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           Dark Matter 
—The Known Unknown 

• Dark Matter: 
85% of cosmic matter abundance!
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Compelling evidence:



            Dark Matter 
—The  Known Unknown 

• What is it? Where does ΩDM come from?

•   Beyond the Standard Model of Particle Physics!
                   New Physics !?
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The Standard Model (SM) Dark Matter



Towards Resolving the Mystery
— What is dark matter?

• Clues about dark matter properties: very limited
‣ Must be stable (𝝉≳𝝉universe)
‣ Must be produced in the early universe
‣ Must form cosmological structures consistent with 

astronomical observations: favors cold, collisionless DM, 
weakly interacting with the visible matter 

‣ Must render observed relic abundance: ΩDM≈23%

   Mass? Non-gravitational interactions? 
   Minimal, single particle specie or as complex as our 
visible matter sector?…?

    Deductive approach insufficient for resolving this 
big mystery!
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Towards Resolving the Mystery
— What can dark matter be?

• Need additional inspiration/motivation as guideline, to 
nail down concrete theoretical models for investigations:
‣ Theoretical: DM candidates connect to/solve other 

theoretical problems, philosophical appeals
E.g. electroweak hierarchy problem (WIMP DM); strong CP 
problem (axion DM), WIMP miracle for ΩDM 

‣ Observational: experimental data that may be 
explained by certain type of DM
E.g. cosmic ray excess unexplained by astrophysical sources 
(annihilating or decaying DM), ΩDM ~ΩBaryon (asymmetric DM) 

• Educated guesses/hypothesis        testable predictions
        experimental test/search        resolve the mystery            
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Vast Landscape of Theoretical 
Candidates for Dark Matter 
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Figure 1. Graphical representation of the (incomplete) landscape of candidates. Above, the landscape of
dark matter candidates due to T. Tait. Below, the range of dark matter candidates’ masses and interaction
cross sections with a nucleus of Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates
have an enormous range of masses and interaction cross sections.

point to a DM mass scale rather similar to the nucleon mass, in the few GeV range [17, 18, 19, 20, 21, 22].
The observed clustering patterns of DM can be explained better by DM with self-interaction cross-section
within an order of magnitude from the neutron self-scattering cross-section, rather than by collisionless cold

Community Planning Study: Snowmass 2013
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Proposed DM models: Ranges of mass, interaction 
strength with visible matter



Classification of Dark Matter Candidates
• Thermal dark matter: once in thermal equilibrium in the 

early universe (with visible matter OR own sector)
    Appreciable non-gravitational interaction(s)
‣  Symmetric WIMP-type DM: ΩDM set by thermal freezeout
    Conventional WIMP, variations
‣  Asymmetric DM: ΩDM set by initial matter-antimatter 

asymmetry, analogous to Ωbaryon

• Non-thermal dark matter: never in a thermal bath (lone wolf!)
Super-weak or gravitational interactions

‣ Axion DM
‣ Sterile neutrino, SuperWIMP (produced from late decay) …

★  Complex DM sector: multiple-component? self-interactions?…
7
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(Conventional) WIMP Dark Matter
WIMP: Weakly Interacting Massive Particle 

• Naturally expected new particle at new energy frontier of 
particle physics (Large Hadron Collider)! 
Motivated candidates by EW naturalness/hierarchy problem 

• Could it be Dark Matter?
8
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(Conventional) WIMP Miracle DM
— ΩDM by weak scale new physics

• Cosmic Evolution of a stable WIMP    :

WIMP

SM
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WIMP
Equilibrium

WIMP

WIMP

SM

SM

Universe expands, cools, T 

Thermal freezeout
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WIMP DM Miracle
• Neat prediction for the absolute amount of ΩDM :

• Robust, insensitive to cosmic initial condition

• Miracle: Predicts the right location of a needle in a haystack!

