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The identity of dark matter is a question of central importance in both astro-
physics and particle physics. In the past, the leading particle candidates were cold
and collisionless, and typically predicted missing energy signals at particle colliders.
However, recent progress has greatly expanded the list of well-motivated candidates
and the possible signatures of dark matter. This review begins with a brief sum-
mary of the standard model of particle physics and its outstanding problems. We
then discuss several dark matter candidates motivated by these problems, includ-
ing WIMPs, superWIMPs, light gravitinos, hidden dark matter, sterile neutrinos,
and axions. For each of these, we critically examine the particle physics moti-
vations and present their expected production mechanisms, basic properties, and
implications for direct and indirect detection, particle colliders, and astrophysical
observations. Upcoming experiments will discover or exclude many of these candi-
dates, and progress may open up an era of unprecedented synergy between studies
of the largest and smallest observable length scales.

Contents

II.

III.

. INTRODUCTION

THE STANDARD MODEL OF PARTICLE PHYSICS
A. Particles
B. Problems
1. THE GAUGE HIERARCHY PROBLEM
THE NEW PHYSICS FLAVOR PROBLEM
THE NEUTRINO MASS PROBLEM
THE STRONG CP PROBLEM
OTHER PROBLEMS

orR LN

WIMPS
A. Thermal Freeze Out
1. THE WIMP MIRACLE
2. STABILITY AND LEP’S COSMOLOGICAL LEGACY
3. IMPLICATIONS FOR DETECTION
B. Candidates
1. NEUTRALINOS
2. KALUZA-KLEIN DARK MATTER
3. OTHERS

&

R BEBEBEEHE

HEHEHEBABEEE

-
a



Dark Matter Candidates

IV.

VI.

VII.

VIII.

IX.

C.
D.
E.

Direct Detection
Indirect Detection
Particle Colliders

SUPERWIMPS

A.

©

B.

Production Mechanisms

1. DECAYS

2. REHEATING

Candidates

1. WEAK-SCALE GRAVITINOS

2. OTHERS

Indirect Detection

Particle Colliders

Astrophysical Signals

1. COSMIC MICROWAVE BACKGROUND
2. BIG BANG NUCLEOSYNTHESIS
3. SMALL SCALE STRUCTURE

. LIGHT GRAVITINOS
A.

Thermal Production

1. GAUGE-MEDIATED SUPERSYMMETRY BREAKING
2. RELIC DENSITY

Particle Colliders

HIDDEN DARK MATTER

A.

mE0aw

Thermal Freeze Out

1. CONSTRAINTS ON TEMPERATURE AND DEGREES OF FREEDOM
2. THE WIMPLESS MIRACLE

Candidates

Direct Detection

Indirect Detection

Particle Colliders

Astrophysical Signals

STERILE NEUTRINOS

A.
B.
C.

Production Mechanisms
Indirect Detection

Astrophysical Signals

AXIONS

A.
B.

Production Mechanisms

Direct Detection

CONCLUSIONS

ACKNOWLEDGMENTS

References

(]

HEH

BHEHEEBEHEEEEBEHE

HEEEE

SRS

cd Rd R BRI BRI BRI BRI K3
BEEEEEBEBEEBEEBER

N N
S x

o~~~
SEs

B B B

5
S



Dark Matter Candidates 3

I. INTRODUCTION

The evidence that dark matter is required to make sense of our Universe has been building
for some time. In 1933 Fritz Zwicky found that the velocity dispersion of galaxies in the
Coma cluster of galaxies was far too large to be supported by the luminous matter (I)).
In the 1970s, Vera Rubin and collaborators (2; [3) and Albert Bosma (4) measured the
rotation curves of individual galaxies and also found evidence for non-luminous matter.
This and other “classic” evidence for non-luminous matter (see, e.g., Ref. (5)) has now
been supplemented by data from weak (6) and strong (7)) lensing, hot gas in clusters (8],
the Bullet Cluster (9)), Big Bang nucleosynthesis (BBN) (10), further constraints from large
scale structure (IT]), distant supernovae (12} [13)), and the cosmic microwave background
(CMB) (14).

Together, these data now provide overwhelming evidence for the remarkable fact that not
only is there non-luminous matter in our Universe, but most of it is not composed of baryons
or any of the other known particles. Current data imply that dark matter is five times more
prevalent than normal matter and accounts for about a quarter of the Universe. More

precisely, these data constrain the energy densities of the Universe in baryons, non-baryonic
dark matter (DM), and dark energy A to be (14

Qp ~ 0.0456 & 0.0016 (1)
Qpn ~ 0.227 £0.014 (2)
Qp ~ 0.728 £0.015 . (3)

Despite this progress, all of the evidence for dark matter noted above is based on its
gravitational interactions. Given the universality of gravity, this evidence does little to
pinpoint what dark matter is. At the same time, the identity of dark matter has far-reaching
implications: in astrophysics, the properties of dark matter determine how structure forms
and impact the past and future evolution of the Universe; and in particle physics, dark
matter is the leading empirical evidence for new particles, and there are striking hints that
it may be linked to attempts to understand electroweak symmetry breaking, the leading
puzzle in the field today. The identity of dark matter is therefore of central importance
in both fields and ties together studies of the Universe at both the largest and smallest
observable length scales.

In this review, we discuss some of the leading dark matter candidates and their impli-
cations for experiments and observatories. The wealth of recent cosmological data does
constrain some dark matter properties, such as its self-interactions and its temperature at
the time of matter-radiation equality. Nevertheless, it is still not at all difficult to invent new
particles that satisfy all the constraints, and there are candidates motivated by minimality,
particles motivated by possible experimental anomalies, and exotic possibilities motivated
primarily by the desire of clever iconoclasts to highlight how truly ignorant we are about
the nature of dark matter.

Here we will focus on dark matter candidates that are motivated not only by cosmology,
but also by robust problems in particle physics. For this reason, this review begins with a
brief summary of the standard model of particle physics, highlighting its basic features and
some of its problems. As we will see, particle physics provides strong motivation for new
particles, and in many cases, these particles have just the right properties to be dark matter.
We will find that many of them predict signals that are within reach of current and near
future experiments. We will also find that unusual predictions for astrophysics emerge, and
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WIMPs SuperWIMPs Light G Hidden DM Sterile v Axions

Motivation GHP GHP 1(\1}11211?}) EIIII;IEP v Mass Strong CP
Naturally Yes Yes No Possible No No
Correct 2

Production  pyeee Out Decay Thermal Various  Various Various
Mechanism

Mass Range GeV—-TeV GeV-TeV  eV-keV GeV-TeV  keV peV —meV
Temperature  Cold Cold/Warm Cold/Warm Cold/Warm Warm Cold

Collisional i

Early \/ \/

Universe

Direct \/ \/

Detection

Indirect \/ \/ \/

Detection

Colliders v v v

W
W

< L <

TABLE I Summary of dark matter particle candidates, their properties, and their potential meth-
ods of detection. The particle physics motivations are discussed in Sec. [.Bf GHP and NPFP are
abbreviations for the gauge hierarchy problem and new physics flavor problem, respectively. In the
last five rows, /4/ denotes detection signals that are generic for this class of dark matter candidate
and |/ denotes signals that are possible, but not generic. “Early Universe” includes phenomena
such as BBN and the CMB; “Direct Detection” implies signatures from dark matter scattering off
normal matter in the laboratory; “Indirect Detection” implies signatures of late time dark matter
annihilation or decay; and “Particle Colliders” implies signatures of dark matter or its progenitors
produced at colliders, such as the Large Hadron Collider (LHC). See the text for details.

that cold and collisionless dark matter is far from a universal prediction, even for candidates
with impeccable particle physics credentials. At the same time, it will become clear that
even in favorable cases, a compelling solution to the dark matter problem will not be easy
to achieve and will likely rely on synergistic progress along many lines of inquiry.

An outline of this review is provided by Table [ which summarizes the dark matter
candidates discussed here, along with their basic properties and opportunities for detection.
Some of the acronyms and symbols commonly used in this review are defined in Table [[1]

Il. THE STANDARD MODEL OF PARTICLE PHYSICS

The standard model (SM) of particle physics is a spectacularly successful theory of el-
ementary particles and their interactions. For a brief, pedagogical introduction, see, e.g.,
Ref. (I5). At the same time, it has deficiencies, and the open questions raised by the SM
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X lightest neutralino, a supersymmetric dark matter candidate
G gravitino, a supersymmetric dark matter candidate

Gn Newton’s gravitational constant

GMSB gauge-mediated supersymmetry breaking

LKP lightest Kaluza-Klein particle

LSP lightest supersymmetric particle

NLSP next-to-lightest supersymmetric particle

Mp Planck mass ~ 1.2 x 1019 GeV

M, reduced Planck mass ~ 2.4 x 108 GeV

minimal . . .

supergravity a simple version of the MSSM specified by 5 parameters
MSSM supersymmetric standard model with minimal number of extra particles
SM standard model of particle physics

stau scalar superpartner of the tau lepton

superWIMP  superweakly-interacting massive particle

UED universal extra dimensions

WIMP weakly-interacting massive particle

X general dark matter candidate

TABLE II Definitions of acronyms and symbols commonly used in this review.

motivate many of the leading dark matter candidates and provide guidance for dark matter
searches. We begin here with a brief review of the SM’s basic features and open problems,
focusing on those that are most relevant for dark matter.

A. Particles
The particles of the SM are shown in Fig. [Il They may be divided into three categories:

e Spin 1/2 Fermions. These matter particles include six flavors of quarks (up, down,
charm, strange, bottom, and top), three flavors of charged leptons (electrons, muons,
and taus), and three flavors of neutral leptons (the electron, muon, and tau neutrinos).
These are grouped into three generations, as indicated in Fig. [I]

e Spin 1 Gauge Bosons. These force carrying particles include the photon ~y, which
mediates electromagnetism; eight gluons g, which mediate the strong force; and the
W and Z gauge bosons, which mediate the weak interactions. The photon and gluons
are massless, but the W and Z have masses 80 GeV and 91 GeV, respectively.

e Spin 0 Higgs Boson. The SM Higgs particle is a spin 0 boson. Although the Higgs
boson has not yet been discovered, its mass is constrained by a variety of collider
results. Assuming the SM, null results from direct searches at the LEP ete™ collider
require my, > 114.4 GeV (I6]). Given this constraint, precision measurements of elec-
troweak observables at LEP require m; < 186 GeV (I7). In addition, the Tevatron
pp collider, currently running, excludes the region 162 GeV < m;, < 166 GeV ((18).
These bounds may be relaxed in extensions of the SM, but even in such theories, very
general arguments require my, S 1 TeV (see, e.g., Ref. (19).
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FIG. 1 The particles of the standard model, represented by circles whose areas are proportional
to their masses. The photon and gluon are massless. The Higgs boson has not yet been discovered
— its mass has been taken in the allowed range 114.4 GeV < my, < 186 GeV (see text).

None of these SM particles is a good dark matter candidate. Most of the matter particles
are unstable, with lifetimes far shorter than the age of the Universe. The remaining particles
are the six lightest: the electron, the up and down quarks, which may form stable protons
and neutrons in nuclei, and the three neutrinos. Electrons may contribute significantly to
dark matter only if they are neutralized through binding with protons, but protons (and
neutrons) contribute to the baryonic energy density 2, which is too small to be all of dark
matter. In addition, current upper bounds on neutrino masses from particle physics and
cosmology imply that the neutrino relic density Q, ~ >, m,, /47 eV < 0.012 (14). The
evidence for dark matter therefore requires particles beyond the SM.

B. Problems

In addition to the need for dark matter, other problems motivate physics beyond the SM.
These problems are of two types. The first and most severe are experimental data that the
SM cannot explain; at present, aside from the existence of dark matter, these are confined
to the neutrino sector and are described in Sec. [I.B.3] The second are experimental data
that can be explained, but only for seemingly unnatural choices of parameters. All of the
remaining problems are of this type.

1. THE GAUGE HIERARCHY PROBLEM

The gauge hierarchy problem is the question of why the physical Higgs boson mass m, is so
small. What is the natural value for m;? We know of three fundamental constants: the speed
of light ¢, Planck’s constant A, and Newton’s gravitational constant Gy. One combination

of these has dimensions of mass, the Planck mass Mp, = \:/hc/GN ~ 1.2 x 10" GeV. We
therefore expect dimensionful parameters to be either 0, it enforced by a symmetry, or of
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the order of Mp;. In the SM, electroweak symmetry is broken, and the Higgs boson mass is
non-zero. The gauge hierarchy problem is the question of why m; ~ 100 GeV < Mp.

This problem is exacerbated in the SM by quantum corrections. The physical mass of
the SM Higgs boson is mi = mj7, + Amj}, where m3  is the tree-level mass, and

A2 Aty A2
Am2 ~ / ap A pe 4
T Y62 ) 2 T T6n2 (4)

is the quantum correction resulting from loop-level diagrams, where the integral is over the
momenta of particles in the loops. The parameter A is an O(1) dimensionless coupling, and
A is the energy scale at which the SM is no longer a valid description of nature. Because
Amj is proportional to A?, it is natural to expect the Higgs mass to be pulled up to within
an order of magnitude of A by quantum corrections. In the SM with A ~ Mp,, this implies
that m?, and Am? must cancel to 1 part in 103¢ to yield the correct physical Higgs mass,
which is hardly reasonable.

The gauge hierarchy problem may be eliminated if A < 1 TeV, implying new physics
at the weak scale Myeax ~ 10 GeV — TeV. Alternatively, the Higgs boson may not be a
fundamental scalar, but in this case, too, its structure requires new physics at the weak
scale (20)). For these reasons, every attempt to ameliorate the gauge hierarchy problem so
far has implied new particles with mass around Mmye.. The gauge hierarchy problem is the
leading motivation for dark matter candidates, such as WIMPs and superWIMPs, weakly-
and superweakly-interacting massive particles, that are the topics of Secs. and [V| below.

