raised to

the −1/2 power. Representative effects of this scaling will be shown in Sec. ??.

We caution the reader not to take such a scaling argument too literally. The imposition of

a hard cutoff for the nuclear recoil threshold and simple integration over detector livetime

ignores details of the PANDAX-II detector response and data analysis as well as the Poisso-

nian nature of direct detection event rates, but this will suffice to give a rough understanding

of how direct detection bounds are modified in inelastic models.
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4.3.2 Fixed Target Experiments

Fixed target experiments attempt to produce dark photons by bremsstrahlung off of SM

beam constituents and search for the decay of these dark photons to SM particles after they

have propagated a large distance through shielding material. Because we assume that the

dark photon can decay only to SM states, these searches are insensitive to the matter content

and coupling of the dark sector. As such we are able to plot the bounds from fixed target

dark photon searches in the (mA′ , ε) plane, and these bounds will remain unchanged as we

sweep over mX and ∆. The bounds that most overlap with our proposed search region for

dark sunshine come from E137 [120, 121] and LSND [122, 123, 124], which jointly constrain

dark photons with 1 MeV . mA′ . 300 MeV and 10−8 . ε . 10−5. For a review of fixed

target dark photon searches see Ref. [35].

4.3.3 Supernova Observations

Light, weakly interacting particles may be emitted from core-collapse supernovae, shortening

the resulting burst of energetic neutrinos. Observations of SN1987A constrain the couplings

and masses of dark photons for 1 MeV . mA′ . 100 MeV and 10−9 . ε . 10−7 [102, 103,

104, 105, 107]. These bounds, however, have recently come under scrutiny [105, 157, 158,

107] with special focus placed on the production of dark photons through nucleus–nucleus

bremsstrahlung and accounting for effects of the stellar environment. It is always prudent to

claim the most conservative exclusion region, and for these purposes we use the exclusions

provided by Ref. [107]. Another set of bounds can be placed from the absence of an MeV γ

signal from SN1987A [104], though these may also be affected by the treatment of nucleus–

nucleus bremsstrahlung in supernovae. In the absence of a more complete published analysis

we will continue to show these bounds, which apply for 1 MeV . mA′ . 100 MeV and

10−11 . ε . 10−9. The bounds from Ref. [103] require that the dark matter is light enough
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(mX . 100 MeV) to be produced in the supernova core and are thus not applicable here.

4.3.4 Indirect Detection

Observations of the diffuse positron spectrum constrain the dark sector coupling αX [60, 57,

58]. These constraints do not conflict with the thermal value of αX that we use throughout

this manuscript.

4.3.5 Cosmology

Cosmic microwave background observations constrain dark matter annihilation in the early

universe and thus αX [70, 71, 72, 73]. Ref. [73] provides the most stringent constraints, but

these bounds do not reach the thermal relic value of αX for the masses we consider. Big

bang nucleosynthesis also constrains properties of long-lived dark photons independently of

the dark matter characteristics [128]. The relevant bounds to our proposed search come from

the observed abundance of 4He and exclude dark photons of mass 300 MeV . mA′ . 10 GeV

and kinetic mixing 10−12 . ε . 10−10.

4.4 Dark Matter in the Sun

Dark matter becomes captured by the Sun if scattering with nuclei results in the final state

particle traveling too slowly to escape the Sun’s gravity. The captured dark matter sinks to

the core and reaches thermal equilibrium with the surrounding matter. As it accumulates in

the core the dark matter annihilates into pairs of dark photons. Due to the low temperature of

the Sun’s core, the tree level annihilation process receives large corrections from Sommerfeld

enhancement. A detailed treatment of this process is given in Ref. [6]. In this manuscript
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we will highlight the modifications to the calculation resulting from the presence of a mass

splitting. We find that the main difference occurs in the capture process, while for the mass

splittings we consider the annihilation is unchanged.

For the masses we consider it suffices to examine only capture from dark matter scattering

off of nuclei, ignoring the effects of dark matter self-capture [75] and dark matter evaporation

[41, 42]. The rate of dark matter annihilation in the Sun is

Γann =
1

2
Ccap tanh2 t

τ
, (4.14)

where Ccap is the rate of dark matter capture and τ is the timescale at which the capture

and annihilation rates balance so that the total number of dark matter particles in the Sun is

roughly constant. As we can see, when the lifetime of the body t is less than the equilibrium

timescale τ the annihilation rate drops quickly, while for t > τ the annihilation rate is

approximately constant in time and proportional to the capture rate. The primary impact

to our signal rate due to the addition of inelasticity stems from the capture kinematics, to

which we now turn.

4.4.1 Dark Matter Capture

The differential rate for dark matter scattering off of nuclei is proportional to the densities of

the interacting particles and their velocity distributions. We work in heliocentric coordinates

in the Sun’s rest frame, and take the nuclei comprising the Sun to be at rest. The differential

rate is then

d3r d3w dER nX nN(r) w f�(w, r)
dσN
dER

, (4.15)

where w is the velocity of the incident dark matter, r is the position, nX and nN denote the

number densities of dark matter and nuclei, respectively, f�(w, r) is the velocity distribution
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of dark matter, and dσN/dER is the differential scattering cross section. Dark matter passing

through the solar system will become captured when it scatters off of a nucleus such that

the final state dark sector particle has a velocity below the Sun’s escape velocity. This

requirement imposes a limit on the recoil energies leading to capture. We integrate the

above rate over the volume of the body and over the appropriate limits on recoil energy and

velocity to find the capture rate for a single species of nucleus N :

CN
cap = nX

∫ R

0

dr 4πr2nN(r)

∫ ∞

wmin

dw 4πw3f�(w, r)

∫

cap

dER
dσN
dER

. (4.16)

The nontrivial lower limit on the lab frame velocity integral derives from kinematics: in the

model provided in Sec. 4.2 the only allowed hidden sector vertex involves a transition from the

lighter state to the heavier state or vice versa. If the incident dark matter’s kinetic energy is

too low to produce the heavier state, scattering simply does not occur. The threshold energy

occurs when the heavier state and the nucleus are both at rest in the dark matter–nucleus

CM frame after the collision, which implies

Ethresh = ∆

(
mX

mN

+ 1

)
(4.17)

to leading order in ∆. This lower limit on the incident dark matter’s kinetic energy furnishes

a lower limit on velocity, in the non-relativistic limit:

wmin =

√
2∆

(
1

mN

+
1

mX

)
. (4.18)

The limits on recoil energy are determined in part by the capture requirement and in part

by kinematics. The recoil energy is given in terms of the CM frame scattering angle θCM by

ER =
µ2
Nw

2

mN

(1− cos θCM) . (4.19)
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The upper limit of ER then occurs when cos θCM = −1:

Emax
R =

2µ2
Nw

2

mN

. (4.20)

The lower limit is set by the requirement that the nucleus carry away enough of the incident

energy that the outgoing WIMP is moving too slowly to escape the Sun. Conservation of

energy yields

Emin
R =

1

2
mXu

2 − 1

2
∆v2
�(r) , (4.21)

where v� is the escape velocity of the Sun and u is the asymptotic velocity of the dark matter

in the Sun’s rest frame. This lower limit represents a cut on the final state phase space of

the scattering process, as distinguished from the earlier discussion of the threshold velocity,

which determines whether the reaction can occur.

Using the same differential cross section, dark matter velocity distribution [76], and solar

model [130, 129, 131] as in Ref. [6], the dark matter capture rate can be written compactly:

Ccap = 32π3ε2αXαnX
∑

N

Z2
N

mNEN
exp

(
m2
A′

2mNEN

)
cNcap (4.22)

cNcap =

∫ R�

0

dr r2nN(r)

∫ ∞
√
w2

min−v
2
�(r)

du uf�(u)Θ(∆xN)

[
e−xN

xN
+ Ei(−xN)

]xmin
N

xmax
N

. (4.23)

We have used a substitution variable

xN ≡
2mNER +m2

A′

2mNEN
, (4.24)

with EN

EN =
0.114 GeV

A
5/3
N

, (4.25)
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and Ei is the exponential integral function defined by

Ei(z) ≡ −
∫ ∞

−z
dt
e−t

t
. (4.26)

We take the number density of dark matter in the solar system to be nX = 0.3 GeV/cm3/mX .

We have verified that the treatment of dark matter capture presented above predicts the

same O(1) suppression of solar capture for ∆ ∼ 100 keV relative to the elastic case as that

presented in Ref. [149], in the contact limit where mA′ is large and the differential cross

section’s dependence on ER enters only though the Helm form factor. For smaller values of

mA′ the capture rate is further suppressed.

In our earlier examination of “dark earthshine” at IceCube [7] we found that such a search can

probe a large region of parameter space currently inaccessible to direct detection experiments.