10
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• Could be right at the corner…
• Simple, natural variations?
‣  Light thermal DM (mDM≲O(GeV))
‣  Thermal annihilation into dark states

Detectability, Challenges of WIMP DM
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• Multi-pronged detectability
  (w/DM-SM interactions) 

• No convincing signal so far, 
constraints getting strong

4.4. Future projects and complementarity

Existing results and projected sensitivities for the spin-independent WIMP-nucleon interactions as a
function of the WIMP mass are summarized in Figure 3, adapted from [91]. In spite of observed anomalies
in a handful of experiments, that could be interpreted as due to WIMPs, albeit not consistently, we have
no convincing evidence of a direct detection signal induced by galactic dark matter. Considering LUX’s
lack of a signal in 85.3 live-days⇥118 kg of liquid xenon target, excluding ⇠33GeV WIMPs with interaction
strengths above 7.6⇥10�46cm2, it becomes clear that, at the minimum, ton-scale experiments are required
for a discovery above the 5-sigma confidence level (unless the WIMP is lighter than ⇠10GeV, where larger
cross sections are feasible). Several large-scale direct detection experiments are in their planning phase and
will start science runs within this decade.

Figure 3: Summary for spin-independent
WIMP-nucleon scattering results. Existing
limits from the noble gas dark matter ex-
periments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with
projections for DarkSide-50 [85], LUX [39],
DEAP3600 [90], XENON1T, DarkSide G2,
XENONnT (similar sensitivity as the LZ
project [92], see text) and DARWIN [93] are
shown. DARWIN is designed to probe the
entire parameter region for WIMP masses
above ⇠6GeV/c2, until the neutrino back-
ground (yellow region) will start to dominate
the recoil spectrum. Experiments based on the
mK cryogenic technique such as SuperCDMS
[94] and EURECA [95] have access to lower
WIMP masses. Figure adapted from [91].

The next phase in the LUX program, LUX-ZEPLIN (LZ), foresees a 7 t LXe detector in the same SURF
infrastructure, with an additional scintillator veto to suppress the neutron background. Construction is
expected to start in 2014, and operation in 2016, with the goal of reaching a sensitivity of 2⇥10�48cm2 after
three years of data taking [92]. The upgrade of XENON1T, XENONnT, is to increase the sensitivity by
another order of magnitude, thus also reaching 2⇥10�48cm2. While much of the XENON1T infrastructure
will be reused, the inner detector will be designed and constructed once XENON1T is taking science data,
with planned operation between 2018-2021. The XMASS collaboration plans a 5 t (1 t fiducial) single-phase
detector after its current phase, with greatly reduced backgrounds and an aimed sensitivity of ⇠10�46cm2.
In its second stage, PandaX will operate a total of 1.5 t LXe as WIMP target, with ⇠1 t xenon in the fiducial
volume. All sub-systems of the existing experiment, with the exception of the central TPC, are designed to
accommodate the larger target mass [83]. The DarkSide collaboration plans a 5 t LAr dual-phase detector,
with 3.3 t as active target mass, in the existing neutron and muon veto at LNGS. The aimed sensitivity is
10�47cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an initiative to build an ultimate, multi-ton
dark matter detector at LNGS [97, 93]. Its primary goal is to probe the spin-independent WIMP-nucleon
cross section down to the 10�49 cm2 region for ⇠50GeV/c2 WIMPs, as shown in Figure 3. It would thus
explore the experimentally accessible parameter space, which will be finally limited by irreducible neutrino
backgrounds. Should WIMPs be discovered by an existing or near-future experiment, DARWIN will measure
WIMP-induced nuclear recoil spectra with high-statistics, constraining the mass and the scattering cross
section of the dark matter particle [98, 99]. Other physics goals of DARWIN are the first real-time detection
of solar pp-neutrinos with high statistics and the search for the neutrinoless double beta decay [27]. The
latter would establish whether the neutrino is its own anti-particle, and can be detected via 136Xe, which
has a natural abundance of 8.9% in xenon.
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Light Thermal Dark Matter
• Motivations:
‣  Thermal DM doesn’t have to be Mweak~100 GeV

‣  In part inspired by anomalies at experiments (DAMA, COGENT…) 

• Theoretical models: 
Often involve light dark photon A’          New force!