2. THE NEW PHYSICS FLAVOR PROBLEM

The gauge hierarchy problem implies new particles with mass around Mmyea. Such parti-
cles typically create many new problems, however, because they may violate baryon number,
lepton number, flavor, or CP, where C and P are the discrete transformations of charge
conjugation and parity, respectively. These symmetries are either beautifully preserved or
violated only slightly in the SM, but there is no guarantee that new mye. particles will
preserve them. This set of problems is collectively known as the new physics flavor problem.

The new physics flavor problem implies that not all solutions to the gauge hierarchy
problem are equally elegant. For example, among supersymmetric theories, it implies that
those that naturally predict very heavy squarks and sleptons, or those that predict squarks
and sleptons that are highly degenerate across different generations, are favored, because
these naturally suppress flavor-changing neutral currents below current constraints. This
problem has implications for the direct detection of WIMPs; as discussed in Sec. [[II1.C], and
motivates light gravitino dark matter, reviewed in Sec. [V} and some of the hidden sector
dark matter models described in Sec. VI

3. THE NEUTRINO MASS PROBLEM

Fermion masses are described in quantum field theories by terms that couple left- and
right-handed fields together. In the SM, however, there are no right-handed neutrino fields,
and so the SM predicts that all neutrinos are massless. The observation of neutrino flavor
oscillations (215 22), however, implies that the three neutrinos are non-degenerate, and so at
least two are massive. Neutrino masses and mixing provide the most direct and compelling
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evidence that the SM of particle physics is incomplete, and this problem motivates sterile
neutrino dark matter, discussed in Sec. [VII]

4. THE STRONG CP PROBLEM

The SM Lagrangian includes the term g363/(327%)e"** G, G%,, where g is the coupling
of the strong interactions, 5 is an angle parameter, e**#? is the totally anti-symmetric 4-
index tensor, and G, is the gluon field strength. This term contributes to CP-violating,
flavor-conserving observables, such as the electric dipole moment (EDM) of the neutron d..
For 65 ~ 1, one expects d, ~ 10716 ¢ cm. The neutron EDM has not yet been observed, but
current constraints already imply d, < 2.9 x 1072¢ ¢ cm (23)). This is therefore a fine-tuning

problem of 1 part in 10'°, and it motivates axions as dark matter candidates, to be discussed

in Sec. [VITIl

5. OTHER PROBLEMS

In addition to the outstanding problems discussed above, there are other open questions
raised by the SM. The SM flavor problem, distinct from the new physics flavor problem,
is the puzzle of why the fermion masses have such different values, as evident in Fig.
The grand unification problem is the problem of trying to understand the strong, weak,
and electromagnetic interactions as different manifestations of a single underlying force. In
addition, at any given time there are always experimental anomalies, measurements that do
not agree with SM predictions. At present, the most compelling and persistent discrepancy
is in the anomalous magnetic moment of the muon, which disagrees with the SM prediction
at the level of 3.40 (24). Although the problems described in this paragraph do not typically
motivate dark matter candidates on their own, they do sometimes play a supporting role,
as discussed below.

Finally, note that my,g is only one of two dimensionful parameters in the SM: there is also
the term A% which contributes to dark energy or the cosmological constant. Equation (3))
implies that the total energy density in dark energy is A ~ (2.76 meV)*. If the natural value
of A is My, it must cancel other contributions to 1 part in 10'?? a fine-tuning that dwarfs
even the gauge hierarchy problem. This is the cosmological constant problem. Although one
might hope for a unified solution to the cosmological constant and dark matter problems, at
present there is little indication that they are related, and we will assume they are decoupled
in this review.

1. WIMPS

WIMPs have mass in the range myeax ~ 10 GeV — TeV and tree-level interactions with
the W and Z gauge bosons, but not with gluons or photons. WIMPs are the most studied
dark matter candidates, as they are found in many particle physics theories, naturally have
the correct relic density, and may be detected in many ways. In this section, we discuss their
production through thermal freeze out, the examples of neutralino and Kaluza-Klein dark
matter, and their implications for direct detection, indirect detection, and particle colliders.
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A. Thermal Freeze Out
1. THE WIMP MIRACLE

If a WIMP exists and is stable, it is naturally produced with a relic density consistent with
that required of dark matter. This tantalizing fact, sometimes referred to as the “WIMP
miracle,” implies that particles that are motivated by the gauge hierarchy problem, a purely
microphysical puzzle, are excellent dark matter candidates.

Dark matter may be produced in a simple and predictive manner as a thermal relic of
the Big Bang (25; 26; 27; 28]). The evolution of a thermal relic’s number density is shown
in Fig. 2l Initially the early Universe is dense and hot, and all particles are in thermal
equilibrium. The Universe then cools to temperatures 1" below the dark matter particle’s
mass my, and the number of dark matter particles becomes Boltzmann suppressed, dropping
exponentially as e”™x/T The number of dark matter particles would drop to zero, except
that, in addition to cooling, the Universe is also expanding. In stage (3), the Universe
becomes so large and the gas of dark matter particles becomes so dilute that they cannot
find each other to annihilate. The dark matter particles then “freeze out,” with their number
asymptotically approaching a constant, their thermal relic density. Note that freeze out,
also known as chemical decoupling, is distinct from kinetic decoupling; after thermal freeze
out, interactions that change the number of dark matter particles become negligible, but
interactions that mediate energy exchange between dark matter and other particles may
remain efficient.

This process is described quantitatively by the Boltzmann equation

dn
i —3Hn — (o4v) (n2 - n§q> , (5)
where n is the number density of the dark matter particle X, H is the Hubble parameter,
(0.4v) is the thermally averaged annihilation cross section, and neq is the dark matter number
density in thermal equilibrium. On the right-hand side of Eq. (b)), the first term accounts for
dilution from expansion. The n? term arises from processes X X — SM SM that destroy X
particles, where SM denotes SM particles, and the ngq term arises from the reverse process
SM SM — X X, which creates X particles.

The thermal relic density is determined by solving the Boltzmann equation numerically.
A rough analysis is highly instructive, however. Defining freeze out to be the time when
n{c v) = H, we have

T2
—r—, (6)
MP1<O'A’U>

where the subscripts f denote quantities at freeze out. The ratio xy = mx /Ty appears in
the exponential. It is, therefore, highly insensitive to the dark matter’s properties and may
be considered a constant; a typical value is 2y ~ 20. The thermal relic density is, then,

ng~ (mXTf)3/26_mX/Tf ~

0 mxng  mxTgng  mxTygng a1y
X = = —_— A~ Y A~
Pc Pe T(? Pe T;} pcMPl

(o) ", (7)

where p. is the critical density and the subscripts 0 denote present day quantities. We
see that the thermal relic density is insensitive to the dark matter mass mx and inversely
proportional to the annihilation cross section (o 4v).
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FIG. 2 The comoving number density Y (left) and resulting thermal relic density (right) of a 100

GeV, P-wave annihilating dark matter particle as a function of temperature 7' (bottom) and time
t (top). The solid contour is for an annihilation cross section that yields the correct relic density,
and the shaded regions are for cross sections that differ by 10, 102, and 103 from this value. The
dashed contour is the number density of a particle that remains in thermal equilibrium.

Although my does not enter Qx directly, in many theories it is the only mass scale that
determines the annihilation cross section. On dimensional grounds, then, the cross section
can be written A

oav =k 16922823( (1 or v?) , (8)
where the factor v? is absent or present for S- or P-wave annihilation, respectively, and terms
higher-order in v have been neglected. The constant gyweax =~ 0.65 is the weak interaction
gauge coupling, and k parameterizes deviations from this estimate.

With this parametrization, given a choice of k, the relic density is determined as a function
of mx. The results are shown in Fig.[3] The width of the band comes from considering both
S- and P-wave annihilation, and from letting £ vary from % to 2. We see that a particle that
makes up all of dark matter is predicted to have mass in the range mx ~ 100 GeV — 1 TeV;
a particle that makes up 10% of dark matter has mass myx ~ 30 GeV — 300 GeV. This is
the WIMP miracle: weak-scale particles make excellent dark matter candidates. We have
neglected many details here, and there are models for which k lies outside our illustrative
range, sometimes by as much as an order of magnitude or two. Nevertheless, the WIMP
miracle implies that many models of particle physics easily provide viable dark matter
candidates, and it is at present the strongest reason to expect that central problems in
particle physics and astrophysics may in fact be related. Note also that, for those who
find the aesthetic nature of the gauge hierarchy problem distasteful, the WIMP miracle
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FIG. 3 A band of natural values in the (mx, Q2x/Qpwm) plane for a thermal relic X, where Qpy ~
0.23 is the required total dark matter density (29)).

independently provides a strong motivation for new particles at the weak scale.

2. STABILITY AND LEP'S COSMOLOGICAL LEGACY

The entire discussion of Sec. assumes that the WIMP is stable. This might appear
to be an unreasonable expectation; after all, all particles heavier than a GeV in the SM decay
on time scales far shorter than the age of the Universe.

In fact, however, there are already indications that if new particles exist at the weak scale,
at least one of them should be stable. This is the cosmological legacy of LEP, the Large
Electron-Positron Collider that ran from 1989-2000. Generically, new particles introduced
to solve the gauge hierarchy problem would be expected to induce new interactions

SM SM — NP — SM SM , (9)

where SM and NP denote standard model and new particles, respectively. If the new particles
are heavy, they cannot be produced directly, but their effects may nevertheless be seen
as perturbations on the properties of SM particles. LEP, along with the Stanford Linear
Collider, looked for the effects of these interactions and found none, constraining the mass
scale of new particles to be above ~ 1—10 TeV, depending on the SM particles involved (see,
e.g., Ref. (30)). At the same time, to solve the gauge hierarchy problem, the new particles
cannot be decoupled completely. At the very least, the new particles should modify the
quantum corrections to the Higgs boson mass given in Eq. . This implies that they must
interact with the Higgs boson through couplings

h < NP NP, (10)

and their masses should not be significantly higher than myea ~ 10 GeV — TeV.
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These apparently conflicting demands may be reconciled if there is a conserved discrete
parity that requires all interactions to involve an even number of new particles (31} 32). Such
a conservation law would eliminate the problematic reactions of Eq. @D, while preserving
the desired interactions of Eq. . As a side effect, the existence of a discrete parity implies
that the lightest new particle cannot decay. The lightest new particle is therefore stable, as
required for dark matter. Note that pair annihilation of dark matter particles is still allowed.
The prototypical discrete parity is R-parity, proposed for supersymmetry long before the
existence of LEP bounds (33]). However, the existence of LEP constraints implies that any
new theory of the weak scale must confront this difficulty. The required discrete parity may
be realized in many ways, depending on the new physics at the weak scale; an example in
extra dimensions is given in Sec. [LI[.5.2]

3. IMPLICATIONS FOR DETECTION

The WIMP miracle not only provides a model-independent motivation for dark matter
at the weak scale, but it also has strong implications for how dark matter might be detected.
For WIMPs X to have the observed relic density, they must annihilate to other particles.
Assuming that these other particles are SM particles, the necessity of XX — SM SM
interactions suggests three promising strategies for dark matter detection:

e Indirect detection: if dark matter annihilated in the early Universe, it must also anni-
hilate now through X X — SM SM, and the annihilation products may be detected.

e Direct detection: dark matter can scatter off normal matter through X SM — X SM
interactions, depositing energy that may be observed in sensitive, low background
detectors.

e Particle colliders: dark matter may be produced at particle colliders through SM SM —
X X. Such events are undetectable, but are typically accompanied by related produc-
tion mechanisms, such as SM SM — XX 4+ {SM}, where “{SM}” denotes one or
more standard model particles. These events are observable and provide signatures of
dark matter at colliders.

It is important to note that the WIMP miracle not only implies that such dark mat-
ter interactions must exist, it also implies that the dark matter-SM interactions must be
efficient; although WIMPs may not be a significant amount of the dark matter, they cer-
tainly cannot have an energy density more than Qpy;. Cosmology therefore provides lower
bounds on interaction rates. This fact provides highly motivated targets for a diverse array
of experimental searches that may be able to detect WIMPs and constrain their properties.

To summarize, viable particle physics theories designed to address the gauge hierarchy
problem naturally (1) predict new particles with mass ~ Myeax that (2) are stable and (3)
have the thermal relic densities required to be dark matter. The convergence of particle
physics and cosmological requirements for new states of matter has motivated many new
proposals for dark matter. In the following section, we discuss some prominent examples.
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B. Candidates
1. NEUTRALINOS

The gauge hierarchy problem is most elegantly solved by supersymmetry. In supersym-
metric extensions of the SM, every SM particle has a new, as-yet-undiscovered partner
particle, which has the same quantum numbers and gauge interactions, but differs in spin
by 1/2. The introduction of new particles with opposite spin-statistics from the known
ones supplements the SM quantum corrections to the Higgs boson mass with opposite sign
contributions, modifying Eq. to

)\2
~ 1672

A
(m%USY - m%M) In — (11)

Am3 ~

A2 /A d*p

A2 A dip
1672 p* _167r2/ 2

SM SUSY

where mgy and mgysy are the masses of the SM particles and their superpartners. For
MSUSY ~ Muyweak, this is at most an O(1) correction, even for A ~ Mp). This by itself
stabilizes, but does not solve, the gauge hierarchy problem; one must also understand why
msusy ~ Myeax << Mp). There are, however, a number of ways to generate such a hierarchy;
for a review, see Ref. (34). Given such a mechanism, the relation of Eq. implies that
quantum effects will not destroy the hierarchy, and the gauge hierarchy problem may be
considered truly solved.