Given the modification of direct detection bounds in an inelastic framework, it is natural to

ask if this virtue persists. The answer to this question is negative. We find numerically that

when the dark matter mass splitting is large enough to significantly weaken direct direction

constraints, the capture rate for dark matter in the Earth falls as well. This is an obvious

result, since the scattering process for dark matter capture in the Earth is identical to that

exploited by direct detection experiments. When the mass splitting is large enough that

nuclear recoils in direct detection experiments are kinematically disallowed, we expect the

capture process to be forbidden as well. For the mass splittings treated here we find that

dark matter is simply moving too slowly around the Earth to be captured efficiently. With

smaller mass splittings the direct detection exclusions are not qualitatively weakened while

the potential signal rate at IceCube remains unchanged. For this reason we omit further

discussion of dark matter capture in the Earth from the ensuing analysis and treat only

the case of dark matter accumulated in the Sun, detectable by dark sunshine signatures at

AMS-02.

84



4.4.2 Dark Matter Annihilation

The captured dark matter population can be taken to be in thermal equilibrium with the

solar core when the WIMP–proton spin independent scattering cross section is greater than

10−51 cm2 for mX = 100 GeV, 10−50 cm2 for mX = 1 TeV, or 10−47 cm2 for mX = 10 TeV

[53]. We found in previous work that the cross section is several orders of magnitude larger

than this in the relevant regions of parameter space, so that our analysis of dark matter

annihilation is consistent. However, there is another wrinkle introduced in the framework of

inelastic dark matter that we have already mentioned: in a theory without an elastic vertex

slowly traveling dark matter will not scatter, and therefore the dark matter population will

not come to thermal equilibrium with the Sun’s core if its temperature is lower than the dark

matter mass splitting [155]. This obstacle can be circumvented, however, by the presence

of a small elastic coupling with strength g′X . In order for a large enough WIMP–proton SI

cross section that allows thermalization we may take g′X ∼ 10−2gX , which is too small to

affect our treatment of capture, annihilation, and direct detection constraints in the inelastic

framework [159, 155]. Such a coupling arises naturally at the one-loop level from the bare

Lagrangian provided in Sec. 4.2.

The annihilation coefficient, encoding the dependence of the captured dark matter annihila-

tion rate on the spatial distribution and thermal cross section, is given by [76]

Cann = 〈σannv〉
[
GNmXρ�

3T�

]3/2

. (4.27)

Here T� = 1.5×107 K ≈ 1.3 keV is the temperature at the center of the Sun, ρ� = 151 g/cm3

is the matter density at the core of the Sun, and GN is Newton’s gravitational constant.

Because of the low temperature of the core of the Sun relative to the dark matter mass,

captured and thermalized dark matter will move very slowly and the annihilation process is

Sommerfeld enhanced [96]. This modifies the annihilation cross section from the tree level
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result to

〈σannv〉 = 〈S〉〈σannv〉tree , (4.28)

where 〈S〉 is the thermally-averaged Sommerfeld enhancement, given by

〈S〉 =

∫
d3v

(2πv2
0)3/2

e−v
2/v20S , (4.29)

with v0

v0 =

√
2T�
mX

≈ 5.1× 10−5

√
TeV

mX

. (4.30)

Here S is the Sommerfeld enhancement for a two-body system with definite relative velocity,

which we define below.

A semi-analytic approximation for the s-wave Sommerfeld enhancement with a massive me-

diator coupling non-degenerate states can be found by solving the two-state Schrödinger

equation with a matrix-valued potential encoding the mediator exchange diagrams [98]. The

result of this analysis is

S =
π

εv
sinh

(
εvπ

µ

)




1

cosh(εvπ/µ)−cos
(√

ε2δ−ε2vπ/µ+2θ−
) εv < εδ

cosh
((
εv+
√
−ε2δ+ε2v

)
π/2µ

)
sech

((
εv−
√
−ε2δ+ε2v

)
π/2µ

)
cosh

((
εv+
√
−ε2δ+ε2v

)
π/µ

)
−cos(2θ−)

εv > εδ

, (4.31)

where εv = v/αX , εδ =
√

2∆/mX/αX , µ is given by

µ = εφ

(
1

2
+

1

2

√
1 +

4

εφrM

)
, (4.32)

with εφ = mA′/mXαX , and rM is defined implicitly by

e−εφrM

rM
= max

[
ε2δ/2, ε

2
φ

]
. (4.33)
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The quantity θ− is

θ− =
1

i

∫ rM

rS

√
λ̃− dr − 4z

1/4
S − 1

i

∫ rM

0

√
λ− dr (4.34)

where λ̃− is given by

λ̃− = −ε2v + ε2δ/2−
√

(ε2δ/2)2 + V 2
0 e
−2µr , (4.35)

with V0 ≡ exp
[
εφrM

(√
1 + 4/εφrM − 1

)
/2
]
/rM , zS = V 2

0 e
−2µrS/16µ4 with rS chosen such

that V0e
−µrS � ε2v, ε

2
δ , and with λ− defined

λ− = −ε2v + ε2δ/2−
√

(ε2δ/2)2 + e−2εφr/r2 . (4.36)

For the mass splittings we consider in this manuscript, with ∆/mX ∼ 10−9 − 10−6 this

formula is well approximated by sending εδ → 0, recovering the Sommerfeld factor from the

elastic case.

4.4.3 Equilibrium Time

The equilibrium time τ = 1/
√
CcapCann for the population of captured dark matter can be

evaluated using the results from the two previous sections. We calculate the equilibrium

time for the benchmark masses mX = 100 GeV, 1 TeV, and 10 TeV over a range of the

dark photon parameter space, for the mass splittings ∆ = 100, 10, and 1 keV. The regions

of dark photon parameter space over which the Sun is currently in equilibrium are shown

in Fig. 4.2. We see that at large masses the equilibrium times are very nearly the same as

in the elastic case, and the reduction of the capture rate as the mass splitting increases is

reflected most clearly for the 100 GeV case.
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Figure 4.2: Contours of τ/τ� = 1 in the (mA′ , ε) plane for benchmark values of mX and ∆,
where τ� = 4.6× 109 yr is the age of the Sun. Black: Contours of τ/τ� = 1 for the elastic
case ∆ = 0. Red: Same, but for ∆ = 100 keV. Green: Same, but for ∆ = 10 keV. Blue:
Same, but for ∆ = 1 keV. The dark sector coupling αX is fixed by requiring that this dark
sector match the observed density of dark matter as a thermal relic. For parameter values
lying in the shaded region above and to the left of the given contours the captured dark
matter population in the Sun is in equilibrium today.

4.5 Detection

Dark matter annihilations will produce dark photons that travel outwards from the Sun.

If those dark photons are massive enough, they will decay to produce highly boosted e+e−
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pairs. These energetic charged particles will be deflected by the Sun’s magnetic field by the

time they arrive at Earth. We suggest cuts on the energy and incidence direction of positrons

so that the number of background positrons satisfying these cuts is reduced to 1. These cuts

are derived in Ref. [6], and their effect is to include a multiplicative factor Pdet correcting a

näıve estimate of the flux of dark photons:

Nsig = 2Γann
ξ�

4π au2
Br
(
A′ → e+e−

)
Pdet . (4.37)

The factor ξ� denotes the “exposure” and has dimensions of area× time. Assuming uniform

operating conditions and accounting for the fact that AMS-02 is only facing the Sun for a

fraction of its livetime, its numerical value is [136]

ξ� = 6.3× 104 m2s
T

yr
, (4.38)

where T is the total time over which AMS-02 has been operating in orbit.

Explicitly, Pdet is

Pdet =
mX − Ecut

mX

(
e−R�/L − e−au/L

)
− PB

detΘ

(
E0 log

au

R�
− Ecut

)
, (4.39)

where PB
det is given by

PB
det =

E0

mX

[
Ei
(
−au

L
e−E×/E0

)
− Ei

(
−au

L
e−Ecut/E0

)]
+
E× − Ecut

mX

e−R�/L . (4.40)

Here E0 and E× are defined

E0(Ecut) ≡ 1.5 TeV

(
100 GeV

Ecut

)0.9
√
T

yr
, E× ≡ min

(
E0 log

au

R�
,mX

)
. (4.41)

At each point in our scan of parameter space we numerically maximize Pdet as a function
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of Ecut with the minimal allowed Emin
cut = 50 GeV corresponding to the energy threshold at

AMS-02.

4.6 Results and Discussion

We present here the results of our analysis for the benchmark masses mX = 100 GeV,

1 TeV, and 10 TeV with mass splittings ∆ = 10 keV and 100 keV. When the mass splitting

is lower than 10 keV we find that the region that can be probed by AMS-02 is qualitatively

indistinguishable from that of previous analyses, where the mass splitting was set to zero.

An analysis of the current AMS-02 dataset will serve as a complementary probe to the most

recent exclusions from the LUX direct detection experiment for dark sectors in which the

mass splitting is ∆ . 10 keV. For larger mass splittings, the AMS-02 signal region shrinks

only modestly while exclusions from direct detection are relaxed by an order of magnitude or

more in ε, leaving a significant window of parameter space that might only ever be probed by

this search. The reduction of the AMS-02 signal window is reflective of the mild suppression

of the capture rate: these contours do not approach the region of parameter space where the

Sun is not presently in equilibrium and therefore the annihilation rate is directly proportional

to the capture rate.