• New detection strategies needed! (Essig, Schuster, Toro…)

Low threshold DM experiments, dark photon search…
12
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
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n2
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2
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(2)

where n
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n
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density. In writing Eq. (2) in terms of only n
�
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f $ �
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f ¯f processes, such that
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. The thermally-averaged effective cross section is h�e↵vi ⌘ P
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The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV
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g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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•  WIMP miracle intact:                   insensitive to final states
•  Conventional search signals: absent or suppressed
•  DM’: depleted by annihilation, subdominant DM, ΩDM’ < ΩDM                       

 Dark radiation: ΩDR < ΩDM, w/ mDR≲ O(eV)
•  Motivate non-minimal DM sector! (SM non-minimal! p, e- …)
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Scenario #1: Boosted DM
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• Where to look? Galactic Center, Sun
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• Where to look? Galactic Center, Sun

•  Detectable?



Scenario #1: Boosted DM
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 + detectability 

• Where to look? Galactic Center, Sun

•  Detectable?

•  What experiment?        large volume, sensitive to energetic e-, p
 ( Conventional dark matter direct detection       )
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 + detectability 

• Where to look? Galactic Center, Sun

•  Detectable?

•  What experiment?        large volume, sensitive to energetic e-, p
 ( Conventional dark matter direct detection       )

      Existing experiments for neutrinos, re-purposed!
•  Based on Cherenkov-radiation:

 SuperK/HyperK, IceCube/PINGU(MICA)… 
•  Based on ionization: (future, planned) 

    DUNE, GLACIER… (liquid Argon/LArTpc) 
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FIG. 3: Detection channels for boosted  B in neutrino experiments. (a) Elastic scattering on electrons. (b) Elastic scattering
on protons (or nuclei). (c) Deep inelastic scattering on protons (or nuclei). For Cherenkov experiments, we find that the most
promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)

where there is typically a stricter analysis threshold Ethresh on X 0 as well, depending on experimental specifics.
Furthermore, one needs to distinguish  

B

scattering from the large background of neutrino scattering events, which
we discuss more in Sec. IVC.

As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons
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as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
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The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),
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The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].
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promising channel is electron scattering.

Existing neutrino detectors such as Super-K, IceCube, and their upgrades can be employed to detect boosted DM
via Eq. (18). The strategy is to detect Cherenkov light from the final state charged particles, so the energy of outgoing
X 0 must be above the Cherenkov threshold. In terms of a Lorentz factor, the threshold is

Water: �Cherenkov = 1.51, Ice: �Cherenkov = 1.55, (19)
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As shown in Fig. 3, there are three detection channels for boosted  
B

at a neutrino detector: elastic scattering
o↵ electrons, elastic scattering o↵ protons (or nuclei), and deep inelastic scattering (DIS) o↵ protons (or nuclei). As
discussed in more detail in App.C, although the total  

B

scattering cross section o↵ protons and nuclei can be sizable,
the detectable signal strengths in these channels are suppressed relative to scattering o↵ electrons.8 Thus, we focus
on the elastic scattering o↵ electrons

 
B

e� !  
B

e� (20)

as the most promising detection channel, though we present signal studies for the other channels in App.C. At
detectors like Super-K, the signal would appear as single-ring electron events coming from the direction of the GC.