Not surprisingly, the doubling of the SM particle spectrum has many implications for
cosmology. For dark matter, it is natural to begin by listing all the new particles that are
electrically neutral. For technical reasons, supersymmetric models require two Higgs bosons.
The neutral supersymmetric particles are then

Spin 3/2 Fermion: Gravitino G (12)
Spin 1/2 Fermions: B, W, H,, H; — Neutralinos x1, X2, X3, X4 (13)
Spin 0 Scalars:  Sneutrinos v, ¥, Uy . (14)

As indicated, the neutral spin 1/2 fermions mix to form four mass eigenstates, the neu-
tralinos. The lightest of these, x = x1, is a WIMP dark matter candidate (35; [36). The
sneutrinos are not good dark matter candidates, as both their their annihilation and scat-
tering cross sections are large, and so they are under-abundant or excluded by null results
from direct detection experiments for all masses near Mmyea (37 38). The gravitino is not
a WIMP, but it is a viable and fascinating dark matter candidate, as discussed in Secs.
and [V

A general supersymmetric extension of the SM contains many unknown parameters. To
make progress, it is typical to consider specific models in which simplifying assumptions
unify many parameters, and then study to what extent the conclusions may be generalized.
The canonical model for supersymmetric studies is minimal supergravity, which is minimal
in the sense that it includes the minimum number of particles and includes a large number of
assumptions that drastically reduces the number of independent model parameters. Minimal
supergravity is defined by five parameters:

mOaMl/QJA()ata’nﬁaSign(u) . (15>

The most important parameters are the universal scalar mass mg and the universal gaugino
mass Mo, both defined at the scale of grand unified theories mgur ~ 2 x 10 GeV.
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FIG. 4 Regions of minimal supergravity (mq, M; ;) parameter space for fixed Ag = 0, tan 8 = 10,
and p > 0. The green (yellow) region is cosmologically favored with 0.20 < €, < 0.28 (0.2 < Q, <
0.6). The names of cosmologically-favored regions (focus point, bulk, and co-annihilation) are
indicated, along with regions with too much and too little dark matter. The lower right red shaded
region is excluded by collider bounds on chargino masses; the upper left red region is excluded
by the presence of a stable charged particle. Contours are for neutralino dark matter mass m, in

GeV. Adapted from Ref. (40).

The assumption of a universal gaugino mass and the choice of mgyr are supported by the
fact that the three SM gauge couplings unify at mgur in supersymmetric theories (39).
The assumption of scalar mass unification is much more ad hoc, but it does imply highly
degenerate squarks and sleptons, which typically satisfies the constraints of the new physics
flavor problem. Finally, the parameter A, governs the strength of cubic scalar particle
interactions, and tan 8 and sign(u) are parameters that enter the Higgs boson potential.
For all but their most extreme values, these last three parameters have much less impact on
collider and dark matter phenomenology than mgy and M, ;.

In the context of minimal supergravity, the thermal relic density is given in the (mq, M 2)
plane for fixed values of A, tan 3, and sign(p) in Fig. |4l We see that current constraints on
Qpy are highly constraining, essentially reducing the cosmologically favored parameter space
by one dimension. The region of parameter space with the correct neutralino relic density
is further divided into three regions with distinct properties: the bulk region, the focus
point region, and the co-annihilation region. Of course, if one considers the full minimal
supergravity parameter space, other points in the (mg, Mi/2) plane are possible (see, e.g.,
Ref. (41)); notably, at larger tan 5 there is another favored region, known as the funnel
region.

Note that for much of the region with mg, My, S TeV, Q is too large. This is because
neutralinos, although widely studied, are very special: they are Majorana fermions, that is,
they are their own anti-particles. If the initial state neutralinos are in an S-wave state, the
Pauli exclusion principle implies that the initial state has total spin S = 0 and total angular
momentum J = 0. Annihilation to fermion pairs with total spin S = 1, such as egef,
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is therefore P-wave suppressed, with an extra factor of v? ~ 0.1 in the annihilation cross
section. As a result, €2, is typically too large, and the correct €, is achieved for relatively
light neutralinos, as evident in Fig. [4]

2. KALUZA-KLEIN DARK MATTER

An alternative possibility for new weak-scale physics is extra dimensions. The idea that
there may be extra spatial dimensions is an old one, going back at least as far as the work of
Kaluza and Klein in the 1920’s (42). Their original idea is untenable, but it has many modern
descendants, of which the closest living relative is universal extra dimensions (UED) (43)).

In UED, all particles propagate in flat, compact extra dimensions of size 107!® m or
smaller. In the simplest UED model, minimal UED, there is one extra dimension of size R
compactified on a circle, with points with y and —y identified, where y is the coordinate of
the extra dimension. Every SM particle has an infinite number of partner particles, with
one at every Kaluza-Klein (KK) level n with mass ~ nR~!. In contrast to supersymmetry,
these partner particles have the same spin. As a result, UED models do not solve the gauge
hierarchy problem; in fact, their couplings become large and non-perturbative at energies
far below the Planck scale. The motivation to consider UED models is that they provide
an interesting and qualitatively different alternative to supersymmetry, but it assumes that
UED are a low-energy approximation to a more complete theory that resolves the gauge
hierarchy problem and is well-defined up to the Planck scale.

Minimal UED parameter space is extremely simple, as it is completely determined by
only two parameters: my, the mass of the SM Higgs boson, and R, the compactification
radius. For the Higgs boson mass, the direct search constraints on the SM also apply in UED
and require my, > 114.4 GeV (16). However, the indirect bounds are significantly weakened
by the existence of many levels of KK particles, and require only m;, < 900 GeV (300 GeV)
for R7! = 250 GeV (1 TeV) at 90% CL (44).

The simplest UED models preserve a discrete parity known as KK-parity, which implies
that the lightest KK particle (LKP) is stable and a possible dark matter candidate (45} 46)).
The lightest KK particle (LKP) is typically B, the level 1 partner of the hypercharge gauge
boson. The regions of parameter space with the correct B! thermal relic density have been
investigated in a series of increasingly sophisticated studies (45} 47; 48; [49)); the end results
are shown in Fig. . As can be seen, the required LKP mass is 600 GeV S mp S 1.4 TeV,
a heavier range than for neutralinos. This is because LKPs annihilation is through S-wave
processes, and so is not P-wave suppressed, in contrast to neutralinos. Nevertheless, the
required dark matter mass is still ~ 1 TeV, as expected given the WIMP miracle.

3. OTHERS

Neutralinos are the prototypical WIMP, and KK dark matter provides an instructive
example of WIMPs that differ in important aspects from neutralinos. There are many
other examples, however. In the recent years leading up to the start of the LHC, there has
been a proliferation of electroweak theories and an accompanying proliferation of WIMP
candidates. These include branons in theories with large extra dimensions (50; 51)), T-odd
particles in little Higgs theories (32; 52)), and excited states in theories with warped extra
dimensions (53)). As with all WIMPs, these are astrophysically equivalent, in that they are
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FIG. 5 Regions of minimal UED parameter space with the correct relic density. The light (medium)
shaded region has Qg1h? = 0.099 £ 0.020 (0.010). The dark shaded region is excluded because the
LKP is charged. From Ref. (49)).

produced through thermal freeze out and are cold and collisionless, but their implications
for direct detection, indirect detection, and particle colliders may differ significantly.

C. Direct Detection

As discussed in Sec. [II.A.3] WIMP dark matter may be detected by its scattering
off normal matter through processes X SM — X SM. Given a typical WIMP mass of
mx ~ 100 GeV and WIMP velocity v ~ 1073, the deposited recoil energy is at most
~ 100 keV, requiring highly sensitive, low background detectors placed deep underground.
Such detectors are insensitive to very strongly interacting dark matter, which would be
stopped in the atmosphere or earth and would be undetectable underground. However, such
dark matter would be seen by rocket and other space-borne experiments or would settle to
the core of the Earth, leading to other fascinating and bizarre implications. Taken together,
a diverse quilt of constraints now excludes large scattering cross sections for a wide range
of dark matter masses (54} [55]), and we may concentrate on the weak cross section frontier
probed by underground detectors.

The field of direct detection is extremely active, with sensitivities increasing by two orders
of magnitude in the last decade and bright prospects for continued rapid improvement (506;
57). WIMP scattering may be through spin-independent couplings, such as interactions
X Xqq, or spin-dependent couplings, such as interactions X~#7°X q7,7°q, which reduce to
spin-spin couplings Sx - S, in the non-relativistic limit (58). The current state of affairs is
summarized in Fig. [6] for spin-independent searches and Fig. [7] for spin-dependent searches.
These figures also include scattering cross section predictions for neutralino dark matter.
For comparison, the predictions for B! Kaluza-Klein dark matter in UED for both spin-
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FIG. 6 Upper bounds on spin-independent WIMP-nucleon cross sections ogy from (top to bottom
at 1 TeV WIMP mass) XENON10 (61; 62]) (red), ZEPLIN III (63) (green), EDELWEISS II (64)
(light blue), and CDMS II (65)) (blue), along with the combined 30 favored regions (green shaded)
from DAMA /LIBRA (66) with and without channeling (67). The lower left shaded regions are
predictions for neutralino dark matter in the general minimal supersymmetric standard model (68))
(light grey) and minimal supergravity (41) (dark grey). Plot produced by DM Tools (69).

independent and spin-dependent cross sections are given in Fig. These figures assume
a Maxwellian velocity distribution and local dark matter density of p = 0.3 GeV /cm?; the
impacts of halo modeling and Galactic substructure on direct detection limits have been
explored by Ref. (59) and Ref. (60), respectively.

For spin-independent scattering, there are both an observed signal from DAMA and null
results from many other experiments. Putting aside DAMA for the moment, as can be seen
in Figs. [6land [8 current bounds exclude some of the parameter space of supersymmetry and
UED, but do not test the bulk of either parameter space. The experiments are improving
rapidly, however, and in the coming year, sensitivities to cross sections of ogy ~ 10745 —
10~* c¢m? are possible.

How significant will this progress be? As evident in Fig. [6] supersymmetry predictions
may be arbitrarily small. However, many well-known supersymmetric theories predict ogp ~
10~** cm?. In general, supersymmetric theories suffer from the new physics flavor problem:
the introduction of squarks and sleptons with generic flavor mixing and weak scale masses
induces contributions to K — K mixing, ;1 — e, the electric dipole moments of the neutron
and electron, and a host of other flavor- or CP-violating observables that badly violate known
constraints. One generic solution to this problem is to assume heavy squarks and sleptons,
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with masses above a TeV, so that they decouple and do not affect low-energy observables.
This solution is realized in the focus point region of minimal supergravity, and is also found
in many other models with greatly varying motivations ([76; [77).

These models have profound implications for dark matter searches. In general, the dom-
inant contributions to neutralino annihilation are yyx — ¢@,{l through t-channel squarks
and sleptons, and yx — WTW ™, ZZ through ¢-channel charginos and neutralinos. In the-
ories with decoupled squarks and sleptons, the first class of processes are suppressed, and
so annihilation takes place through the second group, which depend essentially only on the
neutralino’s mass and its Higgsino content. The Higgsino content may be fixed by requiring
the correct thermal relic density. In these models, then, the supersymmetry parameter space
is effectively reduced to one parameter, the x mass. More detailed study shows that og is
almost independent of m, and has a value near 10~* c¢cm? (78).

In the next year or so, then, direct detection will test all supersymmetric scenarios with
the correct relic density in which the new physics flavor problem is solved by decoupled
squarks and sleptons. So far, direct detection experiments have trimmed a few fingernails
off the body of supersymmetry parameter space, but if nothing is seen in the coming few
years, it is arms and legs that will have been lopped off.

In addition to the limits described above, the DAMA experiment continues to find a signal
in annual modulation (79) with period and maximum at the expected values (66). From
a theorist’s viewpoint, the DAMA /LIBRA result has been puzzling, because the signal, if
interpreted as spin-independent elastic scattering, seemingly implied dark matter masses and
scattering cross sections that have been excluded by other experiments. Inelastic scattering,
in which dark matter is assumed to scatter through X SM — X’ SM, where X’ is another
new particle that is ~ 100 keV heavier than X, has been put forward as one solution (80).
More recently, astrophysics (81) and channeling (82; 83)), a condensed matter effect that
effectively lowers the threshold for crystalline detectors, have been proposed as possible
remedies to allow elastic scattering to explain DAMA without violating other constraints.
If these indications are correct, the favored parameters are my ~ 1 — 10 GeV and og; ~
10~ — 1073 cm?. This interpretation is supported by unexplained events recently reported
by the CoGeNT direct detection search, which, if interpreted as a dark matter signal, are
best fit by dark matter with mx ~ 9 GeV and og; ~ 6.7 x 107° pb (84). This mass is lower
than typically expected for WIMPs, but even massless neutralinos are allowed if one relaxes
the constraint of gaugino mass unification (85)). The cross section is, however, very large; it
may be achieved in corners of minimal supersymmetric standard model (MSSM) parameter
space (86), but is more easily explained in completely different frameworks, such as those
discussed in Sec. [V1l

Spin-dependent scattering provides an independent method to search for dark matter. At
the moment, the leading direct detection experiments, such as CDMS, COUPP, and KIMS,
are less promising in terms of probing the heart of supersymmetric and UED WIMP param-
eter space, as seen in Figs. [7]and [§ In addition, given some fairly reasonable assumptions,
indirect detection experiments looking for dark matter annihilation to neutrinos in the Sun
provide more stringent constraints, as we discuss in the following section.

D. Indirect Detection

After freeze out, dark matter pair annihilation becomes greatly suppressed. However,
even if its impact on the dark matter relic density is negligible, dark matter annihilation
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continues and may be observable. Dark matter may therefore be detected indirectly: dark
matter pair-annihilates somewhere, producing something, which is detected somehow. There
are many indirect detection methods being pursued. Their relative sensitivities are highly
dependent on what WIMP candidate is being considered, and the systematic uncertainties
and difficulties in determining backgrounds also vary greatly from one method to another.

Searches for neutrinos are unique among indirect searches in that they are, given certain
assumptions, probes of scattering cross sections, not annihilation cross sections, and so
compete directly with the direct detection searches described in Sec. [[II.C| The idea behind
neutrino searches is the following: when WIMPs pass through the Sun or the Earth, they
may scatter and be slowed below escape velocity. Once captured, they then settle to the
center, where their densities and annihilation rates are greatly enhanced. Although most
of their annihilation products are immediately absorbed, neutrinos are not. Some of the
resulting neutrinos then travel to the surface of the Earth, where they may convert to
charged leptons through vq — f¢’, and the charged leptons may be detected.