The reach of AMS-02 compared to other experimental probes discussed in Sec. 4.3, is shown

in Fig. 4.3. For clarity, we have shown only the Nsig = 1 contours for each value of the mass

splitting. Contours corresponding to higher values of Nsig are determined by the variation

of Pdet as a function of ε and mA′ , as discussed in [6]. A rule of thumb for this, visible in our

previous analysis, is that starting from the bottom of the Nsig = 1 contours, an increase of

half a decade in ε corresponds to a two decade increase in Nsig. Accordingly, there are regions

outside of the modified direct detection exclusions where the expected Nsig at AMS-02 may

be of order 100 over the three year livetime. These are not significance contours. A more
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Figure 4.3: Red: AMS-02 reach region for T = 3 years live time in the (mA′ , ε) plane for
mX = 100 GeV (top left), mX = 1 TeV (top right), and mX = 10 TeV (bottom left); and
in the (mX , σXn) plane for mA′ = 100 MeV (bottom right). The dark sector fine-structure
constant αX is set by requiring ΩX ' 0.23. Solid curves are for the dark sector mass
splitting ∆ = 100 keV, while dashed curves are for ∆ = 10 keV. The indirect detection
reach is also compared to other probes. Green: current bounds from direct detection with
∆ = 0 [101, 106]. Blue: rescaled bounds from direct detection. Solid curves are for
∆ = 100 keV, while dashed curves are for ∆ = 10 keV. Gray: regions probed by beam
dump experiments, supernova observations, and BBN constraints [35, 128] (top and bottom
left), and the neutrino floor (bottom right).

detailed analysis will be necessary to determine exactly the region of parameter space ex-

cluded by AMS, if indeed no dark sunshine signature is detected. However, these contours

still provide useful information for weak scale secluded dark matter searches: the positron
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Figure 4.4: Same as Fig. 4.3 but with increased exposure ξhigh
� = 80ξ�. Note that the reach

for mX = 100 GeV dark matter vanishes at AMS-02. This is because our angular and energy
cuts, set by the condition that we expect only one background event, restrict the amount of
signal positrons to be negligibly small. The positron background drops off at higher energies,
so that a search for more massive dark matter does not suffer the same reduction in expected
signal rate.

background at AMS-02 drops quickly at higher energies, to the extent that the expected

number of background positrons of energy greater than 1 TeV is negligible. A single ener-

getic positron observed from the direction of the Sun can therefore be very significant. For

mX = 10 TeV then, the Nsig = 1 contours characterize AMS-02’s reach region, while higher

event numbers are required to claim discovery at lower energies with accordingly higher
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backgrounds.

More charitable assumptions yield accordingly more optimistic results: following our analyses

in [6], we present the expected reach region for a hypothetical experiment with a higher

exposure than AMS-02 in Fig. 4.4. If a detector with the same technical specifications and

livetime as AMS-02 were placed near the Earth in such a fashion as to always face the Sun,

perhaps at Lagrange Point 1, its exposure ξhigh
� would be greater than the current exposure

of AMS-02 by a factor of 80 [136]. In the formulae presented in Sec. 4.5 this is accomplished

by setting T = 240 yr.

We also present the AMS-02 reach regions in the case where the magnetic field deflections

are ignored in Fig. 4.5. Such a signal region may be viable with an improved understanding

and mapping of the interplanetary magnetic field. Note that while the search regions for

mX = 100 GeV and 1 TeV grow substantially as compared to the regions presented in

Fig. 4.3, the mX = 10 TeV region does not perceptibly change. This is easy to understand:

as the dark matter mass increases, the dark photons produced in dark matter annihilation

are accordingly more energetic. These highly boosted dark photons are more likely to decay

to produce more energetic positrons, which experience less deflection in the solar magnetic

field so that PB
det is negligible.

4.7 Conclusions

In previous work, we presented a novel method to discover a self-interacting elastic dark

sector whose dark photon kinetically mixes with the SM photon. Dark matter is captured by

the Sun and annihilates to dark photons, which furnish an indirect detection signature when

they decay to e+e− pairs. For dark matter masses above 1 TeV this signature benefits from

reduced astrophysical background. In spite of the low background, the signal region from
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Figure 4.5: Same as Figures Figs. 4.3 and 4.4 but using the naive flux based estimate where
magnetic deflections are ignored.

previous analysis was largely excluded by independent bounds from dark matter searches at

PANDAX-II.

In this manuscript we have extended our earlier work to examine a dark sector consist-

ing of two nearly-degenerate states coupling inelastically to a dark photon that mediates

interactions with the Standard Model. Such a model benefits from weakened direct detec-

tion constraints and is well-motivated by small scale structure observations. Relative to the

previously considered elastic case, we found that the inelastic dark matter capture rate is
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only mildly suppressed and the non-perturbative Sommerfeld enhancement agrees with the

elastic case, while the detection efficiencies are completely unchanged. As such, the region

of parameter space over which the Sun is in equilibrium shrinks, but the region accessible

to a dark sunshine search is largely determined by the detection efficiencies and thus is

nearly unaffected. In contrast, direct detection bounds from LUX are relaxed by about an

order of magnitude in ε. This leaves a region of parameter space: 1 TeV . mX . 10 TeV,

∆ ∼ 100 keV, 10 MeV . mA′ . 100 MeV, and 10−10 . ε . 10−8, that is unprobed by super-

nova observations and fixed target dark photon searches, and favored to resolve small scale

structure problems [144], where an inelastic dark sector may still be discovered or excluded

using existing experiments and data. Finally, we provided estimates of the parameter space

accessible to potential future experiments.
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Chapter 5

Relic Density of a Resonant Dark

Photon

The following is based on a previously published paper by the author and Jonathan L. Feng [2].

Notation change: In this chapter we use ε to denote the dimensionless collision energy of

a dark matter annihilation reaction. To avoid confusion with the kinetic mixing parameter

ε used elsewhere in this text, we will denote the parameter by κ throughout this chapter.
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5.1 Introduction

The dark matter relic density is ΩXh
2 = 0.1199 ± 0.0022, where ΩX is the energy density

of dark matter in units of the critical density, and h ' 0.67 is the reduced Hubble param-

eter [160]. As discussed in Chapter 1, because the relic density is an important quantity

and so precisely known, or perhaps because so little else is known about dark matter, sce-

narios in which dark matter is produced through a simple mechanism that gives the correct

ΩX attract special attention. In particular, dark matter that begins in thermal equilibrium

with the standard model and then freezes out with the correct thermal relic density is often

considered especially well motivated. Examples include weakly-interacting massive particles

(WIMPs), weak-scale particles with weak interactions, and WIMPless dark matter [161],

hidden sector particles that are lighter and more weakly-coupled than WIMPs (or heavier

and more strongly-coupled than WIMPs), but nevertheless also have the correct thermal

relic abundance. For both WIMP and WIMPless dark matter, the region of parameter space

that yields the correct thermal relic density, often known as the “thermal target,” provides

a useful goal for current and proposed experimental searches.

Dark photon models [34, 29, 162, 163] are a simple and elegant realization of the WIMPless

possibility. Dark photons A′ are light gauge bosons that have coupling gX to dark matter X

in the hidden sector and couplings κqf to standard model particles f , where κ is the kinetic

mixing parameter (elsewhere denoted as ε), and qf is the electric charge of f . The dark

matter’s relic density is determined by the annihilation process XX → A′ → SM, and for

particular choices of mX , mA′ , gX , and κ, this annihilation process yields the correct thermal

relic density.

Typically, one considers gX ∼ 1 and κ� 1, where κ is assumed to be suppressed, because it is

generated at loop level. The dark photon scenario then splits into two cases. If mA′ < 2mX ,

dark photons always decay to the visible (standard model) sector. In this case, dark photons
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are produced at accelerators through their interactions with standard model particles and

decay back to standard model particles. They mediate a new force, a revolutionary discovery

in and of itself, but their implications for dark matter are not directly probed by accelerator

experiments.

If mA′ > 2mX , however, dark photons produced at accelerators typically decay invisibly to

the hidden sector through A′ → XX. In this case, experiments that produce dark photons

also produce dark matter, and the signature is missing mass, energy, or momentum. Of

course, there is a long road ahead to identify the missing particle with the dark matter that

permeates the universe, but at least in this case, the underlying process involves a dark matter

candidate. The number and variety of experiments that are potentially sensitive to invisibly-

decaying dark photons is staggering. They include BaBar [164, 165], CRESST II [166],

E137 [167, 168], LSND [169, 170, 171, 168], and NA64 [172], which currently bound various

regions of parameter space, and BDX [173, 174, 168], Belle II [175], COHERENT [176, 177],

DarkLight [178], LDMX [179], MiniBoone [170, 171, 180, 168], MMAPS [181], NA64 [182],

PADME [183, 184], SHiP [185, 186], SBNe/SBNπ [187, 188], and VEPP-3 [189], which will

probe this scenario in the future. The promise of discovering a portal to the dark sector in

these experiments is significant, especially in the case of LDMX, which has been projected to

probe all of the thermal target region for MeV < mX . GeV, mA′ & 3mX , and gX ∼ 1 [190].