We start by discussing the kinematics of scattering o↵ electrons (the same logic would hold for protons). In the
rest frame of an electron target with mass m

e

, the momenta of incoming and outgoing particles are:

Incident  
B

: p1 = (E
B

, ~p ), Scattered  
B

: p3 = (E0
B

, ~p 0),
Initial e: p2 = (m

e

, 0), Scattered e: p4 = (E
e

, ~q ).
(21)

For  
B

coming from nearly-at-rest  
A

annihilation,

E
B

= m
A

. (22)

The maximum scattered electron energy occurs when ~p and ~p 0 are parallel:

Emax
e

= m
e

(E
B

+m
e

)2 + E2
B

�m2
B

(E
B

+m
e

)2 � E2
B

+m2
B

. (23)

The minimum detectable energy is set by the analysis threshold (assumed to be above the Cherenkov threshold),

Emin
e

= Ethresh
e

> �Cherenkovme

. (24)

8

The reason is that  B scattering proceeds via t-channel exchange of the light mediator �0, so the di↵erential cross section peaks at small

momentum transfers, while achieving Cherenkov radiation (or DIS scattering) requires large momentum transfers. For elastic scattering,

this logic favors electrons over protons in two di↵erent ways: an O(1 GeV)  B can more e↵ectively transfer momentum to electrons

compared to protons because of the heavier proton mass, and protons require a larger absolute momentum transfer to get above the

Cherenkov threshold. Compounding these issues, protons have an additional form-factor suppression, identifying proton tracks is more

challenging than identifying electron tracks [60, 61], and the angular resolution protons is worse than for electrons at these low energies

[61]. We note that liquid Argon detectors are able to reconstruct hadronic final states using ionization instead of Cherenkov light, so

they may be able to explore the (quasi-)elastic proton channels down to lower energies, even with smaller detector volumes [12, 13].

νe e−

W+

n p

νµ µ−

n p

νe,µ νe,µ

e−, p e−, p

W+

Z

Leading: charged-current scattering neutral-current scattering

+ hadronic inelastic

νe e−

W+

n p

νµ µ−

n p

νe,µ νe,µ

e−, p e−, p

W+

Z

νe e−

W+

n p

νµ µ−

n p

νe,µ νe,µ

e−, p e−, p

W+

Z

 “Neutrinos”?  How to discriminate?
•  Directional information:
 Boosted DM from GC or Sun vs. isotropic 
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•  Distinct interactions:

Neutrinos:

Boosted DM:

neutral-current scattering only, no correlated
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•  Effect of DR on CMB:  𝝆rad↑, Hubble 
expansion rate↑, Silk-damping…  

• DR can generally be interacting, unlike 
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FIG. 1. �Ne↵ as a function of the temperature at which the
SM and dark sector thermally decouple. Also shown are the
2015 Planck results: the central value (Green dashed line)
and the 2� constraint (Orange dashed line).

In the rest of this section we discuss how the exper-
imental limits on �Ne↵ are obtained, and how we can
distinguish between the two cases of scattering DR and
free streaming DR.

A. The Determination of �Ne↵

At present, limits on�Ne↵ are obtained by considering
how the presence of additional energy density in radia-
tion would a↵ect the quality of the fit in the six parameter
⇤CDM model. Of the six parameters, two are particu-
larly sensitive to �Ne↵. These are the total energy den-
sity in matter, ⇢m, which is the sum of the energy densi-
ties in baryons and DM, and in the cosmological constant,
⇢⇤. The presence of additional energy density in radia-
tion would tend to delay the onset of matter-radiation
equality. Since the amplitude of a Fourier mode is very
sensitive to the fraction of energy density in matter as
it crosses the horizon, this ratio is highly constrained by
the CMB data. Therefore, for �Ne↵ > 0, the best fit
is obtained by increasing ⇢m in the appropriate propor-
tion to ensure that the redshift at the onset of matter-
radiation equality is una↵ected. Since the energy density
in baryons, ⇢b, is very tightly constrained by measure-
ments of the relative heights of the even and odd CMB
peaks and cannot be altered, the change in ⇢m is accom-
plished by an increase in the energy density in DM.