The neutrino flux depends on the WIMP density, which is determined by the competing
processes of capture and annihilation. If NV is the number of WIMPs captured in the Earth
or Sun, N = C — AN?, where C is the capture rate and A is the total annihilation cross
section times relative velocity per volume. The present WIMP annihilation rate is, then,
I'y = AN?/2 = C'tanh?(v/C Aty) /2, where to ~ 4.5 Gyr is the age of the solar system. For
most WIMP models, a very large collecting body such as the Sun has reached equilibrium,
and so 'y &~ C//2. The annihilation rate alone does not completely determine the differential
neutrino flux — one must also make assumptions about how the neutrinos are produced.
However, if one assumes, say, that WIMPs annihilate to bb or W+W~, which then decay to
neutrinos, as is true in many neutralino models, the neutrino signal is completely determined
by the capture rate C', that is, the scattering cross section.

Under fairly general conditions, then, neutrino searches are directly comparable to direct
detection. The Super-Kamiokande, IceCube, and AMANDA Collaborations have looked
for excesses of neutrinos from the Sun with energies in the range 10 GeV S E, S 1 TeV.
Given the assumptions specified above, their null results provide the leading bounds on spin-
dependent scattering cross sections, as seen in Fig. [} These experiments are just beginning
to probe relevant regions of supersymmetric and UED parameter space.

Neutrino searches are also sensitive to spin-independent cross sections. For typical WIMP
masses, they are not competitive with direct searches, but future neutrino searches at Super-
Kamiokande may have lower thresholds and so provide leading bounds on low mass WIMPs.
In this way, Super-Kamiokande may test the DAMA and CoGeNT signal regions at high
ogr and mx ~ 1 — 10 GeV (87; [88; R9).

In addition to neutrinos, there are many other particles that may be signals of dark matter
annihilation. In contrast to direct detection, there have been many reported anomalies in
indirect detection, and some of these have been interpreted as possible evidence for dark
matter. The most prominent recent example is the detection of positrons and electrons with
energies between 10 GeV and 1 TeV by the PAMELA (90)), ATIC (91)), and Fermi LAT (92)
Collaborations. These data are shown in Fig. [9] and reveal an excess above an estimate of
the expected background, as modeled by GALPROP (93)).

These data have several plausible astrophysical explanations. The ATIC and Fermi exper-
iments are unable to distinguish positrons from electrons, and so constrain the total et +e~
flux. As seen in Fig. [9] the ATIC “bump” is not confirmed by the Fermi LAT data, which
has much higher statistics. The Fermi data may be explained by modifying the spectral



Dark Matter Candidates 21
—— LT T
L r s ﬁﬂifff’z"ﬁom % Tang ef al (1984)
L x PPB-BETS (2008) A Kobayashi (1999) f
[ v HESS (2008) ¢ HEAT (2001)
,\ s L e FERMI (2009) & BETS (2001) AE/Ej 5%
N < 11 = 101
N H%F* 2 % ¥ E {
° 0.10F o @% g3t H {
+ £ LR a3 i
" R R .
:q_)/ > A 1 : =2 S [
~ 8 % % [ =~ 2
0 100} S8 -
Ll ~ i
L AHEAT 94+95 :_1 = ~13 ]
Ll ]
®PAMELA 08 — — — - conventional diffusive model :
0.01 I I I Ll L N
10° 10’ 10? 10 100 1000
E (GeV) E (Gev)

FIG. 9 Left: the cosmic positron fraction measured by PAMELA and other experiments and the
predictions of pulsars with various parameters (grey contours) (94). Discrepancies at energies
below 10 GeV are claimed to arise from solar modulation. Right: the total e™ + e~ flux measured
by ATIC, Fermi, and other experiments (92). In both cases, the dashed contours represent the
predicted backgrounds from GALPROP (93).

index of the cosmic ray background (94]). This exacerbates the PAMELA discrepancy, but
the PAMELA data, with or without the modified spectral index, is consistent with expec-
tations from pulsars derived both before (95; 06) and after (97; O08; 99) the PAMELA data
(see Fig.[9), and may also have other astrophysical explanations (100; 101} 102).

Despite the astrophysical explanations, one may explore the possibility that the positron
excesses arise from dark matter annihilation. The energies of the excess, around Myeax, are
as expected for WIMPs. Unfortunately, the observed fluxes are far larger than expected for
generic WIMPs. For a WIMP annihilating through S-wave processes to have the desired
thermal relic density, its annihilation cross section must be o' = (o4v) ~ 3 x 10726 cm?/s.
This must be enhanced by two or three orders of magnitudes to explain the positron data,
as shown in Fig. [I0] Astrophysical boosts from substructure are unable to accommodate
such large enhancements, and so one must look to particle physics.

A seemingly attractive solution is to postulate that dark matter interacts with a light
force carrier ¢ with fine structure constant ax = A\?/(4n). For massless ¢, this enhances the
annihilation cross section by the Sommerfeld enhancement factor

g_ T Ox Vel
o 1 j— e_ﬂaX/Urcl ’

(16)

an effect first derived for the case of e*e™ annihilation (I05). For massive ¢, S is typically
cut off at a value x axmx/m, (106, 107; 108 109). The relative velocity of colliding
dark matter particles is v, ~ 1/3 at freeze out and vy ~ 1073 now. The Sommerfeld
enhancement therefore provides an elegant mechanism for boosting annihilations now. The
case my = 0 is excluded by constraints from dark matter annihilation in protohalos with
Vel ~ 1078 (110). However, taking mx ~ TeV and mg ~ MeV — GeV, and assuming
(040q) ~ o) one may seemingly still generate S ~ 10% to explain the positron excesses,
while the cutoff allows one to satisfy the protohalo constraint.

Unfortunately, for the annihilation cross section for XX — ¢¢ to give the correct relic
density, ax cannot be too large, which bounds S from above. Even ignoring the S cutoff for
massive ¢, the resulting constraints exclude the possibility that, with standard astrophysical
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FIG. 10 The annihilation cross section enhancement factor S required to explain the PAMELA
and Fermi data, as a function of dark matter mass my (shaded regions) (L03]), along with upper
bounds on S from the requirement that the dark matter have the right thermal relic density.

From Ref. (104)).

assumptions, Sommerfeld enhancement alone can explain the PAMELA and Fermi excesses,
as shown in Fig. For particular choices of ax, myx and mg, S may in fact be resonantly
enhanced, but these enhancements also reduce the thermal relic density (111} 112); including
the effect on the relic density in fact increases the discrepancy significantly.

There are other proposed dark matter explanations: for example, the annihilation cross
section may be boosted by resonances from states with mass ~ 2my (113} 1145 115} 116), or
the dark matter may be produced not by thermal freeze out, but by decays (I17). At present,
however, the dark matter explanations are considerably more exotic than the astrophysical
ones. Additional data from, for example, Fermi and the Alpha Magnetic Spectrometer
(AMS), an anti-matter detector to be placed on the International Space Station, may be
able to distinguish the various proposed explanations for the positron excesses, as well as be
sensitive to canonical WIMP models, but it remains to be seen whether the astrophysical
backgrounds may be sufficiently well understood for these experiments to realize their dark
matter search potential.

In addition to neutrinos from the Sun and positrons from the galactic halo, there are
several other promising indirect detection search strategies. Searches for anti-protons and
anti-deuterons from WIMP annihilation in the galactic halo provide complementary searches,
as they are sensitive to dark matter candidates that annihilate primarily to quarks. In
addition, searches for gamma rays by space-based experiments, such as Fermi and AMS, and
by ground-based atmospheric Cherenkov telescopes are also promising. The most striking
gamma ray signal would be mono-energetic photons from XX — ~v, but since WIMPs
cannot be charged, these processes are typically loop-induced or otherwise highly suppressed.
More commonly, gamma rays are produced when WIMPs annihilate to other particles, which
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then radiate photons, leading to a smooth distribution of gamma ray energies. On the
other hand, photons point back to their source, providing a powerful diagnostic. Possible
targets for gamma ray searches are the center of the Galaxy, where signal rates are high
but backgrounds are also high and potentially hard to estimate, and dwarf galaxies, where
signal rates are lower, but backgrounds are also expected to be low.

E. Particle Colliders

If WIMPs are the dark matter, what can colliders tell us? Given the energy of the
LHC and the requirement that WIMPs have mass ~ myeac and interact through the weak
force, WIMPs will almost certainly be produced at the LHC. Unfortunately, direct WIMP
production of X X pairs is invisible. The next best targets are mono-jet or mono-photon
signals from X Xj and X X~ production, respectively, where the jet j or photon comes
from initial state radiation. At the International Linear Collider, a proposed high energy
ete™ collider, such signals can been disentangled from background, using the fact that the
initial state particles have definite energy and may be polarized, which provides a useful
diagnostic (118)). Unfortunately, these features are missing at hadron colliders, where the
initial state protons have fixed energy but the quarks and gluons do not. As a result, at
the Tevatron and LHC, the mono-jet and mono-photon signals are completely obscured by
backgrounds such as Zj and Z~ followed by Z — v (119).

Searches for dark matter at the LHC therefore rely on indirect production. For example,
in supersymmetry, the LHC will typically produce pairs of squarks and gluinos. These will
then decay through some cascade chain, eventually ending up in neutralino WIMPs, which
escape the detector. Their existence is registered through the signature of missing energy
and momentum, a signal that is a staple of searches for physics beyond the SM.

Although the observation of missing particles is consistent with the production of dark
matter, it is far from compelling evidence. The observation of missing particles only implies
that a particle was produced that was stable enough to exit the detector, typically implying
a lifetime 7 2 1077 s, a far cry from the criterion 7 2 10! s required for dark matter.

Clearly more is needed. In the last few years, there has been a great deal of progress in
this direction. The main point of this progress has been to show that colliders can perform
detailed studies of new physics, and this can constrain the dark matter candidate’s properties
so strongly that the candidate’s thermal relic density can be precisely determined. The
consistency of this density with the cosmologically observed density would then be strong
evidence that the particle produced at colliders is, in fact, the cosmological dark matter.

This approach is analogous to the well-known case of BBN. For BBN, data from nuclear
physics experiments stringently constrain cross sections involving the light nuclei. Along
with the assumption of a cooling and expanding Universe, this allows one to predict the
light element abundances left over from the Big Bang, and the consistency of these predic-
tions with observations gives us confidence that the light elements were actually created in
this way. For dark matter, the idea is that particle physics experiments at the LHC may
stringently constrain cross sections involving dark matter and related particles. Along with
the assumption of a cooling and expanding Universe, this microscopic data allows one to
predict the dark matter relic density, basically by following the relic density curves of Fig. [2|
This thermal relic density may be compared to the observed density of dark matter, and
their consistency would give us confidence that dark matter is actually produced in this way
and is made of the particles produced at the collider.
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FIG. 11 Constraints in the (m,,€,) plane from the LHC and the International Linear Col-
lider, and from the WMAP and Planck satellites (123; 124). WMAP and Planck measure
1y, but are insensitive to the dark matter mass m,; the collider experiments bound both.
These results are for LCC1, a supersymmetric model with minimal supergravity parameters
(mo, My 9, tan B, Ag,sign(p)) = (100 GeV, 250 GeV, 10, —100 GeV, +).

How well can the LHC do? The answer depends sensitively on the underlying dark matter
scenario, but several qualitatively different cases have now been studied (120} 121 122} [123).
The results of one (exemplary) case study are given in Fig. . In conjunction with other
cosmological observations, the WMAP satellite constrains the dark matter relic density €2,
to a fractional uncertainty of +8%. Its successor, Planck, is expected to sharpen this to
+2%. Of course, CMB experiments do not constrain the dark matter mass. At the same
time, precision studies at the LHC can determine so many of the supersymmetric model
parameters that the neutralino mass can be determined to £5 GeV and the thermal relic
density can be predicted to £20%. Measurements at the International Linear Collider could
improve these constraints on mass and relic density to 50 MeV and £3%, respectively.

Consistency between the particle physics predictions and the cosmological observations
would provide compelling evidence that the particle produced at the LHC is in fact dark
matter. Along the way, the colliders will also determine the dark matter’s mass, spin, and
many other properties. In this way, colliders may finally help solve the question of the
microscopic identity of dark matter. Note also that, just as BBN gives us confidence that
we understand the Universe back to 1 second after the Big Bang and temperatures of 1 MeV,
such dark matter studies will provide a window on the era of dark matter freeze out at 1
nanosecond after the Big Bang and temperatures of ~ 10 GeV. Of course, the thermal relic
density prediction from colliders and the cosmological observations need not be consistent.
In this case, there are many possible lines of inquiry, depending on which is larger.
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IV. SUPERWIMPS

The WIMP miracle might appear to require that dark matter have weak interactions
if its relic density is naturally to be in the right range. This is not true, however — in
recent years, two other mechanisms have been shown to be viable and lead to dark matter
particles that also exploit the WIMP miracle to have the correct relic density, but have
vastly different interactions and implications for detection. These two possibilities are the
topics of this section and Sec.

In this section, we discuss super WIMPs, superweakly-interacting massive particles, which
have the desired relic density, but have interactions that are much weaker than weak. The
extremely weak interactions of Super WIMPs might naively be thought to be a nightmare for
searches for dark matter. In fact, superWIMP scenarios predict signals from cosmic rays, at
colliders, and in astrophysics that can be far more striking than in WIMP scenarios, making
super WIMPs highly amenable to experimental investigation.

A. Production Mechanisms
1. DECAYS

In the superWIMP framework, dark matter is produced in late decays: WIMPs freeze out
as usual in the early Universe, but later decay to superWIMPs, which form the dark matter
that exists today (125} [126). Because superWIMPs are very weakly interacting, they have
no impact on WIMP freeze out in the early Universe, and the WIMPs decouple, as usual,
with a thermal relic density Qwnip ~ Q2pwm. Assuming that each WIMP decay produces one
super WIMP, the relic density of super WIMPs is

mswimp Qi - (17)

Qgwivp =
mwiMmp

SuperWIMPs therefore inherit their relic density from WIMPs, and for mswmp ~ mwivp,
the WIMP miracle also implies that superWIMPs are produced in the desired amount to
be much or all of dark matter. The evolution of number densities is shown in Fig. [12]
The WIMP decay may be very late by particle physics standards. For example, if the
superWIMP interacts only gravitationally, as is true of many well-known candidates, the
natural timescale for WIMPs decaying to superWIMP is 1/(Gym3 ;) ~ 10% — 107 s.