In addition, a large number of direct detection experiments, which we discuss below, although

not creating real dark photons, also probe these scenarios through X SM→ X SM mediated

by a t-channel A′, where the A′XX interaction is the same one that mediates the dark

photon’s invisible decays.

The invisible decay case with mA′ > 2mX is, however, also the “half” of parameter space in

which dark matter annihilation may be resonantly enhanced. This has been noted previously,

for example, in Ref. [190] (see, in particular, the supplementary material), but the impact of

the A′ resonance has not been investigated in detail. For degeneracies 0 < mA′ − 2mX . Tf ,

98



where Tf is the temperature at freezeout, the kinetic energy of dark matter particles can put

the annihilation process XX → A′ → SM on resonance. As we will see, for ∼ 10% degenera-

cies between mA′ and 2mX , this resonance may have an extraordinary effect. For example,

for scalar dark matter, the resonance generically raises the thermally-averaged annihilation

cross section by four orders of magnitude. To compensate this kinematic enhancement, the

thermal relic density may be corrected by lowering κ2 by four orders of magnitude, but the

resulting thermal target region of parameter space is then beyond the reach of any pro-

posed accelerator experiment. Greater degeneracies move the thermal target to even weaker

couplings.

In the following sections, we consider dark photon models with both scalar and pseudo-

Dirac dark matter, estimate the effect of the resonance analytically, and present numerical

results for the impact of the resonance on the thermal target region for a wide range of mass

degeneracies.

5.2 Dark Photon Model

We use the same model of kinetic mixing as in previous chapters, but with more general

dark sectors. The SM-dark photon Lagrangian is given by

L = −1

4
FµνF

µν − 1

4
F ′µνF

′µν +
1

2
m2
A′A

′2 +
∑

f

f̄(i 6∂ − eqf 6A− κeqf 6A′ −mf )f , (5.1)

where Fµν and F ′µν are the field strengths of the photon A and dark photon A′, respectively,

mA′ is the dark photon’s mass, κ is the kinetic mixing parameter (we reserve ε for another

quantity below), and f are standard model fermions with electric charges qf and masses mf .

The hidden sector also contains the dark matter. We will consider both complex scalar [162]

and pseudo-Dirac dark matter [142, 141, 168]. For the scalar case, the dark matter La-
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grangian is

Lφ =
∣∣(∂µ + igXA

′
µ)φ
∣∣2 −m2

φ |φ|2 , (5.2)

where φ is the scalar dark matter particle with mass mφ, and gX =
√

4παX is the hidden

sector gauge coupling. In this case, the invisble (hidden sector) decay width is

Γφ ≡ Γ(A′ → φφ) =
g2
XmA′

48π

[
1−

(
2mφ

mA′

)2
]3/2

. (5.3)

For the pseudo-Dirac case, we consider a dark photon that couples to two hidden Weyl

fermions that have a Dirac mass and small, identical Majorana masses. In the mass basis,

the resulting dark matter Lagrangian is

Lχ =
∑

i=1,2

χ̄i(i 6∂ −mi)χi − (gX χ̄2 6A′χ1 + h.c.) , (5.4)

where the two fermions χ1 and χ2 couple non-diagonally to the dark photon and have masses

m1 and m2, respectively, with a small mass splitting ∆ ≡ m2 −m1. Below we will typically

refer to χ1 as the dark matter particle X with mass mX and to χ2 as the excited state with

mass mX + ∆. In this pseudo-Dirac case, the invisible, hidden sector decay width is

Γχ ≡ Γ(A′ → χ1χ2) =
g2
XmA′

12π

[
1−
(

2mX+∆

mA′

)2
]1/2[

1+
(2mX+∆)2

2m2
A′

][
1− ∆2

m2
A′

]3/2

. (5.5)
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5.3 Relic Densities Near Resonance: Analytic Esti-

mate

The formalism for treating dark matter annihilation near a resonance was developed long

ago [21, 153]. In this section, we follow the method of Ref. [21] to derive a simple analytic

estimate for the effect of a resonance on the thermal relic density for ∼ 10% degeneracies.

In Sec. 5.4, we will refine the standard treatment to improve its validity off resonance. We

then use these results to derive more precise numerical results for cases with both more and

less degeneracy, which we present in Sec. 5.5.

The thermal relic abundance of a dark matter particle X is

ΩXh
2 = 8.77× 10−11 GeV−2

[
g

1/2
eff

∫ x0

xf

〈σv〉
x2

dx

]−1

, (5.6)

where 〈σv〉 is the thermally-averaged annihilation cross section, x0 = mX/T0 = 4.26 ×

1012 (mX/GeV), T0 is the temperature now, and xf = mX/Tf , where Tf is the freezeout

temperature. The freezeout temperature is found by solving the equation

63× 51/2x
−1/2
f e−xfg

32π3

g
1/2
eff (xf )

heff(xf )
mXmPl〈σv〉 = 1 . (5.7)

In these equations, geff(x) and heff(x) are the effective numbers of degrees of freedom for

energy and entropy density, respectively, g
1/2
eff is the typical value of geff(x) between x0 and

xf , and g is the number of X spin degrees of freedom.

To determine the thermal relic density, then, we must determine 〈σv〉. In this section,

we consider the simple case where the dark matter annihilates through the dark photon
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resonance XX → A′ → SM. For this case, it is convenient to define

s0 ≡ 4m2
X (5.8)

ε ≡ (s− s0)/s0 (5.9)

εR ≡ (m2
A′ − s0)/s0 (5.10)

γR ≡ mA′ΓA′/s0 , (5.11)

where ε, εR, and γR are dimensionless quantities that represent the kinetic energy of the

collision, the kinetic energy required to be on resonance, and the width of the resonance,

respectively. With a slight abuse of notation, in cases where it matters, for example, for the

very small values of εR that we will consider below, these definitions should be considered to

be in terms of physical quantities rather than Lagrangian parameters, so, for example, loop

corrections have been included in the masses in Eqs. (5.8)–(5.11).

In general, 〈σv〉 must be evaluated numerically, but the formalism simplifies greatly with

three approximations. First, if the dark matter freezes out while non-relativistic, xf ≡

mX/Tf � 1, the thermally-averaged annihilation cross section is approximately [21]

〈σv〉NR =
2x3/2

π1/2

∫ ∞

0

σvlabε
1/2e−xεdε , (5.12)

where σ is the annihilation cross section, and

vlab =
2ε1/2(1 + ε)1/2

1 + 2ε
(5.13)

is the relative velocity of the incoming particles in the rest frame of one of them. We have

verified that xf ∼ 15 and the non-relativistic approximation is valid to ∼ 10% throughout

the regions of parameter space we consider.

Second, if we are sufficiently near the A′ resonance, so xfεR . 1 or mA′ − 2mX . mX/xf ,
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we may take σ to have the Breit-Wigner form

σBW =
4πω

p2
BiBf

m2
A′Γ

2
A′

(s−m2
A′)

2 +m2
A′Γ

2
A′

=
4πω

m2
Xε
BiBf

γ2
R

(ε− εR)2 + γ2
R

, (5.14)

where ω = (2SA′ + 1)/(2SX + 1)2, SA′ = 1 is the dark photon’s spin, SX is the dark matter’s

spin, and Bi = B(A′ → XX) and Bf = 1 − Bi = B(A′ → SM) are the branching fractions

to the hidden and visible sectors, respectively.

Third, if the dark photon’s couplings are sufficiently weak, so γR � 1 or ΓA′ � mA′ , we may

use the narrow width approximation and the Breit-Wigner cross section becomes a delta

function. In the numerical analysis described below in Sec. 5.5, we have verified that, even

for large αX ∼ 0.5, the narrow width approximation gives thermally-averaged cross sections

that are in agreement with the full result at the 10% level for εR ∼ 0.1, improving to 1%

agreement for εR . 0.01.

Given these three simplifications, the thermally-averaged annihilation cross section near a

resonance at freezeout is [21]

〈σv〉res ≈
16π3/2ω

m2
X

x
3/2
f γRBiBf

(1 + εR)1/2

1 + 2εR
e−xf εR (5.15)

≈ 16π3/2ω

m2
X

x
3/2
f

ΓA′

2mX

BiBfe
−xf εR , (5.16)

where in the last step we have used the fact that xf ∼ 20, and so the “near resonance”

assumption implies εR � 1. Since we are considering invisible decay scenarios, Bi ≈ 1.

We may also write ΓA′Bf = Γf ≡ Nfκ
2e2mX/12π, where Nf is the effective number of

kinematically accessible standard model decay channels. We then find that

〈σv〉res ≈
2π1/2ω

3m2
X

x
3/2
f κ2e2Nfe

−xf εR . (5.17)

103



In the absence of resonances, assuming mX ∼ mA′ , the typical value for the thermally-

averaged annihilation cross section is

〈σv〉non-res ∼
πκ2ααX
m2
X

1

xLf
=
κ2e2g2

X

16πm2
X

1

xLf
, (5.18)

where L = 0 (1) for s-wave (p-wave) annihilation. The nearby resonance therefore enhances

the thermally-averaged annihilation cross section by a factor

〈σv〉res

〈σv〉non-res

∼ 32π3/2ωNf

3g2
X

x
3/2
f xLf e

−xf εR ∼ 5,000
ωNfx

L
f e
−xf εR

g2
X

. (5.19)

We see that a resonance may enhance the annihilation cross section (and suppress the thermal

relic density) by four (two) orders of magnitude for the case of p-wave (s-wave) annihilators

when mA′ and 2mX are degenerate to ∼ 10%.