The additional energy density in DR, and in matter,
then implies an increase in the Hubble constant during
the CMB epoch. This will in turn a↵ect the size of the
sound horizon, leading to a change in the locations of
the CMB peaks. This observable is, once again, highly
constrained by the data. However, this e↵ect can be o↵-
set by changing ⇢⇤ so as to alter the distance to the last
scattering surface, thereby keeping the angular locations
of the peaks intact. Nevertheless, as we now explain, the

change in the Hubble constant during the era of acoustic
oscillations leads to other e↵ects in the CMB spectrum
that can no longer be compensated for once ⇢m and ⇢⇤
are fixed.
Prior to recombination, the photons interacted

strongly with the baryons. Although the photon mean
free path during this era was relatively short, the pho-
tons were nevertheless able to di↵use outward, with a
characteristic di↵usion length rd. As a consequence of
this di↵usion, inhomogeneities and anisotropies at scale
smaller than the rd are suppressed. This damps the
peak amplitudes at higher ` relative to the first peak
at ` ' 220, which corresponds to modes that entered the
horizon near recombination. This e↵ect is known as Silk
damping, or di↵usion damping. A change in the Hub-
ble rate a↵ects the time available for di↵usion, leading
to observable e↵ects on the CMB spectrum. In particu-
lar, the height of the first CMB acoustic peak relative to
the latter peaks is altered. Therefore, this e↵ect can be
used to place limits on the Hubble constant during the
epoch of acoustic oscillations, and therefore on �Ne↵.
The presence of additional energy density in radiation
also leads to changes in the CMB spectrum associated
with the early Integrated Sachs-Wolfe (ISW) e↵ect, but
these are less significant than the e↵ects arising from Silk
damping [51].
In principle, an increase in the fraction of baryons in

helium, YHe, while ⇢b is held fixed, would reduce the num-
ber of free electrons available for scattering, and could
also account for a change in the scale of Silk damping.
However, the helium fraction in the SM can be calculated
su�ciently precisely from Big Bang nucleosynthesis so as
to exclude this as the explanation for any observed dis-
crepancy. For a good discussion of these issues with more
details, see [51, 52].

B. Distinguishing between Free and Scattering DR
via Scalar Metric Perturbations

Several authors have considered the e↵ects of the SM
neutrinos on the scalar component of the CMB spec-
trum [35–37]. These results can easily be generalized
to the case when there is additional energy density in
radiation, and can be used to distinguish between free
streaming DR and scattering DR.
In the conformal Newtonian gauge the Robertson-

Walker metric with scalar perturbations takes the form,

ds2 = a2(⌧)
�� (1 + 2�) d⌧2 + (1� 2 ) dr2

�
(6)

Here ⌧ represents conformal time, while a is the cosmo-
logical scale factor.  and � represent the scalar metric
perturbations. In the absence of any free streaming par-
ticle species, we have  = �. When, however, a free
streaming species is present, the energy momentum ten-
sor becomes anisotropic. This leads to a di↵erence be-
tween  and � that is proportional to f⌫ , the total energy

• Analyze simple example model: 

Maintain TDM =TSM at TEW via Higgs-portal
(related: invisible H decay at the LHC!)

DM
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• Model prediction on         consistent 
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• Caveat: bound from standard CMB
analysis (assuming all free-streaming) 
may not directly apply, need dedicated 
study, e.g. 2-param fit:         and 
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Asymmetric Dark Matter
• Observation:                   — coincidence or connection?
• Paradigm: Asymmetric dark matter

(Nussinov 1985; Kaplan 1992; Kaplan, Luty, Zurek 2009…)

Similar origin of ΩDM and ΩB : asymmetric excess                ,  
symmetric component depleted by thermal annihilation

‣ Co-generation of dark & baryon asymmetry
‣  Asymmetry transfer by DM-baryon interactions in early universe
★ Require additional input: asymmetry generation (baryogenesis)

•  Phenomenology:
‣  DM mass range: O(GeV) motivated, but wide range possible
‣  Indirect detection absent/suppressed, direct detection relevant 
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Axion Dark Matter
• Strong CP problem in the Standard Model:

• Solution by a small modification to the SM: (Peccei, Quinn 1977)

spontaneously broken UPQ(1)       Goldstone boson 𝒂 (axion)