Because the WIMP is unstable and not the dark matter, it need not be neutral in this
context — to preserve the naturalness of the superWIMP relic density, all that is required is
Qwimvp ~ Qpum. In the case of supersymmetry, for example, the WIMP may be a neutralino,
but it may also be a charged slepton. Even though charged sleptons interact with photons,
on dimensional grounds, their annihilation cross sections are also necessarily governed by
the weak scale, and so are ~ g ., /m?2_ .., implying roughly the same relic densities as
their neutral counterparts. Of course, whether the WIMP is charged or not determines the
properties of the other particles produced in WIMP decay, which has strong consequences
for observations, as we will see below.

2. REHEATING

SuperWIMPs may also be produced after reheating, when the energy of the inflaton
potential is transferred to SM and other particles. This creates a hot thermal bath, and, if
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FIG. 12 In superWIMP scenarios, WIMPs freeze out as usual, but then decay to superWIMPs,
superweakly-interacting massive particles that are the dark matter. This figure shows the WIMP
comoving number density Y (left) and the super WIMP relic density (right) as functions of tem-
perature T (bottom) and time ¢ (top). The WIMP is a 1 TeV, S-wave annihilating particle with
lifetime 10% s, and the superWIMP has mass 100 GeV.

the temperature is high enough, may be a significant source of super WIMPs (127 [128; 129;
130¢ 131)).

After reheating, the Universe is characterized by three rates: the interaction rate of
particles that have SM interactions, ogyn; the expansion rate, H; and the rate of interactions
involving a superWIMP, oswivpn. Here n is the number density of SM particles. After
reheating, the Universe is expected to have a temperature well below the Planck scale,
but still well above SM masses. Assuming the superWIMP is gravitationally interacting,
dimensional analysis implies that these rates are hierarchically separated:

T? T3

osun ~ 1T > H ~ m > OSWIMPTL ~ m . (18)
This implies a very simple picture: after reheating, particles with SM interactions are in ther-
mal equilibrium with each other. Occasionally these interact to produce a superWIMP. The
produced superWIMPs then propagate through the Universe essentially without interacting
and without annihilating, surviving to the present day.

To determine the super WIMP abundance, we turn once again to the Boltzmann equation
of Eq. , where now n is the number density of superWIMPs. To be concrete, consider
the case of gravitino superWIMPs. In this case, the source term ngq arises from interactions

that produce superWIMPs, such as gg — fjé . In contrast to our previous application of the
Boltzmann equation in Sec. [[II.A.1 however, here the sink term n? is negligible. Changing
variables with ¢ — 7" and n — Y = n/s, where s is the entropy density, we find

dl__("éw 2
AT~ HTs ' -

(19)
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The right-hand side is independent of T, since n oc T3, H o< T? and s o< T°. We thus find an
extremely simple relation — the superWIMP relic number density is linearly proportional
to the reheating temperature Tg.

The constant of proportionality is the gravitino production cross section. Including all
such production mechanisms, the gravitino relic density can be determined as a function
of reheating temperature T and gravitino mass. For gravitino mass mgz ~ 100 GeV, the
constraint on Qpy requires T S 101 GeV (132). Of course, if this bound is nearly saturated,
gravitinos produced after reheating may be a significant component of dark matter, adding
to the relic density from decays.

B. Candidates
1. WEAK-SCALE GRAVITINOS

The superWIMP scenario is realized in many particle physics models. The prototypical
superWIMP is the gravitino G (125; [126; [133; 134} [135} [136). Gravitinos are the spin 3/2
superpartners of gravitons, and they exist in all supersymmetric theories. The gravitino’s
mass is

— (20)
meg = ,
¢ V3N,
where F is the supersymmetry-breaking scale squared and M, = (87Gy)""/? ~ 2.4 x
108 GeV is the reduced Planck mass. In the simplest supersymmetric models, where super-
symmetry is transmitted to SM superpartners through gravitational interactions, the masses

of SM superpartners are
Mo~ — (21)

A solution to the gauge hierarchy problem requires F' ~ (10" GeV)?, and so all superpart-
ners and the gravitino have weak-scale masses. The precise ordering of masses depends on
unknown, presumably O(1), constants in Eq. . There is no theoretical reason to expect
the gravitino to be heavier or lighter than the lightest SM superpartner, and so in roughly
“half” of the parameter space, the gravitino is the lightest supersymmetric particle (LSP).
Its stability is guaranteed by R-parity conservation, and since mga ~ m, the gravitino relic
density is naturally QSWIMP ~ QDM-

In gravitino superWIMP scenarios, the role of the decaying WIMP is played by the
next-to-lightest supersymmetric particle (NLSP), a charged slepton, sneutrino, chargino, or
neutralino. The gravitino couples SM particles to their superpartners through gravitino-
sfermion-fermion interactions

N

V2 M,

and gravitino-gaugino-gauge boson interactions

L= Ouf F1*7" G, (22)

7; —

L= g Gl IV E, (23)

The presence of M, in Egs. and implies that gravitinos interact only gravitation-
ally, a property dictated by the fact that they are the superpartners of gravitons. These
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interactions determine the NLSP decay lifetime. As an example, if the NLSP is a stau, a
superpartner of the tau lepton, its lifetime is

m%] ™ 100 GeV ' [ mg
1——¢| =~36x10" { S
[ m%] 30107 [m; — mé] 100 GeV

6 m

SN

T(%%T@)I?m
N M2

: (24)

where the approximate expression holds for mg/msz ~ 1. We see that decay lifetimes of
the order of hours to months are perfectly natural. At the same time, the lifetime is quite
sensitive to the underlying parameters and may be much longer for degenerate 7 — G pairs,
or much shorter for light gravitinos.

2. OTHERS

In addition to gravitinos, other well-motivated examples of superWIMPs include axi-
nos (137; 138}, [139)), the supersymmetric partners of axions, particles introduced to resolve
the strong CP problem described in Sec. [[L.B.4] Axions may also be cold dark matter (see
Sec. , and the possibility that both axions and axinos contribute to dark matter is one
of the better motivated multi-component dark matter scenarios (140). UED models also
have superWIMP candidates in the form of Kaluza-Klein graviton and axion states (141)).
One of these may be the lightest KK state; in fact, in minimal UED, the KK graviton is the
lightest KK state for all R™! < 800 GeV, where R is the compactification radius (142). If
one of these is the lightest KK state, it is stabilized by KK-parity conservation and has prop-
erties very similar to its supersymmetric analogue. Other superWIMPs candidates include
quintessinos in supersymmetric theories (143), stable particles in models that simultaneously
address the problem of baryon asymmetry (144), and other particles produced in decays,
where the decay time is greatly lengthened by mass degeneracies (145; [146]).

In summary, there are many superWIMP candidates that possess all of the key virtues
of WIMPs: they exist in the same well-motivated frameworks and, since they inherit their
relic density from WIMPs, are also naturally produced with the desired relic density. As we
will see, however, they have completely different implications for detection.

C. Indirect Detection

SuperWIMPs are so weakly interacting that they cannot be detected by direct searches,
and their annihilation cross sections are so suppressed that their annihilation signal rates are
completely negligible. However, if the decaying WIMP is charged, the superWIMP scenario
implies long-lived charged particles, with striking implications for indirect detection.

One interesting possibility is that long-lived charged particles may be produced by ultra-
high energy cosmic rays, resulting in exotic signals in cosmic ray and cosmic neutrino ex-
periments (147 [148)). As an example, in the gravitino superWIMP scenario with a stau
NLSP, ultra-high energy neutrinos may produce events with two long-lived staus through
vq — 7q followed by the decay ¢ — 7. The metastable staus then propagate to neutrino
telescopes (149), where they have a typical transverse separation of hundreds of meters. They
may therefore be detected above background as events with two upward-going, extremely
high energy charged tracks in experiments such as IceCube.
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D. Particle Colliders

Particle colliders may also find evidence for superWIMP scenarios. This evidence may
come in one of two forms. Collider experiments may see long-lived, charged particles. Given
the stringent bounds on charged dark matter, such particles presumably decay, and their
decay products may be superWIMPs. Alternatively, colliders may find seemingly stable
particles, but the precision studies described in Sec. may imply that these particles
have a thermal relic density that is too large. These two possibilities are not mutually
exclusive. In fact, the discovery of long-lived, charged particles with too-large predicted
relic density is a distinct possibility and would strongly motivate superWIMP dark matter.

As an example, again consider gravitino superWIMPs with a charged slepton NLSP.
(The possibility of a neutralino NLSP is essentially excluded by considerations of BBN, as
discussed in Sec. [[V.E.2]) In the slepton NLSP scenario, supersymmetric events at colliders
are not characterized by missing energy and momentum as predicted in WIMP dark matter
scenarios, but rather by pairs of heavy, long-lived, charged particles. Such particles lead
to spectacular signals and require far less luminosity for discovery than missing energy
signals (1505 151).

To determine the superWIMP relic density of Eq. , we must determine the super-
WIMP’s mass. This is not easy, since the WIMP lifetime may be very large, implying that
superWIMPs are typically produced long after the WIMPs have escaped collider detectors.
At the same time, because some sleptons will be slowly moving and highly-ionizing, they
may be trapped and studied. As an example, sleptons may be trapped in water tanks placed
outside collider detectors. These water tanks may then be drained periodically to under-
ground reservoirs where slepton decays can be observed in quiet environments. The number
of sleptons that may be trapped is model-dependent, but a 1 meter thick tank of water
may trap as many as a thousand sleptons per year (I52). Other possibilities for capturing
sleptons include using the LHC detectors themselves as the slepton traps (153), or carefully
tracking sleptons as they exit the detector and digging them out of the walls of the detector
halls, giving new meaning to the phrase “data mining” (154).

If thousands of sleptons are trapped, the slepton lifetime may be determined to the few
percent level simply by counting the number of slepton decays as a function of time. The
slepton mass will be constrained by analysis of the collider event kinematics. Furthermore,
the outgoing lepton energy can be measured, and this provides a high precision measurement
of the gravitino mass, and therefore a determination of the gravitino relic density through
Eq. . Consistency at the percent level with the observed dark matter relic density will
provide strong evidence that dark matter is indeed composed of gravitino superWIMPs.

Perhaps as interesting, the determination of 7, mg, and mj; in Eq. implies that one
can differentiate the various super WIMP candidates (155) and determine Newton’s constant
on the scale of fundamental particles (134} [156). According to conventional wisdom, particle
colliders are insensitive to gravity, since it is such a weak force. We see that this is not true
— if Gy enters in a decay time, one can achieve the desired sensitivity simply by waiting
a long time. In this case, one can measure the force of gravity between two test particles
with masses ~ 10727 kg, a regime that has never before been probed. If this force is
consistent with gravity, these studies will show that the newly discovered particle is indeed
interacting gravitationally, as is required for the gravitino to be the graviton’s superpartner,
and demonstrate that gravity is in fact extended to supergravity in nature.
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FIG. 13 Predicted values of WIMP lifetime 7 and electromagnetic energy release (gv = €gMm YNLSP
in the B (left) and 7 (right) superWIMP scenarios for mgwimyp = 100 GeV, 300 GeV, 500 GeV,
1 TeV, and 3 TeV (top to bottom) and Am = mwmp — mswimp = 600 GeV, 400 GeV, 200 GeV,
and 100 GeV (left to right). The contours are for u, which parameterizes the distortion of the
CMB from a Planckian spectrum. From Ref. (126]).

E. Astrophysical Signals

Because superWIMPs are very weakly interacting, the decays of WIMPs to superWIMPs
may be very late and have an observable effects on BBN and the CMB. In addition, in
contrast to WIMPs, superWIMP dark matter may behave as warm dark matter.

1. COSMIC MICROWAVE BACKGROUND

When WIMPs decay to superWIMPs, the accompanying particles may distort the fre-
quency dependence of the CMB away from its ideal black body spectrum (126; 157; [158).
The impact on the CMB is determined by the NLSP lifetime and the energy released in vis-
ible decay products when the WIMP decays. The energy release is conveniently expressed
in terms of

CEM = egMYNLSP (25)

for electromagnetic energy, with a similar expression for hadronic energy. Here egy; is the
initial EM energy released in NLSP decay and Ynpsp = nnnsp/n, is the NLSP number
density just before it decays, normalized to the background photon number density n, =
2¢(3)T3/m2. Once the NLSP is specified, and assuming superWIMPs from late decays make
up all of the dark matter, with Qs = Qpym = 0.23, both the lifetime and energy release are
determined by only two parameters: mg and mypsp. The results for neutralino and slepton
NLSPs are given in Fig. [13]

For the decay times of interest with redshifts z ~ 10° to 107, the resulting photons
interact efficiently through ve= — ve~ and eX — eX~, where X is an ion, but photon
number is conserved, since double Compton scattering ve~ — ~v7ye™ is ineflicient. The
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spectrum therefore relaxes to statistical but not thermodynamic equilibrium, resulting in a
Bose-Einstein distribution function

1
JA(E) = B/ _ 1 (26)
with chemical potential p # 0. Figure [13] also includes contours of p. The current bound
is 1 < 9 x 107° (159). Although there are at present no indications of deviations from
black body, current limits are already sensitive to the superWIMP scenario, and future
improvements may further probe superWIMP parameter space.

2. BIG BANG NUCLEOSYNTHESIS

Late time energy release after t ~ 1 s also destroys and creates light elements, potentially
distorting the predictions of standard BBN. The impact depends sensitively on what the de-
caying NLSP is. For example, in the neutralino NLSP case, the neutralino decays generically
through x — ZG, hG,vG. The first two modes lead to hadrons, which are very dangerous.
Constraints from BBN on hadronic energy release essentially exclude the neutralino WIMP
scenario, allowing only the fine-tuned case in which the neutralino is photino-like, x ~ 7,
in which case the decays to ZG and hG are suppressed (160} [161)). In the charged slepton
NLSP case, the decaying WIMP may first bind with nuclei, which may enhance the effect
of its decays on BBN (162 [163; 164 165} [166).