This conclusion for the thermal relic density assumes ΩXh
2 ∼ 〈σv〉−1, as typically follows

from Eq. (5.6). This is valid for the ∼ 10% degeneracies discussed here, but as we will see

in Sec. 5.5, for even greater degeneracies εR � 0.1, there are additional effects that enhance

the resonance effect further.

5.4 Relic Densities Near Resonance: Numerical Anal-

ysis

In this section, we present our method for numerically evaluating the thermal relic density

near resonance. Our numerical results assume dark matter is non-relativistic at freezeout,

but unlike the analytic estimate of Sec. 5.3, do not assume the resonance is nearby and do

not assume the narrow-width approximation. In addition, we present results for both the

scalar case and the pseudo-Dirac case. The method is a generalization of the treatment
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presented in Ref. [21].

The contribution of an s-channel resonance to the dark matter annihilation cross section can

always be written in the form

σvlab = F (ε)
mA′ΓA′

(s−m2
A′)

2 +m2
A′Γ

2
A′
, (5.20)

where vlab is given in Eq. (5.13) and the dimensionless analytic function F (ε) encodes the

cross section’s dependence on the dimensionless kinetic energy ε ≡ (s − s0)/s0, where s0 =

4m2
X in the scalar case and s0 = (2mX + ∆)2 in the pseudo-Dirac case.

We can then exploit a special function to describe the terms of a partial cross section expan-

sion in a compact and numerically well-described manner. In the non-relativistic thermal

average

〈σv〉NR =
2x3/2

π1/2

∫ ∞

0

σvlabε
1/2e−xεdε , (5.21)

we rewrite the integral as

∫ ∞

0

1

s0

Re

[
i

εR + iγR − ε
F (ε)ε1/2e−xε

]
dε . (5.22)

Substituting the Taylor expansion F (ε) =
∑∞

`=0 F
(`)ε`/`!, we find

〈σv〉NR =
2x3/2π1/2

s0

∞∑

`=0

F (`)

`!
Re

[
i

π

∫ ∞

0

ε`+1/2e−xε

zR − ε
dε

]
, (5.23)

where zR ≡ εR + iγR. The s- and p-wave terms of the above expansion can be written

compactly as

〈σv〉NR ≈ 2x3/2π1/2

s0

{
F (0)Re

[
z

1/2
R w(x1/2z

1/2
R )
]

+F (1)
(
γRπ

−1/2x−1/2 + Re
[
z

3/2
R w(x1/2z

1/2
R )
])}

, (5.24)
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where

w(z) ≡ 2iz

π

∫ ∞

0

e−t
2

z2 − t2dt = e−z
2

(
1 +

2i√
π

∫ z

0

et
2

dt

)
(5.25)

is the Faddeeva function. The first form in Eq. (5.25) is useful to derive Eq. (5.24), and

the second form can be used to evaluate the function numerically and efficiently. In this

work, numerical calculations were performed with the SciPy library [191] using the method

of Ref. [192] to evaluate the Faddeeva function close to the real axis.

We now turn to the specific models we consider in this paper. For the case of scalar X

annihilating to standard model final states through XX → A′ → SM, the cross section takes

the form

σvlab =
16πκ2ααX

3 ((s−m2
A′)

2 +m2
A′Γ

2
A′)

ε [m2
e + 2(1 + ε)m2

X ]
√

1 + ε−m2
e/m

2
X

(1 + 2ε)
√

1 + ε Be(2mX

√
1 + ε)

, (5.26)

which implies

F (ε) =
16πκ2ααX
3mA′ΓA′

ε [m2
e + 2(1 + ε)m2

X ]
√

1 + ε−m2
e/m

2
X

(1 + 2ε)
√

1 + ε Be(2mX

√
1 + ε)

. (5.27)

This cross section is p-wave suppressed, as indicated by the leading factor of ε. We therefore

know that F (0) vanishes, and we can verify that

F (1) =
16πκ2ααX
3mA′ΓA′

(m2
e + 2m2

X)
√

1−m2
e/m

2
X

Be(2mX)
. (5.28)

Given this, the thermally-averaged cross section is given by Eq. (5.24), and the thermal relic

density and freezeout temperature can be determined by Eqs. (5.6) and (5.7).
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For the pseudo-Dirac case, the cross section for annihilation through χ1χ2 → A′ → SM is

σvlab =
4πκ2ααX

3s0 [(s−m2
A′)

2 +m2
A′Γ

2
A′ ]

× (3 + 2ε) [(1 + ε)s0 + 2m2
e] [s0(1 + ε)− 4m2

e]
1/2

[s0(1 + ε)−∆2]
1/2

(1 + ε)(1 + 2ε) Be(
√
s0(1 + ε))

,

(5.29)

which implies

F (ε) =
4πκ2ααX
3s0mA′ΓA′

(3 + 2ε) [(1 + ε)s0 + 2m2
e] [s0(1 + ε)− 4m2

e]
1/2

[s0(1 + ε)−∆2]
1/2

(1 + ε)(1 + 2ε) Be(
√
s0(1 + ε))

.

(5.30)

This is an s-wave cross section, and it is easy to read off the constant term in the Taylor

expansion of F :

F (0) =
4πκ2ααX

s0mA′ΓA′Be(
√
s0)

(s0 + 2m2
e)(s0 − 4m2

e)
1/2(s0 −∆2)1/2 . (5.31)

This determines the leading contribution to the thermally-averaged cross section through

Eq. (5.24).

There is an additional complication in the pseudo-Dirac case: when the dark sector consists of

multiple nearly-degenerate species, we must include coannihilation factors in the thermally-

averaged cross section [153] and the freezeout condition. The effective thermally-averaged

cross section is

〈σv〉eff =
2(1 + ∆/mX)3/2e−x∆/mX

[1 + (1 + ∆/mX)3/2e−x∆/mX ]
2 〈σv〉NR . (5.32)

The freezeout condition is modified to

63× 51/2x
−1/2
f e−xfg

32π3

g
1/2
eff

heff

mXmPl

[
1 +

(
1 +

∆

mX

)3/2

e−xf∆/mX

]
〈σv〉eff = 1 , (5.33)
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and the relic abundance is given by

ΩXh
2 = 8.77× 10−11 GeV−2

[
g

1/2
eff

∫ x0

xf

〈σv〉eff

x2
dx

]−1

. (5.34)

5.5 Results

We present here the results of our analysis using the formalism of Sec. 5.4. Thermal relic

contours for the benchmark, near-maximal perturbative value of the dark fine structure

constant αX = 0.5 are shown in Fig. 5.1 for various values of εR. The contours for the

non-degenerate case mA′ = 3mX agree within ∼ 10% with those presented previously for

scalar [190] and pseudo-Dirac [168] dark matter, which are shown as dotted curves. The

minor discrepancy is due to a ∼ 10% difference between the thermally-averaged cross section

in the non-relativistic approximation used here and the relativistic thermally-averaged cross

section used in Refs. [190, 168] at freeze-out temperatures near xf = 15. For the degenerate

case εR = 0.1, as expected given the analytic estimate of Sec. 5.3, the thermal targets

for scalar (pseudo-Dirac) dark matter move to values of κ2 that are four (two) orders of

magnitude lower, relative to the mA′ = 3mX non-degenerate case.

The gray shaded regions in Fig. 5.1 are excluded by various combinations of current con-

straints from BaBar [164, 165], CRESST II [166], E137 [167, 168], LSND [169, 170, 171, 168],

and NA64 [172]. The CRESST II bounds are not applicable to pseudo-Dirac dark matter

with ∆ = 0.1mX , while exclusions from non-observation of excited state decays χ2 → χ1e
+e−

at E137 and LSND [168] apply only to pseudo-Dirac dark matter with ∆ > 2me. Observa-

tions of the CMB [160] exclude thermal relic Majorana dark matter below the 10 GeV mass

range [73], but we include in Fig. 5.1 the resonant thermal targets for ∆ = 0 to illustrate

the effect of a nonzero mass splitting. Note the thermal targets’ stronger dependence on εR

for smaller values of ∆. Also included in Fig. 5.1 are the projected sensitivities of planned
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Figure 5.1: Thermal targets and accelerator search experiments. Solid Black
Contours: Thermal target contours in dark photon parameter space (mA′ , κ

2) for αX =
0.5 in the non-degenerate cases with mA′ = 3mX and εR ≡ (m2

A′ − 4m2
X)/(4m2

X) = 0.3,
and in the degenerate cases with εR = 10−n, where n = 1, 2, . . . 6. In the scalar case
(top) the thermal relic contours reach a floor near εR = 10−6, where the thermal relic
abundance requirement becomes inconsistent with the requirement that the dark photon
decay is dominantly invisible. The εR = 10−5 contour is displayed in this plot, but is close
enough to the εR = 10−6 contour that they appear to overlap. In the pseudo-Dirac case
(bottom) the thermal relic contours extend to arbitrarily low values of κ2 with appropriate
choice of εR, but we display only a small number of contours to avoid clutter. In the bottom
left panel, the mass splitting is ∆ = 0.1mX , and these models evade direct detection
bounds. In the bottom right panel, ∆ = 0, which illustrates the effect of decreasing
∆ on the thermal target regions. Dotted Black Contours: Thermal target contours
for mA′ = 3mX from relativistic treatments of freeze-out for the scalar [190] and pseudo-
Dirac [168] cases. Gray Shaded: Regions excluded by current bounds (see text). Dashed
Contours: Projected reaches of proposed dark photon and dark matter accelerator searches
(see text).
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accelerator-based dark photon and dark matter searches at BDX [173, 174, 168], Belle II [175],

COHERENT [176, 177], DarkLight [178], LDMX [179], MiniBoone [170, 171, 180, 168],

MMAPS [181], NA64 [182], PADME [183, 184], SHiP [185, 186], SBNe/SBNπ [187, 188],

and VEPP-3 [189]. The excluded regions and future sensitivities assume mA′ = 3mX . For

comparison with the degenerate case contours with mA′ ≈ 2mX , these contours may be

shifted up or down by O(1) factors. For a comprehensive overview of existing constraints

and future experimental sensitivities, see Ref. [12].

Direct detection experiments can also probe these invisible dark photon scenarios. Although

not searches for dark photons per se, they probe the A′XX vertex that induces invisible A′

decay through its role in inducing X SM → X SM scattering through a t-channel A′. To

facilitate comparison with direct detection experiments, it is convenient [193, 194] to express

the thermal relic parameter values in terms of

σ̄e =
16πµ2

X,eακ
2αX

(m2
A′ + α2m2

e)
2
, (5.35)

where µX,T denotes the reduced mass of the dark matter-target system with T = e, nucleon,

or nucleus. For the case of Majorana dark matter, the definition of σ̄e includes an additional

factor of 2(µ2
X,T/m

2
X)v2

X , where vX = 10−3 is the characteristic DM halo velocity.

In Fig. 5.2 we show the same thermal targets as in Fig. 5.1, but expressed in the (mX , σ̄e) pa-

rameter space and compared to current and proposed direct detection experiments. Fig. 5.2

includes current exclusions from XENON [195, 196], as well as projected regions of sensi-

tivity [194, 195, 197, 198, 199, 200] for CYGNUS HD-10, DAMIC-1K [201, 202], NEWS,

PTOLEMY-G3, SENSEI [203], SuperCDMS [204, 205], UA′(1), and future experiments

based on GaAs scintillators [197] superconducting aluminum, superfluid helium [206, 207,

208, 209, 210], color center production [211, 212], magnetic bubble chambers [213], scintillat-

ing bubble chambers [214], and bremsstrahlung in inelastic DM-nucleus scattering [215, 216].
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Figure 5.2: Thermal targets and direct detection search experiments. Solid Black
Contours: Thermal target contours as in Fig. 5.1, but in the direct detection parameter
space (mX , σ̄e), where σ̄e = (16πµ2

X,eακ
2αX)/(m2

A′ + α2m2
e)

2 (see text). In the scalar case
(left) a resonantly annihilating thermal relic may still be within reach of future nuclear
recoil experiments. In the right panel we show only the lines for Majorana DM-nuclear
scattering, with mT = 0.936 GeV; the thermal targets for DM-electron scattering scale
approximately with the target mass squared, placing them far out of reach of current and
proposed experiments. Dotted Black Contours: Relativistic thermal relic contours,
as in Fig. 5.1. Gray Shaded: Regions excluded by current bounds (see text). Colored
Contours: Projected reaches of proposed direct detection experiments (see text).

Exclusions and regions of sensitivity for nuclear recoil experiments are converted into limits

and projected sensitivities for σ̄e using

σ̄e = 4
µ2
X,e

µ2
X,N

σN , (5.36)

which makes it possible to compare the thermal targets and sensitivities of both electron

and nuclear recoil experiments in the same parameter space. As in Fig. 5.1, the excluded

regions and future sensitivities assume mA′ = 3mX and are reviewed in Ref. [12].

Comparing the thermal targets with the existing constraints and projected sensitivities, we

see that for the scalar case and εR ∼ 10%, the thermal target cannot be probed in any

proposed accelerator or beam dump experiment. For the fermionic dark matter cases and
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εR ∼ 10%, the thermal target is also beyond the reach of all proposed accelerator-based

experiments, with the exception of LDMX, for which it is at the border of sensitivity, and

becomes very challenging for smaller mass splittings ∆. For direct detection experiments,

the thermal target for moderate degeneracy εR ∼ 10% is still within the projected reach of

some far future experiments in the scalar case, but is beyond all proposed experiments in

the Majorana case.

We also show results for smaller values of εR in Fig. 5.1. For greater degeneracies, the thermal

target region moves to even lower values of κ2. For εR ∼ 10−6, for example, the thermal

targets are essentially beyond all proposed accelerator and direct detection experiments for

both the scalar and fermionic dark matter cases.

At first sight, the extreme suppression of the preferred values of κ2 might be surprising, since

the thermally-averaged cross section, for example, in Eq. (5.17), becomes independent of εR

for xfεR � 1. However, for very small εR, the dark matter continues to annihilate long after

freezeout as the universe cools. This is accounted for by the integral in Eq. (5.6), and that

integral is sensitive to εR, even it is very small.

To understand this behavior, it is convenient to use the narrow width approximation. In the

case that ΓA′ � mA′ we can write the generic resonant cross section as

σvlab ≈
π

s0

F (ε)δ(ε− εR) , (5.37)

which yields for the thermal average

〈σv〉NR ≈
2π1/2x3/2

s0

ε
1/2
R F (εR)e−xεR . (5.38)

We notice that in both the scalar and pseudo-Dirac cases, as long as ΓSM � Γφ,Γχ and

εR � 1, the quantity F (εR) scales like ε
−1/2
R . Therefore the thermally-averaged cross section’s

112



dependence on εR is contained entirely in the factor exp(−xεR). This observation implies a

simple relation between values of εR and κ that yield the correct relic abundance:

ΩXh
2 ∝

[∫ x0

xf

κ2

x1/2
e−xεR dx

]−1

∝
√
εR
κ2

. (5.39)

We see that as εR → 0, a decrease of εR by an order of magnitude requires κ2 to decrease by

a factor of
√

10 to maintain the correct relic abundance.

What are the smallest possible values of εR? In the scalar dark matter case, as we lower

εR, eventually the phase-space suppression of hidden sector decays will outweigh the kinetic

mixing suppression of standard model decays, so that our assumption of invisible decays fails.

Neglecting the electron mass, the requirement that the invisible width dominates implies

Γφ ≈
αXmA′

12
ε

3/2
R &

αmA′

3Be

κ2 ≈ ΓSM . (5.40)

It is clear, based on the power law dependence on εR, that this condition cannot hold

simultaneously with the thermal relic constraint over all of parameter space. For a given

αX , there will be a minimum value of εR below which visible decays dominate the dark

photon width. We find this minimum value to be εmin
R ≈ 10−6 for αX = 0.5.

In contrast, in the pseudo-Dirac case, the invisible width condition is

Γχ ≈
αXmA′

3
ε

1/2
R &

αmA′

3Be

κ2 ≈ ΓSM , (5.41)

which follows the same scaling as the thermal relic condition. In the pseudo-Dirac case, then,

it is possible to lower the thermal target region to arbitrarily low values of κ2 by choosing the

dark matter to be arbitrarily close to resonance. Put another way, enforcing the thermal relic

constraint on a pseudo-Dirac dark sector “accidentally” fixes the ratio between the visible

and invisible widths of the dark photon, so that the dual assumptions of mostly invisible
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dark photon decays and of thermal relic pseudo-Dirac dark matter may hold concurrently

for all values of εR.

This is a remarkable result. It may be possible, in principle, to construct an experiment that

can truly probe all of the thermal relic parameter space for perturbative theories of complex

scalar dark matter coupled to a dark photon, but theories of fermionic dark matter may

evade any such search by a fine-tuned choice of the dark sector masses.

The interesting behavior for highly degenerate cases may have interesting consequences in

other contexts. For example, in the case of Kaluza-Klein dark matter [217, 218], level-

1 fermionic dark matter with mass mKK may annihilate through level-2 resonances with

masses near 2mKK, providing a rationale for high degeneracies. These resonances will impact

thermal relic density calculations [219], but for extreme degeneracies, our results imply that

there may also be interesting astrophysical signals from dark matter annihilation long after

freeze out. Other interesting implications of resonances for such TeV-scale dark matter have

been explored in Refs. [220, 221, 222].