BBN constraints on the gravitino superWIMP possibility have been considered in a num-
ber of studies. The results of one study, which considered minimal supergravity models
with a stau NLSP decaying to a gravitino superWIMP, are given in Fig. [14 Without BBN
constraints, we find that extremely large stau lifetimes are possible. The BBN constraints
typically exclude the largest lifetimes (although there are interesting exceptions (167)). Nev-
ertheless, lifetimes as large as 10 s are still allowed for all stau masses, and even larger
lifetimes are possible for light staus with mass ~ 100 GeV. Models with large lifetimes and
light staus are the most promising for the collider studies described in Sec. [V.D] and we
see that BBN constraints do not exclude these scenarios.

Finally, late decays to superWIMPs may in fact improve the current disagreement of
standard BBN predictions with the observed “Li and 8Li abundances, although this typically
requires that the decaying slepton be heavy, with mass above a TeV (168; [169; [170). For a
review, see Ref. (171)).

3. SMALL SCALE STRUCTURE

In contrast to WIMPs, superWIMPs are produced with large velocities at late times. This
has two, a priori independent, effects. First, the velocity dispersion reduces the phase space
density, smoothing out cusps in dark matter halos. Second, such particles damp the linear
power spectrum, reducing power on small scales (173} 174} 175} 176} 177, 178 179). As seen
in Fig. [15], superWIMPs may suppress small scale structure as effectively as a 1 keV sterile
neutrino, the prototypical warm dark matter candidate (see Sec. [VII). Some superWIMP
scenarios may therefore be differentiated from standard cold dark matter scenarios by their
impact on small scale structure; for a review, see Ref. (180).
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FIG. 14 Allowed values for the stau mass and lifetime in gravitino super WIMP scenarios scanning
over minimal supergravity parameters with tan 5 = 50, and assuming gravitinos are produced both
after reheating and in late decays. The grey dots represent models that satisfy collider constraints;
the green dots represent models that also satisfy all BBN constraints; the blue dots represent
models that are allowed for slightly loosened BBN constraints on °Li/7Li. From Ref. (I72).

V. LIGHT GRAVITINOS

The gravitino dark matter candidates discussed in Sec. [[V] have masses around myeak.
Other well-motivated, if somewhat problematic, candidates are light gravitinos, with masses
in the range eV — keV and very different implications for experiments.

A. Thermal Production
1. GAUGE-MEDIATED SUPERSYMMETRY BREAKING

Low-energy supersymmetry elegantly addresses the gauge hierarchy problem but does
not by itself solve the new physics flavor problem. In fact, the goal of solving the new
physics flavor problem is the prime driver in the field of supersymmetric model building,
and motivates a particularly elegant subset of supersymmetric theories known as gauge-
mediated supersymmetry breaking (GMSB) models (181} [182; [183; 184} (185} [186]). In these
models, supersymmetry-breaking is transmitted from a supersymmetry-breaking sector to
the MSSM by so-called “messenger” particles through both gauge interactions and gravity.
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FIG. 15 The power spectrum for scenarios in which dark matter is completely composed of WIMPs
(solid), half WIMPs and half superWIMPs (dashed), and completely composed of superWIMPs

(dotted). For comparison, the lower solid curve is for 1 keV sterile neutrino warm dark matter.
From Ref. (176).

The resulting squark and slepton mass matrices, in 3 x 3 generation space, are of the form

mZGMSB 0 0 ~ mgrav ~ mgrav ~ m?grav
mfz = 0 m%}MSB 0 + ~ mérav ~ 7némv ~ mérav ) (27)
0 0 m%}MSB ~ mgrav ~ mgrav ~ m?grav
where
¢ F F
mgmMsB @ﬁm and Mgray ™~ M . (28)

The parameter g denotes gauge coupling constants, I’ is the supersymmetry-breaking scale
squared, M, is the reduced Planck mass, and M, is another mass scale determined by the
supersymmetry-breaking sector and is related to the mass of the messenger particles.

The essential feature is that the GMSB contributions are determined by gauge coupling
constants only and so are generation-blind. They therefore do not mediate flavor-changing
effects, and if they are dominant, such theories ameliorate the new physics flavor problem.
For them to be dominant, one assumes M,, < M, and F < (10" GeV)? subject to the
constraint F'/M,, ~ 100 TeV, so that the superpartner masses are at the weak scale, but
the flavor-violating gravity contributions are negligible.

As seen in Eq. , however, mgay ~ mg, that is, the gravity contributions to the
squark and sleptons masses are the same size as the gravitino mass. In GMSB scenarios,
then, the LSP is the gravitino. To sufficiently suppress flavor-violating effects, one typically
requires Mgy, Ma S 1 GeV. As a result, WIMPs and superWIMPs are typically not
viable dark matter candidates in GMSB models: WIMPs decay through R-parity conserving
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interactions such as y — vé, and superWIMPs are under-abundant, since mga < mwmvp
implies Qswinvp < Qwivp-

2. RELIC DENSITY

Light gravitinos may be dark matter candidates in GMSB models, however (187). As
with neutrinos, light gravitinos may be in thermal equilibrium in the early hot Universe.
They then decouple, with relic density

mea
100 eV

Q' ~ 0.25 (29)
When originally proposed, 2pyn ~ 1 was possible, and constraints from structure formation
allowed mg ~ 100 eV —keV. Such “keV gravitinos” were then viable dark matter candidates.
There is no theoretical reason to favor the 100 eV—keV mass range for gravitinos, and so
this scenario does not naturally explain the relic density in the way that the WIMP miracle
does. In contrast to WIMPs and superWIMPs, however, light gravitinos are well-motivated
by their presence in models that solve not only the gauge hierarchy problem, but also the
new physics flavor problem.

The light gravitino scenario has become much less simple in recent years, however. The
allowed value for the dark matter relic density has been reduced to Q2py ~ 0.23. In addition,
there are much more stringent limits on how hot dark matter can be. Among the strongest
bounds are those from Lyman-a forest observations, which constrain the distribution of gas
between distant objects and us. Observations of density fluctuations on relatively small
scales implies that dark matter should not have erased power on these scales. Lyman-«
constraints therefore require that the bulk of dark matter be sufficiently cold, implying
meg % 2 keV (188 [189). Together, these developments have closed the window on the
minimal light gravitino dark matter scenario.

There are, however, at least two viable extensions. In the one-component gravitino sce-
nario, sometimes abbreviated AWDM, the gravitino has mass 2 2 keV and is cold enough to
agree with Lyman-« constraints, but its thermal relic density is either not realized, for exam-
ple, because of a low reheating temperature, or is significantly diluted, for example, through
late entropy production (190). Alternatively, in the two-component gravitino scenario, typ-
ically denoted ACWDM, the gravitino has mass < 16 eV (191)), but it is a sufficiently small
portion of the dark matter to be consistent with structure formation constraints, provided
another particle provides an additional and dominant cold or warm component.

B. Particle Colliders

Remarkably, the AWDM and ACWDM scenarios may be differentiated at particle col-
liders. In contrast to weak-scale gravitinos, light gravitinos interactions are stronger than
gravitational, as they are enhanced by their spin 1/2 longitudinal Goldstino components.
These interactions depend on the supersymmetry-breaking scale I’ and are stronger for
lighter gravitinos. For example, a Bino-like neutralino has decay width

~ cos? Oyym?

I'(B— Q) = T B (30)
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where 6y is the weak mixing angle, corresponding to a decay length

me ]2 lmo Ge\/r

~ 29
T o {100 oV

31
n (31)

The two light gravitino scenarios therefore predict decay lengths that are either shorter or
longer than typical sizes of particle detectors. In a Bino LSP GMSB scenario, supersymmetry
events will be seen through missing energy in the AWDM scenario, but will be characterized
by two high energy photons in the ACWDM scenario. Such diphoton events are the subject
of ongoing searches at the Tevatron (192) and will be spectacular at the LHC. Similar
results hold for the stau NLSP scenario and the decay 7 — 7G: supersymmetry events
will appear with pairs of metastable heavy charged particles in the AWDM scenario, but
will be characterized by two high energy taus in the ACWDM scenario. The observation of
these various event types, when interpreted in the gravitino dark matter framework, may
therefore have strong cosmological implications, for example, indicating an era of late entropy
production in the AWDM case, or strongly implying the existence of another, dominant,
form of dark matter in the ACWDM scenario.

VI. HIDDEN DARK MATTER

As noted in Sec. [I} despite great recent progress, all solid evidence for dark matter is
gravitational. There is also strong evidence against dark matter having strong or electro-
magnetic interactions. A logical possibility, then, is hidden dark matter, that is, dark matter
that has no SM gauge interactions. Hidden dark matter has been explored for decades and
brings with it a great deal of model building freedom, leading to a large and diverse class
of candidates (193} [194; [195; 196} 197)). Unfortunately, this freedom comes at a cost: by
considering hidden dark matter, one typically loses (1) connections to the central problems
of particle physics discussed in Sec. [[L.B] (2) the WIMP miracle, and (3) predictivity, since
most hidden dark matter candidates have no non-gravitational signals, which are most likely
required if we are to identify dark matter.

Recently, however, some hidden dark matter models have been shown to have some,
or even all, of the three properties listed above, putting them on more solid footing and
providing extra structure and motivation for this framework. In this section, we first consider
the general possibility of hidden sectors, but then focus on this subset of hidden dark matter
candidates and explore their properties and implications for detection.

A. Thermal Freeze Out
1. CONSTRAINTS ON TEMPERATURE AND DEGREES OF FREEDOM

The thermal history of hidden sectors may differ from that of the visible sector. However,
the hidden sector’s temperature, along with its “size,” is constrained, to the extent that it
affects the cosmological history of the visible sector.

One of the leading constraints on hidden sectors is provided by BBN. The success of BBN
is highly sensitive to the expansion rate of the Universe at time tggny ~ 1 — 1000 s. Light
degrees of freedom in a hidden sector change the expansion rate of the Universe and thereby
impact BBN, even if they have no SM interactions. The constraint is conventionally quoted
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as a bound on neg, the effective number of light neutrino species, and may be taken to be
neg = 3.24 £ 1.2 (95% CL) (198} 199 200)). This implies

N

9 (Thpy) (TBEN> = T2 (g — 3) <252 (95% CL) | (32)
TN 8

where Tl and Ty are the temperatures of the hidden and visible sectors at time tgpy.

This is a significant constraint (201)); for example, Eq. excludes a hidden sector that is

an exact copy of the SM with ¢"(Thsx) = 10.75, assuming it has the same temperature as

the visible sector, so Tigny = TBBN-

As evident in Eq. , however, this statement is highly sensitive to the hidden sector’s
temperature. If the observable and hidden sectors are not in thermal contact, the hidden
sector may be colder than the observable sector. This would be the case if, for example, the
inflaton couplings to the observable and hidden sectors are not identical, so that they reheat
to different temperatures (196; 197). Alternatively, the observable and hidden sectors may
initially have the same temperature, either because they have the same inflaton couplings
or because they are in thermal contact, but may cool independently and have different tem-
peratures at later times. For hidden sector temperatures that are now half of the observable
sector’s temperature, hundreds of degrees of freedom, equivalent to several copies of the SM
or MSSM, may be accommodated.

2. THE WIMPLESS MIRACLE

It is desirable for hidden dark matter to have naturally the correct relic density, just as in
the case of WIMPs. One way to achieve this goal would be to duplicate the couplings and
mass scales of the visible sector in the hidden sector so that the WIMP miracle is satisfied in
the hidden sector. Given the discussion above, this is certainly possible if the hidden sector
has fewer light degrees of freedom than the visible sector or is slightly colder.

At the same time, this possibility is both rather unmotivated and far too rigid. As dis-
cussed in Sec.[[IT.AT] the thermal relic density of a stable particle with mass mx annihilating
through interactions with couplings gx is

2
Qx ~ (o40) 1 ~ m—f . (33)
9x
The WIMP miracle is the fact that, for myx ~ Myearx and gx ~ Gweax == 0.65, Qx is roughly
Qpm =~ 0.23.

Equation makes clear, however, that the thermal relic density fixes only one com-
bination of the dark matter’s mass and coupling, and other combinations of (mx, gx) can
also give the correct {2x. In the SM, gx ~ gweax is the only choice available, but in a general
hidden sector, with its own matter content and gauge forces, other values of (mx, gx) may
be realized. Such models generalize the WIMP miracle to the “WIMPless miracle”: dark
matter that naturally has the correct relic density, but does not necessarily have a weak-scale
mass or weak interactions (202]).

B. Candidates

The WIMPless miracle is naturally realized in particle physics frameworks that have
several other motivations. As an example, consider the supersymmetric models with GMSB
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FIG. 16 Sectors of supersymmetric models. Supersymmetry breaking is mediated by gauge in-
teractions to the MSSM and the hidden sector, which contains the dark matter particle X. An
optional connector sector contains fields Y, charged under both MSSM and hidden sector gauge
groups, which induce signals in direct and indirect searches and at colliders. There may also be
other hidden sectors, leading to multi-component dark matter. From Ref. (202)).

described previously in Sec. [V.A.1] These models necessarily have several sectors, as shown
in Fig.[16| The supersymmetry-breaking sector includes the fields that break supersymmetry
dynamically and the messenger particles that mediate this breaking to other sectors through
gauge interactions. The MSSM sector includes the fields of supersymmetric extension of the
SM. In addition, supersymmetry breaking may be mediated to one or more hidden sectors.
The hidden sectors are not strictly necessary, but there is no reason to prevent them, and
hidden sectors are ubiquitous in such models originating in string theory.