5.6 Conclusions

The absence of the discovery of WIMPs and other classic dark matter candidates has moti-

vated many new dark matter candidates in recent years. Among those that are often seen

as especially motivated are those that are in thermal equilibrium with the standard model

at early times, but then freeze out with the correct thermal relic density. The regions of

model parameter space that give the desired relic density are “thermal targets” that provide

important goals for new experimental searches.

In this study, we considered dark photon scenarios in which the dark photon decays invisibly

to dark matter through A′ → XX. Such scenarios can be probed by experiments searching
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for missing mass, energy, or momentum. For generic A′ and X masses, proposed experiments,

notably LDMX, are projected to be sensitive to the thermal target parameter space. Direct

detection experiments may also be sensitive to these scenarios by searches for X SM→ X SM

induced by t-channel A′ exchange.

Of course, in such scenarios, since mA′ > 2mX , the annihilation process XX → A′ → SM can

be enhanced by the A′ resonance when the initial state dark matter particles have sufficient

kinetic energies. In this work, we have found that for mA′ − 2mX ∼ 0.1mX , the resonance

implies a kinematic enhancement of the annihilation rate for scalar (pseudo-Dirac) dark

matter of four (two) orders of magnitude, or, alternatively, the thermal target parameter

space moves to values of the kinetic mixing κ2 that are four (two) orders of magnitude

smaller. We derived these results using a simple analytic estimate in Sec. 5.3 and through a

more accurate numerical analysis in Sec. 5.4.

The resulting thermal targets are shown in Figs. 5.1 and 5.2. Even for the case of a 10%

degeneracy mA′ − 2mX ∼ 0.1mX , we find that the thermal targets are very difficult to

probe. For the scalar case, the thermal target is below the projected reach of LDMX and

all other proposed accelerator experiments. For the pseudo-Dirac case, the thermal target is

also beyond the reach of all proposed accelerator-based experiments, with the exception of

LDMX, for which it is at the border of sensitivity, and becomes very challenging for smaller

mass splittings. Direct detection experiments do slightly better, as the thermal target for

εR ∼ 10% is still within the projected reach of some far future experiments in the scalar case,

but the thermal targets are still beyond all proposed experiments in the Majorana case.

For even greater degeneracies, with mA′ − 2mX � 0.1mX , the thermal targets move to even

lower values of κ2. For εR ∼ 10−6, the thermal targets are essentially beyond all proposed

accelerator and direct detection experiments for both the scalar and fermionic dark matter

cases.
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Interestingly, for the case of scalar dark matter, for extreme degeneracies, the condition that

the A′ decays dominantly invisibly becomes inconsistent with the thermal relic condition.

This establishes a floor at mA′−2mX ∼ 10−6mX that is roughly four orders of magnitude in

κ2 below the projected reach of LDMX, but which is the ultimate goal for an experiment that

can probe the entire thermal target region. The floor of the scalar dark matter parameter

space may be accessible to future superfluid helium experiments. Unfortunately, for pseudo-

Dirac dark matter, there is no such floor for the thermal target. Of course, barring some

more fundamental rationale, the fine-tuning required for such degeneracies is extreme, and

ultimately other constraints will apply.
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Chapter 6

Conclusions

In tackling the dark matter problem we have to do several things. Dark matter presents

a unique problem in that it interacts very weakly or not at all with the Standard Model.

However, we know that the final theory of nature has to be a quantum field theory and we

have some theoretical reasons to expect that there will be a lot of structure in the high energy

regime of nature. To simplify that, we shift our focus away from complete models of nature

and towards simplified models. This enables us to look at the theory in experiment-driven

ways and start by fitting known phenomena with a minimum of encumbering framework.

In this dissertation we have advanced this effort by examining in particular the vector portal

and phenomenology of associated dark photons and dark matter. We have studied the

process of dark matter capture in astrophysical bodies, and found the rate at which such a

captured dark matter population will radiate dark photons, including the nonperturbative

Sommerfeld enhancement of the annihilation cross section. We found that experimental

searches focused on the decay products of these dark photons will probe the same region

of parameter space currently being investigated by direct detection experiments, serving as

a complementary probe, and that even small regions outside the scope of direct detection
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experiments are amenable to discovery or exclusion by this method. We found further that

this search is robust against small mass splittings in the dark sector, while direct detection

experiments experience dramatic losses in sensitivity.

In Chapter 5 we examined the thermal relic target of a resonant dark sector, and found

that very weak couplings between the dark and visible sectors may still produce the correct

abundance of dark matter if compensated by the enhancement of near-resonant annihilation.

We found that in the case of a scalar dark sector, there is an absolute lower limit on thermal

relic couplings not far out of experimental reach, while a fermionic dark sector may be pushed

to arbitrarily low coupling values by pushing the dark photon ever closer to resonance.

Beyond the immediate impact of this work, much of the work in this dissertation may be

considered as a case study for more general theories of self interacting dark matter. Similar

analyses may for example be carried out for the capture of dark matter through the Higgs

portal, or for the annihilation of axion portal dark matter near resonance.
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Appendix A

Decay Product Distributions

We summarize analytic results for the kinematic distributions of the dark photon decay

products, presenting the forward velocity difference between the two final states and the lab

frame opening angle, which may be used to determine the time delay and track separation

between these objects in a detector. For simplicity, we assume the dark photon decays

isotropically in its rest frame. Angular correlations will modify our distributions, but will not

change the ranges of time delay and track separation, which are our primary interest. With

this approximation, in the center-of-mass frame, the dark photon decay products are evenly

distributed in cos θCM, where θCM is the angle between the dark photon boost direction and

one of the decay products. The value of a kinematic quantity k for fixed model parameters

is a function κ of cos θCM. The distribution of these values f is

f(k) =

κ(cos θiCM)=k∑

cos θiCM

1

|κ′(cos θiCM)| . (A.1)
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Throughout this appendix we consider two-body decays A′ → ff̄ and define

a =
2mf

mA′
b =

mA′

mX

. (A.2)

A.1 Velocity Distribution and Time Delay

In the Earth’s rest frame, the forward velocities of the particles produced in A′ decay are

u± =

√
1− b2 ±

√
1− a2 cos θCM

1±
√

1− b2
√

1− a2 cos θCM

, (A.3)

where we use natural units c = 1. The difference of these velocities is

∆u ≡ u+ − u− =
2b2
√

1− a2 cos θCM

1− (1− b2)(1− a2) cos2 θCM

≈ 2b2
√

1− a2 cos θCM

1− (1− a2) cos2 θCM

, (A.4)

where the last expression is valid for b � 1, the values we are most interested in. We plot

∆u(cos θCM) in Fig. A.1. Observe that ∆u scales like b2 for small b; this is also seen in

Fig. 2.5, where the mX = 1 TeV and mX = 10 TeV plots are related by a simple rescaling.

Further, the distribution is fairly insensitive to a = 2m`/mA′ for mA′ ∼ GeV and for ` = e, µ.

For a given ∆u, the (dimensionful) time delay between the two decay products for a decay

that occurs a distance L from the detection point is

∆t =
L

cu−
− L

cu+

=
L∆u

cu−u+

≈ L

c
∆u , (A.5)

where we’ve taken the limit of large boost so that u± → 1.
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Figure A.1: Velocity difference, ∆u, of the two particles produced in A′ decay as a function
of the center-of-mass frame angle cos θCM for representative values of a and b.

A.2 Opening Angle and Track Separation

In the Earth’s rest frame, the angles θ± of the decay products relative to the A′ decay

direction are

tan θ± =
±b
√

1− a2 sin θCM√
1− b2 ±

√
1− a2 cos θCM

. (A.6)

The opening angle between the two decay products is therefore

∆θlab ≡ tan−1 θ+ − tan−1 θ− ≈
2b
√

1− a2 sin θCM

1− (1− a2) cos2 θCM

, (A.7)

where the last expression is valid for b� 1. The scaling ∆θlab ∝ b can be seen in the center

and right plots in Fig. 2.6. The maximal opening angle is

∆θmax
lab =





2b
√

1− a2 at cos θCM = 0 , a ≥ 1√
2

b

a
at cos θCM =

√
1− 2a2

1− a2
, a <

1√
2

. (A.8)

We plot ∆θlab(cos θCM) in Fig. A.2. For large a, the opening angle is maximized at cos θCM =
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Figure A.2: Earth-frame opening angle between the two particles produced in A′ decay as a
function of the center-of-mass frame angle cos θCM for representative values of a and b.

0, consistent with the intuition that the largest opening angle should correspond to fully

transverse decays in the center-of-mass frame. But for small a, this intuition does not hold:

the maximal opening angle occurs for cos θCM ≈ 1, where one particle is emitted “backwards”

in the A′ center-of-mass frame so that its forward velocity is significantly reduced, enlarging

the opening angle. In most of the range of cos θCM, ∆θlab ≈ 2b, but the maximal opening

angle ∆θmax
lab ≈ b/a occurs for large cos θCM ≈ 1− 1

2
a2.

Finally we show the correlation between ∆θlab and ∆u in Fig. A.3. These plots identify

where one may use the combination of the opening angle and time delay to discriminate the

two final state particles.
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of the two particles produced in A′ decay for representative values of a and b.
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Appendix B

Diagonalization of the Dark Photon

Hamiltonian

Here we present a systematic derivation of the transformation from the dark photon gauge

eigenstates to the mass eigenstates. The results in this appendix are known in the literature,

see e.g. [151, 152]; we present the derivation for clarification and to establish conventions.

For simplicity, in this appendix we write the field strengths as A′µν = ∂[µA
′
ν].

B.1 Kinetic Mixing Between Massless and Massive Abelian

Gauge Bosons

We first examine the case of a massive U(1) gauge boson, D, mixing with a massless U(1)

gauge boson, B. This is the diagonalization relevant for a dark photon (D = A′) which

kinetically mixes with hypercharge in the limit mD � v so that the mixing is effectively only
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with the photon (B = A). The gauge-basis Lagrangian is

L = −1

4
DµνD

µν − 1

4
BµνB

µν +
ε

2
BµνD

µν +
1

2
m2
DDµD

µ . (B.1)

We first remove the kinetic mixing term with a π/4 rotation,

D =
D1 −B1√

2
B =

D1 +B1√
2

, (B.2)

where B1 and D1 are the rotated fields. The kinetic terms are now diagonal, but are not

canonically normalized,

L = −1

4
(1− ε)D1µνD

µν
1 −

1

4
(1 + ε)B1µνB

µν
1 +

1

4
m2
D(D1 −B1)µ(D1 −B1)µ . (B.3)

To canonically normalize the kinetic terms, we perform a rescaling,

D1 =
D2√
1− ε B1 =

B2√
1 + ε

. (B.4)

With this, the kinetic terms are now universal and do not transform under subsequent

rotations so that we are free to diagonalize the mass term. Were it not for the rescaling in

Eq. (B.4), this would simply be a −π/4 rotation. Plugging in a general rotation,

D2 = c3D3 − s3B3 B2 = s3D3 + c3B3 , (B.5)

one finds that the mass matrix is diagonalized when1

s3 = −
√

1− ε
2

c3 =

√
1 + ε

2
. (B.6)

1A shortcut to obtain this result is to observe that invariance of the unbroken U(1) gauge symmetry
implies that the mass term for B3 should also vanish. This coefficient of the mass matrix is simpler to solve
than the off-diagonal element and gives s3 ∝ ±

√
1− ε and c3 ∝ ∓

√
1 + ε.
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The choice of sign amounts to the sign of the B coupling. Plugging this in gives the trans-

formation from the gauge to energy eigenbasis:

D =
1√

1− ε2
D3 B = B3 +

ε√
1− ε2

D3 . (B.7)

From this we see that the dark photon picks up an O(ε) coupling to the B-current, jB ·B ⊃

εeffjB · D3, where εeff = ε/
√

1− ε2, while the B does not pick up any coupling to the dark

current as expected by gauge invariance. The dark photon mass is rescaled to mD/
√

1− ε2.

For the case where mD = 0, the gauge Lagrangian is diagonalized and normalized after

Eq. (B.4) and the rotation in Eq. (B.5) with parameters in Eq. (B.6) is not strictly necessary.

In fact, in this case one may chose to rotate the D2 and B2 into each other with any

arbitrary SO(2) rotation. The choice in Eq. (B.6) is convenient because it is close to the

gauge basis. Phenomenologically, however, it is common to pick a rotation such that the

ordinary photon couples to the dark current proportional to ε so that the dark matter appears

to be millicharged under electromagnetism. Ref. [152] calls this the Holdom phase. This

interpretation is equivalent since in the case where mD is negligibly small, the photon and

dark photon propagators are identical. Whether a process is identified as coming from a dark

photon with ε coupling to jEM or an ordinary photon with ε coupling to jX is equivalent;

and in general both diagrams must be included.

B.2 Dark Photon–Hypercharge Mixing

The dark photon–photon mixing is only an effective description since at high energies one

must satisfy electroweak gauge invariance. This imposes that the UV mixing is actually

between the dark sector U(1) and hypercharge, which is itself broken by the Higgs vev, v.

Thus one must generically consider the mixing between the D, the photon A, and the Z
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boson. The amount of D–A mixing versus D–Z mixing determines the extent to which the

D picks up the electroweak chiral couplings versus the vector-like electromagnetic couplings.

The hypercharge boson is related to the SM mass eigenstates by B = −sWZ + cWA. The

mixing in Eq. (B.1) is thus

ε

2
BµνD

µν = −εsW
2
ZµνD

µν +
εcW

2
AµνD

µν , (B.8)

with A massless and Z picking up an electroweak symmetry breaking mass of MZ . The

D–A system is now identical to the D–B system above, so we may diagonalize using the

transformation in Eq. (B.7),

D =
1√

1− ε2c2
W

D1 A = A1 +
εcW√

1− ε2c2
W

D1 Z = Z1. (B.9)

This diagonalizes and canonically normalizes the D–A system, but also changes the kinetic

mixing between the D and Z:

−εsW
2
ZµνD

µν = −1

2

εsW√
1− ε2c2

W

Z1µνD
µν
1 = −εs

2
Z1µνD

µν
1 . (B.10)

In the above equation we have defined for convenience a new D–Z mixing parameter εs

εs ≡
εsW√

1− ε2c2
W

. (B.11)

This kinetic mixing is removed with a π/4 rotation and canonical normalization is restored

with a subsequent rescaling analogous to Eqs. (B.2),(B.4):

D1 =
D2 − Z2√

2
Z1 =

D2 + Z2√
2

(B.12)

D2 =
D3√
1 + εs

Z2 =
Z3√

1− εs
. (B.13)
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Unlike the previous case of a mixing between a massive and massless state, the D–Z system

is a mixing between two massive states. The mass matrix is diagonal in the (D, A, Z)

basis where D is a gauge eigenstate and A and Z are mass eigenstates with respect to the

electroweak symmetry-breaking mass terms. Note that the A has now decoupled completely

and it is sufficient to consider the D–Z system independently. For convenience, we perform

a −π/4 rotation, which captures most of the rotation in Eq. (B.5):

D3 =
D4 + Z4√

2
Z3 =

Z4 −D4√
2

. (B.14)

The original D and Z fields may now be written as

D = a (∆D4 + δZ4) Z = ∆Z4 + δD4 , (B.15)

where we define convenient shorthand,

a =
1√

1− ε2c2
W

= 1 +
1

2
ε2c2

W +O(ε3) (B.16)

∆ =
1

2

(
1√

1 + εs
+

1√
1− εs

)
= 1 +

3

8
ε2
s +O(ε3) (B.17)

δ =
1

2

(
1√

1 + εs
− 1√

1− εs

)
= −1

2
εs +O(ε4) . (B.18)

The mass term is then

1

2

(
D Z

)


m2
D

M2
Z






D

Z


 =

1

2

(
D4 Z4

)


M2

11 M2
12

M2
12 M2

22






D4

Z4


 , (B.19)

144



where the elements on the right-hand side are, writing m̄2
D ≡ a2m2

D,

M2
11 = ∆2m̄2

D + δ2M2
Z ∼ m2

D +O(ε2) (B.20)

M2
22 = ∆2M2

Z + δ2m̄2
D ∼ M2

Z +O(ε2) (B.21)

2M2
12 = 2δ∆(m̄2

D +M2
Z) ∼ −εs(m2

D +M2
Z) +O(ε3) , (B.22)

One may now perform a final rotation to go the the mass eigenstates of the system. Observe

that the off-diagonal element of the mass matrix is proportional to ε, so that the rotation is

small in the small ε limit. Writing c = cos θ and s = sin θ, the rotation is given by

D4 = cD5 + sZ5 Z4 = cZ5 − sD5 tan 2θ =
2M2

12

M2
22 −M2

11

, (B.23)

where c and s are written to O(ε2) as

c = 1 +O(ε2) s = −εs
2

m2
D +M2

Z

M2
Z −m2

D

+O(ε3) . (B.24)

Plugging in the sequence of rotations in Eqs. (B.9), (B.12), (B.13), (B.14), (B.23), the

electroweak basis and mass basis are related by

D =
∆c− δs√
1− ε2c2

W

D5 +
∆s+ δc√
1− ε2c2

W

Z5 Z = (∆c+ δs)Z5 + (δc−∆s)D5 (B.25)

= D5 −
εsM

2
Z

M2
Z − m̄2

D

Z5 +O(ε2) = Z5 +
εsm̄

2
D

M2
Z − m̄2

D

D5 +O(ε2) (B.26)

= D5 − εsZ5 +O(ε2,
m2
D

M2
Z

) = Z5 + εs
m2
D

M2
Z

D5 +O(ε2,
m2
D

M2
Z

) . (B.27)

From this we observe that D5 couples to the weak neutral current suppressed by εsm
2
D/M

2
Z ,

so that in the mD � mZ limit the Standard Model couplings are effectively vector-like

coming from the mixing with the photon. In this limit one may disregard the D–Z mixing

relative to the D–A mixing.
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