As described in Sec. the essential feature of GMSB models is that they elegantly
address the new physics flavor problem by introducing generation-independent squark and
slepton masses of the form

g F
T Tem M,
The generic feature is that superpartner masses are proportional to gauge couplings squared
times the ratio F/M,,, which is a property of the supersymmetry-breaking sector. With
analogous couplings of the hidden sector fields to hidden messengers, the hidden sector
superpartner masses are

(34)

2
gx F
~ i 35
where gx is the relevant hidden sector gauge coupling. As a result,
F

& ¢ T 16e2M,,

that is, mx /g% is determined solely by the supersymmetry-breaking sector. As this is exactly
the combination of parameters that determines the thermal relic density of Eq. (33)), the
hidden sector automatically includes a dark matter candidate that has the desired thermal
relic density, irrespective of its mass. This has been verified numerically for a concrete
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FIG. 17 Contours of Qxh? = 0.11 in the (my,gx) plane for hidden to observable reheating
temperature ratios Ty /Tr = 0.8 (upper solid) and 0.3 (lower solid), where the hidden sector is
a 1-generation flavor-free version of the MSSM. Also plotted are lines of Mmyearx = (Mmx/g%)g"? =
100 GeV (upper dashed) and 1 TeV (lower dashed). The WIMPless hidden models generalize the
WIMP miracle to a family of models with other dark matter masses and couplings. From Ref. (204).

hidden sector model; the results are shown in Fig. [I7 This property relies on the relation
myx X g%, which is common to other frameworks for new physics that avoid flavor-changing
problems, such as anomaly-mediated supersymmetry breaking. The “coincidence” required
for WIMPless dark matter may also be found in other settings; see, e.g., Ref. (203).

WIMPless and other hidden sector models also naturally open the possibility of dark
forces in the hidden sector. In the WIMPless scenarios just described, this possibility arises
naturally if one attempts to understand why the hidden sector particle is stable. This is
an important question; after all, in these GMSB models, all SM superpartners decay to the
gravitino. In the hidden sector, an elegant way to stabilize the dark matter is through U(1)
charge conservation. This possibility necessarily implies massless gauge bosons in the hidden
sector. Alternatively, the hidden sector may have light, but not massless, force carriers, as
described in Sec. [ILD] In all of these cases, the dynamics of the hidden sector may have
many interesting astrophysical implications, some of which are discussed in Sec. [VI.F]

In summary, hidden sector dark matter models may in fact be motivated by leading prob-
lems in particle physics, and may even have naturally the correct relic density, through a
generalization of the WIMP miracle to the WIMPless miracle. In fact, the third virtue dis-
cussed in Sec. [VI] predictivity, may also be restored, and we now describe non-gravitational
signals of hidden dark matter.

C. Direct Detection

The decoupling of the WIMP miracle from WIMPs has many possible implications and
observable consequences. In the case that the dark matter is truly hidden, it implies that
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there are no prospects for direct or indirect detection. Signals must be found in astrophysical
observations, as in the case of superWIMPs. Alternatively, there may be connector sectors
containing particles that mediate interactions between the SM and the hidden sector through
non-gauge (Yukawa) interactions (see Fig. . Such connectors may generate many signals
with energies and rates typically unavailable to WIMPs.

As an example, first consider direct detection. As discussed in Sec. [[II.C| the DAMA
and CoGeNT signals may be explained without violating other bounds if the dark matter
mass and spin-independent cross section are in the ranges (mx, osr) ~ (1 —10 GeV, 1074 —
1073 cm?). Such masses are low for conventional WIMPs, and the cross section is also
very high. In WIMPless models, however, where the thermal relic density is achieved for a
variety of dark matter masses, such masses are perfectly natural. Furthermore, a WIMPless
particle X may couple to the SM through Yukawa interactions

L= )\fXYLfL + )\fXYRfR , (37)

where Y is a vector-like connector fermion, and f is a SM fermion. Taking f to be the
b quark, and the Y mass to be 400 GeV, consistent with current bounds, these couplings
generate spin-independent scattering cross sections given in Fig. We see that WIMPless
dark matter may explain the DAMA and CoGeNT results. Other proposed hidden dark
matter explanations of DAMA and CoGeNT include those of Ref. (205; 206).

D. Indirect Detection

WIMPless dark matter also provides new target signals for indirect detection. For
WIMPs, annihilation cross sections determine both the thermal relic density and indirect
detection signals. The thermal relic density therefore constrains the rates of indirect detec-
tion signals. In the WIMPless case, however, this connection is weakened, since the thermal
relic density is governed by hidden sector annihilation and gauge interactions, while the
indirect detection signals are governed by the interactions of Eq. .

This provides a wealth of new opportunities for indirect detection experiments looking
for photons, positrons, and other annihilation products. As an example, WIMPless dark
matter may be detected through its annihilation to neutrinos in the Sun by experiments
such as Super-Kamiokande. Although such rates depend on the competing cross sections
for capture and annihilation, the Sun has almost certainly reached its equilibrium state, and
the annihilation rate is determined by the scattering cross section (73)). The prospects for
Super-Kamiokande may therefore be compared to direct detection rates (73; 87; 88 89).
The results are given in Fig. [I8 In the near future, Super-Kamiokande and other neutrino
detectors may be able to probe the low mass regions corresponding to the DAMA and
CoGeNT signals.

E. Particle Colliders

If hidden dark matter does not interact with SM particles, there are no collider signals.
However, there may be connector particles. Since these necessarily have SM interactions,
they may be produced with large cross sections at colliders, and since they necessarily have
hidden charge, their decays may be non-standard, leading to unusual signatures.
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FIG. 18 Direct detection cross sections for spin-independent X-nucleon scattering in the low dark
matter mass myx region. The large hatched region is the predictions of WIMPless models with
connector mass my = 400 GeV and 0.3 < Ay < 1.0. The small hatched region is the prediction
of neutralino models considered in Ref. (207). The magenta shaded region is DAMA-favored
given channeling and no streams (208)), and the medium green shaded region is DAMA-favored
at 30 given streams and no channeling (81)). The light yellow shaded region is excluded by the
direct detection experiments CRESST (209), CDMS (210)), XENON10 (61)), TEXONO (211)), and
CoGeNT (212), as indicated. The blue contours are the published Super-Kamiokande (73) and
AMANDA (75) exclusion limits, and the black line is a projection of future neutrino detector
sensitivity. From Ref. (89).

As an example, consider the connector sector interactions specified in Eq. . In the
hadronic version with f = ¢, the Y necessarily have strong interactions, and so will be
similar to 4th generation quarks; for f = ¢, the Y particles are similar to 4th generation
leptons. The existence of 4th generation quarks and leptons is constrained by direct collider
searches and also by precision electroweak measurements from LEP and the SLC, but is far
from excluded (213)). 4th generation quarks with masses in the range 300 GeV < mp g S
600 GeV are consistent with all data. Strongly-interacting connector particles with mass
in this range will be produced in large numbers at the LHC, and also at the Tevatron. At
the same time, such connector particles are unlike standard 4th generation quarks, which
dominantly decay through charged-current modes, such as ¢’ — Wb and &/ — Wt. Connector
particles will decay through 7" — tX, and B’ — bX, similar to squarks, except that
squarks typically decay through cascades, which produce leptons. Hidden sector dark matter
therefore provides new motivation for relatively simple signatures with missing energy carried
away by the hidden dark matter (214). Hidden sectors and connectors may also impact
the properties of SM particles, with consequences for colliders running below the energy

frontier (215).

Hidden sector gauge forces may also have other observable effects. For example, hid-
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den photons may mix with SM photons through kinetic mixing terms F*'F /ﬁ,, leading to
fractionally charged particles (216) that are subject to a wide variety of probes (217 218]).

F. Astrophysical Signals

As explained in Sec. [VI.B| an elegant way to stabilize a hidden sector dark matter can-
didate is through hidden charge conservation, much like the electron is stabilized by U(1)
charge conservation in the SM. This requires that the dark matter have hidden charge
and interact through hidden photons or other gauge bosons. More generally, hidden dark
matter may interact through massive, but light, force carriers. In both cases, the hid-
den dark matter has significant self-interactions. Velocity-independent (“hard sphere”)
self-interactions have been extensively studied, for example, in the strongly self-interacting
framework of Ref. (219). Recent work on hidden dark matter has motivated new interest in
velocity-dependent cross sections, namely, the classic Coulomb scattering cross section

2

3; — 2 OziX- 10 (38)
m5vtsin® 5

and its generalization to Yukawa scattering for massive gauge bosons.

Charged hidden dark matter has many astrophysical implications: (1) bound state for-
mation and Sommerfeld-enhanced annihilation after chemical freeze out may reduce its relic
density (I11; 112); (2) similar effects greatly enhance dark matter annihilation in protohalos
at redshifts of z ~ 30 (110); (3) Compton scattering off hidden photons delays kinetic de-
coupling, suppressing small scale structure (220)); and (4) Rutherford scattering makes such
dark matter collisional (220} 221]).

The last possibility, of collisional dark matter, may lead to a number of observable effects.
A well-known probe of dark matter self-interactions is provided by the Bullet Cluster, a
rare system where a subcluster is seen to be moving through a larger cluster with relative
velocity ~ 4500 km/s (9). Through observations in the optical and X-ray and strong and
weak gravitational lensing observations, it is clear that dark matter tracks the behavior of
stars, which are collisionless, rather than the gas. These observations have allowed stringent
bounds to be placed on the dark matter self-interaction strength. For velocity-independent
cross sections, the Bullet Cluster observations imply opy/my S 3000 GeV ™3 (opm/mx S
0.7 cm?/g). These are the most direct constraints on the self-interaction of dark matter.
They have been adapted to the case of velocity-dependent cross sections, leading to the
bounds on dark matter mass my and coupling strength ay shown in Fig. [I9]

Self-interactions also allow dark matter particles to transfer energy. Self-interactions
that are strong enough to create O(1) changes in the velocities of dark matter parti-
cles will isotropize the velocity dispersion and create spherical halos. These expecta-
tions are borne out by simulations of self-interacting dark matter in the hard sphere
limit (219; 222; 223). The existence of elliptical dark matter halos may therefore also con-
strain self-interactions (224). The average rate for dark matter particles to change velocities
by O(1) factors is

D= [ doidon () f(02) (nxvmor) (12,/13) (39)

where f(v) = e7"/% /(voy/T)? is the dark matter’s assumed (Maxwellian) velocity distribu-
tion, ny is its number density, v, = |U) — Us|, and op = [dQ.(do/dQ.)(1 — cosb,) is the
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FIG. 19 Allowed regions in (mx, ax) plane, where mx is the mass of dark matter charged under

hidden electromagnetism with fine-structure constant axy. The shaded regions are excluded by
constraints from Bullet Cluster bounds on self-interactions (dark red) and the observed ellipticity
of galactic dark matter halos (light yellow). From Ref. (220).

energy transfer cross section, where 6, is the scattering angle in the center-of-mass frame.
X-ray observations have established the ellipticity of the dark matter halo of the elliptical
galaxy NGC 720 (225; 226)), and requiring I';;' > 10'° Gyr for this system also constrains
self-interacting hidden dark matter, as shown in Fig. Note that these constraints are
much stronger than those from the Bullet Cluster: for elliptical halos with dark matter
velocities v ~ 1073, the cross section is greatly enhanced relative to the Bullet Cluster with
its larger velocities.

The possibility that dark matter is stabilized by hidden charge conservation also motivates
other astrophysical signals, such as time delays of light passing through dark matter; see,

e.g., Ref. (227).

VIl. STERILE NEUTRINOS

The evidence for neutrino mass described in Sec. requires new physics beyond the
SM. This problem may be resolved by adding right-handed neutrinos v* = v§, so that
neutrinos may get mass through the same mechanism that generates masses for the quarks
and charged leptons. For the mass terms to be allowed under the symmetries of the SM, the
right-handed neutrinos must have no SM gauge interactions. One may therefore also add
a gauge-invariant term to the Lagrangian involving only two right-handed neutrinos — the
so-called Majorana mass term.

The SM is therefore extended to include N sterile neutrinos by adding the terms

o~ 1
£VR — Dailbya _ <>\;/BLZI/B¢ + hC) — 5 aﬁpaljﬁ , (40)
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where A} are the neutrino Yukawa couplings, M, is the Majorana mass matrix, and «, § =
1,..., N, where N > 2 so that at least two neutrino states are massive. When electroweak
symmetry is broken, the Higgs field gets a vacuum expectation value. The neutrino mass
eigenstates are then determined by diagonalizing the complete (3 + N) x (3 + N) neutrino

mass matrix
m, = ( 0 )\z‘/3<¢> ) ) (41)
)‘Zj <¢> Maﬁ

Mass eigenstates that are dominantly linear combinations of left-handed neutrinos are called
“active” neutrinos, and those that are dominated by right-handed neutrino components are
called “sterile” neutrinos.

An elegant idea for explaining the very small neutrino masses is the see-saw mechanism.
In this framework, one assumes \* ~ O(1) and M > (¢). There are then N large neutrino
masses ~ M, and three small neutrino masses ~ \*? /M. For M ~ 10 GeV, near the grand
unification scale, one gets the desired light neutrino masses. In this case, sterile neutrinos
are beyond the range of experiments and are not dark matter candidates.

On the other hand, given the range of fermion masses illustrated in Fig.[I], there is clearly
a range of Yukawa couplings in the SM and there is no strong reason to assume \* ~ O(1).
In general, one may, then, have light sterile neutrinos, which may be dark matter candidates.
We denote this neutrino v, with mass m, and mixing angle 6 defined by

vs =cosOvg +sinfuy , (42)

where vg (v) is a linear combination of right-handed (left-handed) gauge eigenstates.

A. Production Mechanisms

Sterile neutrinos may be produced in a number of ways. The relic density depends on
the sterile neutrino mass and mixing angle, and all of the mechanisms require very small
masses and mixing angles for sterile neutrinos to be viable dark matter candidates. These
parameters are not independently motivated by other theoretical arguments, and so sterile
neutrinos do not naturally have the right relic density. At the same time, sterile neutrinos
with these masses and mixings may explain some observations, described in Secs. [VIL.BJand
[VIL.C| which may be taken as observational evidence for these parameters.

Sterile neutrinos may be produced by oscillations at temperatures 7' ~ 100 MeV (228).
Sterile neutrinos were never in thermal equilibrium, but the resulting distribution is near
thermal. The results of numerical studies may be approximated by

Q,, ~0.2 (43)

10-8 [3 keV
this is shown in Fig. [20|as the L = 0 contour. This production mechanism is always present,
and the region to the right of this contour is excluded by overclosure.

The sterile neutrino relic abundance may be enhanced if the Universe has a non-zero
lepton number asymmetry

sinQZG{ My }1'8 '

Ny, — Ny,
- (44)

L =

For values of L 2 1073 that are nevertheless small enough to be well within current limits
from BBN, this can allow sterile neutrinos to be all of the dark matter for smaller mixing
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FIG. 20 Regions of the sterile neutrino dark matter (sin26,m,) parameter plane. On the L = 0
(L = 0.003,0.01,0.1) contours, sterile neutrinos produced by oscillations (resonance production)
have relic densities consistent with being all of the dark matter. The grey region to the right of the
L = 0 contour is excluded by overclosure. The regions denoted “X-ray Background” and “Cluster
X-ray” are excluded by null searches for X-rays from vy — yv,; the diagonal wide-hatched region
is the projected reach of future X-ray searches. The “Fornax” and horizontal hatched regions
are favored to explain a core in the Fornax dwarf galaxy and pulsar kicks, respectively. The
Tremaine-Gunn phase space density bound and a variety of Lyman-« forest constraints on small
scale structure place lower bounds on mg as shown. From Ref. (229)).

angles and masses, as shown in Fig. [20| (230)). For further work on the relic density in both
the L =0 and L > 0 scenarios, see Ref. (231} 232).

Sterile neutrinos may also be produced at higher temperatures, for example, in the decay
of heavy particles. One example follows from introducing a singlet Higgs boson field S,
which couples to right-handed neutrinos through —%)\iﬂSDO‘VB . When S gets a vacuum
expectation value, this term becomes a Majorana mass term. At temperatures of T ~ mg,
this term also produces sterile neutrinos through the decays S — v,v,, and this may be a
significant source of colder sterile neutrinos (233} 234} 235)).
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B. Indirect Detection

The dominant decay of sterile neutrinos is through vy, — v v v;,. However, sterile neu-

trinos may also decay through a loop-level process to a photon and an active neutrino with
branching ratio 27a/(87) ~ 1/128. The radiative decay width is (236))

1 sin? 26
2 52 5 o
GF&nzew%“L5x1m2s1040[

_9a
204874

L(vs = yv4)

me) (45)

keV
For the allowed sterile neutrino parameters, the sterile neutrino’s lifetime is much longer
than the age of the Universe, as required for it to be dark matter.

At the same time, even if a small fraction of sterile neutrinos decay, this may be observed.
Because the radiative decay is two-body, the signal is a mono-energetic flux of X-rays with
energy E, ~ m/2. Such signals may be seen by the XMM-Newton, Chandra X-ray, and
Suzaku observatories. Null results exclude the upper right shaded region of Fig. 20} and these
constraints have been updated in later analyses (see, e.g., Ref. (232f 237)). There is also
reported evidence of a signal in Chandra data, consistent with (ms,sin?20) ~ (5 keV,3 x
107%), in the heart of the allowed parameter space (238 239; 240). Future observations

from the International X-ray Observatory may extend sensitivities to the entire range of
parameters plotted in Fig. 20] (237).

C. Astrophysical Signals

Sterile neutrinos are the classic warm dark matter candidate. Their warmth depends
on the production mechanism, however. For the three production mechanisms discussed in
Sec. [VIL.A] the sterile neutrino free-streaming length is roughly

keV
Aks & R~ (46)

s

where R = 0.9, 0.6, and 0.2 Mpc for production from oscillations, L-enhanced production
(depending on L), and production through Higgs decay, respectively (241]). This implies that
bounds on small scale structure, for example, through Lyman-«a constraints, depend on the
production mechanism. For production by oscillations, current bounds require m, 2, 10 keV,
effectively excluding this production mechanism as a source for all of dark matter (see
Fig. . For colder production mechanisms, however, the Lyman-a bounds on m, are
weaker, and these mechanisms may viably produce all of the dark matter. We see, though,
that for much of sterile neutrino parameter space, power on small scales is reduced, providing
an observable difference from vanilla cold dark matter. For further discussion of small scale
structure constraints on sterile neutrinos, see Ref. (180; 229; 237} 242)).

In addition to its impact on small structure and the X-ray spectrum, sterile neutrinos
may have other astrophysical effects, for example, on the velocity distribution of pulsars and
on the formation of the first stars. For reviews, see Ref. (241} 243)).
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VIIl. AXIONS

Axions are motivated by the strong CP problem described in Sec. [I1.B.4| (244} 245} 246).
The axion solution follows from introducing a new pseudoscalar field a with coupling

2
93 @

La= 3272 f,

GG, (47)
where f, is a new mass scale, the axion decay constant. This term makes the coefficient of
e G, G, dynamical. The vacuum energy depends on this coefficient, and it relaxes to a
minimum where the EDM of the neutron is very small and consistent with current bounds.

As we will see, the allowed parameters for axions imply that they are extremely light
and weakly-interacting, providing yet another qualitatively different dark matter candidate
well-motivated by particle physics (247; 248} 249). For a general review of axions, see, e.g.,
Ref. (250).

A. Production Mechanisms

The axion’s mass and interactions are determined by f, up to model-dependent constants
that are typically O(1). The axion’s mass is

“ 1
ma:mmdmwfﬂf%mv(

102 GeV
—_— 4
My, + My a ) ’ ( 8>

fa

where m,, >~ 4 MeV, myg >~ 8 MeV, and m, ~ 135 MeV are the up quark, down quark, and
pion masses, and f, >~ 93 MeV is the pion decay constant.

Axions interact with gluons, through the term of Eq. , and also with fermions. At
loop-level, they also interact with photons through the coupling

Loy = —gV%—E -B=—g4aE-B, (49)

where « is the fine-structure constant and g, is a model-dependent parameter. For two
well-known possibilities, the KSVZ (251} 252)) and DFSZ (253} 254) axions, g, is —0.97 and
0.36, respectively.

The axion’s mass is bounded by several independent constraints. The coupling of Eq.
implies that axions decay with lifetime

(50)

647 88 x 10% s /eV\°
T(a—yy) = - () -

gz, ms 92 Ma
For axions to live longer than the age of the Universe, m, S 20 eV. Other astrophysical
bounds are even more stringent. In particular, axions may be produced in astrophysical bod-
ies and then escape, leading to a new source of energy loss. Constraints from the longevity
of red giants and the observed length of the neutrino pulse from Supernova 1987a, along
with other astrophysical constraints, require f, < 10° GeV, implying m, < 10 meV (255).
There are several possible production mechanisms for axion dark matter. A priori the
most straightforward is thermal production, as in the case of light gravitinos and sterile

neutrinos. Unfortunately, axions produced thermally would have a relic density of Q% ~
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0.22 (m,/80 ¢V) and be hot dark matter. In addition, Eq. implies that axions with
mass ~ 80 eV have lifetimes shorter than the age of the Universe, and so this mechanism
cannot produce axions that are the bulk of dark matter.

There are, however, several non-thermal production mechanisms linked to the rich cos-
mological history of the axion field. As the Universe cools to a temperature T ~ f,, the
axion field takes values that vary from place to place. This is known as the Peccei-Quinn
(PQ) phase transition. Although the value of the axion field now is fixed to minimize the
vacuum energy and solve the strong CP problem, at temperatures 7' 2 GeV, other effects
dominate the vacuum energy, and all values of the axion field are equally possible.

If inflation occurs after the P(Q) phase transition, then our observable Universe lies in a
patch with a single value of the axion field. At T'~ GeV, the axion field then relaxes to its
minimum. This “vacuum realignment” generates a relic density (256])

1.18
Q, ~0.46? o (51)
*\ 1012 GeV ’

where 6; is the initial vacuum misalignment angle, assuming the relic density is not diluted
by late entropy production. The requirement , < Qpy implies f, S 102 GeV 6 2,

On the other hand, inflation may occur before the PQ phase transition. This has two
effects. Our observable Universe then consists of a mixture of many patches with different
0;, and the relic density from vacuum re-alignment is that given in Eq. , but with an
effective 0; ~ O(1). In addition, since many different patches are observable, the boundaries
between patches, topological defects such as domain walls and axionic strings generated
during the PQ phase transition, may have observable effects. Production from domain wall
decay is expected to be sub-dominant (257) to vacuum realignment, but the relic density of
axions radiated by axionic strings may be of the same order or even an order of magnitude
larger (258} 259; 260).

To summarize, if inflation occurs after the PQ transition, the allowed window of axion
parameter space is roughly

102 GeV 0,22 f, 2107 GeV
6 pueV 0? S m, S6meV (52)

where 6; is an arbitrary constant less than 1. If inflation occurs before, then Eq. applies
with 0; ~ 1, and axion string production may imply a slightly stronger upper bound on f,.

The lower bound on m, arises from requiring that axions don’t overclose the Universe.
When this bound is saturated, axions may be all of the dark matter, and so this is the
preferred target region for dark matter searches. In contrast to WIMPs and superWIMPs,
axions do not naturally have the correct relic density: there is a range of possible m,, and
there is no reason a priori to be in the allowed window or near it’s lower boundary.

Note, however, that, if inflation occurred after the PQ transition, the lower bound on m,,
depends sensitively on 6;. In this case, if ; < 1, axions may be all of the dark matter even
for smaller m, and larger f,. This latter possibility has some theoretical attractions, as it
implies f, near mgyur ~ 10! GeV may be allowed and provides an avenue for anthropic
selection effects to favor axion densities near the observed value (261; 262)). As we will see,
however, if axions are even lighter and more weakly-coupled axions than naively expected,
they will be beyond detection for the foreseeable future.
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FIG. 21 Current constraints (shaded) and theoretical predictions for KSVZ and DFSZ axions in
the (Maq, g4y = gayy) plane. “Allowed mass” denotes roughly the window of axion masses allowed
by Eq. ; see text for details. From Ref. (250).

B. Direct Detection

Axions may be detected directly by looking for their scattering with SM particles in the
laboratory. Current and projected limits from direct detection axion experiments are shown
in Fig. 21| along with the theoretical predictions for KSVZ and DFSZ axions.

For cosmological axions, given all of the caveats discussed above, the favored region of
axion parameter space, in which axions may be all of the dark matter, may be taken to
be 1 peV S m, S 100 peV. In this region, the leading experimental results are from
the Axion Dark Matter Experiment (ADMX). ADMX searches for cosmological axions by
looking for the resonantly-enhanced conversion of dark matter axions to photons through
scattering off a background magnetic field, the Primakoff process ay* — ~ (263)). This is
a scanning experiment — one must run at a given frequency to be sensitive to axions of
a given mass. Once the desired sensitivity in coupling g,,, has been reached, one then
moves to another frequency. Theoretical expectations therefore play a role in setting the
search strategy. To date, ADMX has probed down to the level of KSVZ predictions for
axion masses of a few peV. In the coming decade, ADMX will continue running, along with
another experiment, New CARRACK, also based on the Primakoff process. ADMX expects
to extend its sensitivity to DF'SZ predictions for peV < m, < 100 peV.

In addition to searches for cosmological axions, there are also searches for axions produced
in the core of the Sun. These and other experiments are reviewed in Ref. (250).
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IX. CONCLUSIONS

Current observations support a remarkably simple model of the Universe consisting of
baryons, dark matter, and dark energy, supplemented by initial conditions determined by
an early epoch of inflation. If scientific progress is characterized by periods of confusion,
which are resolved by neat and tidy models, which are then launched back into confusion
by further data, the current era is most definitely of the neat and tidy sort.

Dark matter may be the area that launches us back into confusion with further data.
The microscopic properties of dark matter are as much of a mystery now as they were in
the 1930’s. In the next few years, however, searches for dark matter through a variety of
means discussed here will discover or exclude many of the most promising candidates.

At its core, the dark matter problem is highly interdisciplinary. Rather than attempt a
summary of this review, we close with some optimistic, but plausible, scenarios for the future
in which experiments from both particle physics and astrophysics are required to identify
dark matter. Consider the following examples:

e Scenario I: Direct detection experiments see a dark matter signal in spin-independent
scattering. This result is confirmed by the LHC, which sees a missing energy signal
that is followed up by precision measurements pointing to a 800 GeV Kaluza-Klein
gauge boson. Further LHC studies constrain the Kaluza-Klein particle’s predicted
thermal relic density to be identical at the percent level with 2py, establishing a new
standard cosmology in which the dark matter is composed entirely of Kaluza-Klein
dark matter, cosmology is standard back to 1 ns after the Big Bang, and the Universe
has extra dimensions. Direct and indirect detection rates are then used to constrain
halo profiles and substructure, ushering in a new era of dark matter astronomy.

e Scenario 2. The LHC discovers heavy, charged particles that are apparently stable.
Together the LHC and International Linear Collider determine that the new particles
are staus, predicted by supersymmetry. Detailed follow-up studies show that, if these
staus are absolutely stable, their thermal relic density is larger than the total mass of
the Universe! This paradox is resolved by further studies that show that staus decay
on time scales of a month to gravitinos. Careful studies of the decays determine that
the amount of gravitinos in the Universe is exactly that required to be dark matter,
providing strong quantitative evidence that dark matter is entirely in the form of
gravitinos, and providing empirical support for supergravity and string theory.

e Scenario 3: An X-ray experiment discovers a line signal. Assuming this results from
decaying sterile neutrinos, the photon energy determines the neutrino’s mass m = 2E.,,
the intensity determines the neutrino mixing angle (I o sin®#), and the image mor-
phology determines the dark matter’s spatial distribution. From the mass and radial
distribution, theorists determine the free-streaming length. This favors production
from Higgs decays over production by oscillations, leading to predictions of non-
standard Higgs phenomenology, which are then confirmed at the LHC. Additional
information on neutrino parameters from the LHC strengthens the hypothesis of ster-
ile neutrino dark matter, and the energy distribution of the narrow spectral line is
then used to study the expansion history of the Universe and dark energy.

These scenarios are, of course, highly speculative and idealized, but they illustrate that,
even in ideal scenarios that we have studied and understand, close interactions between
many subfields will be required. At the same time, if any of the ideas discussed here is
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correct, there are promising prospects for the combination of detection methods in particle
physics and astrophysics to identify dark matter in the not-so-distant future.
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