• Axion can be dark matter! Ultra-light, super-weakly interacting

• Axion interactions, detections
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In theories of axion dark matter with large axion decay constant, temperature variations in the
CMB are extremely sensitive to perturbations in the initial axion field, allowing one to place a lower
bound on the total amount of inflation. The most stringent bound comes from axion strings, which
for axion decay constant fa = 1017 GeV would currently be observable at a distance of 6 × 1016

light-years, nearly 107 times as far away as our horizon.
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I. INTRODUCTION

The Peccei-Quinn (PQ) solution [1, 2] to the strong
CP problem posits a U(1) symmetry which is exact
up to a QCD anomaly and nonlinearly realized below
a temperature TPQ. This implies the existence of a
light pseudo Goldstone boson — the axion [3, 4] —
whose low energy properties are largely determined in
terms of its decay constant fa ≃ TPQ and an integer
N characterizing the strength of the PQ symmetry’s
QCD anomaly [5, 6, 7, 8]. The decay constant fa is
defined so that θ(x) = a(x)/fa is an angle taking val-
ues θ ∈ [0, 2π), where a(x) is the canonically normalized
axion field. To leading order in chiral perturbation the-
ory, the axion mass is ma ≈ 6 × 10−9 eV × f−1

16 , where
f16 ≡ (fa/N )/(1016 GeV). Laboratory and astrophys-
ical considerations give f16 ! 10−6, a bound involving
model-dependent axion couplings to photons and elec-
trons [9, 10].

Cold relic axions from the big bang are a viable candi-
date for the cosmic dark matter [11, 12, 13, 14]. The PQ
symmetry ensures that for temperature ΛQCD ≪ T "
TPQ the free energy of the universe is independent of the
angle θ; as a result, the universe will be populated by
topological defects in the form of axion cosmic strings,
around which θ varies from zero to 2π. Far from these
strings, θ(x) will assume some random initial value θi,
with spatial fluctuations on scales less than the horizon
damping out with the cosmic expansion. When the tem-
perature falls to T ∼ ΛQCD, the QCD anomaly lifts the
vacuum degeneracy in θ and there arise N local minima,
whose zero temperature curvature is given by the axion
mass. In general, the initial value θi will not be aligned
with a minimum of the potential (taken to lie at θ = 0),
and coherent axion oscillations will result. For small θi

the relic energy density today stored in these coherent

∗Electronic address: dbkaplan@phys.washington.edu
†Electronic address: anelson@phys.washington.edu

oscillations is [15, 16]

Ωa ≃ Ωc(N θi)
2 ×

{

5 × 105f7/6

16 , f16 < 1/10

3 × 104f3/2

16 , f16 > 10
(1)

where Ωc ≃ 0.23 is the cold dark matter that fits obser-
vation in the ΛCDM model [17]. The above expression
ignores nonlinearities in θi, but one can safely assume
that for large θi, the factor of θ2

i in the above expressions
is replaced by a number of O(1). The uncertainty in eq.
(1) and the absence of a formula for 1/10 " f16 " 10 are
due to the crude understanding of the temperature de-
pendence of the axion mass which arises from nonpertur-
bative QCD effects when the temperature is T ≃ ΛQCD.
In principle, this ignorance could be remedied in part by
lattice calculations. Nevertheless, it is apparent that (i) if
θi ∼ O(1) then fa ≃ 1012 GeV would allow axions to be
the dark matter today; (ii) if fa ≫ 1012 GeV then θi ≪ 1
is required; (iii) for f16 ≃ 1, interpolation between the
two formulas in eq. (1) suggests N θi ≃ 2 × 10−3 would
give the correct dark matter density.

If the universe does not undergo inflation after the uni-
verse is in thermal equilibrium at a temperature below
TPQ ∼ fa, then causality arguments imply that θ2

i ∼
O(1), which means that one must have fa " 1012 GeV
or else axions would provide a larger value for Ωdm

than observed. The ADMX experiment is currently in
the process of probing this interesting “axion window”,
1010 GeV " fa " 1012 GeV [18].

Neutrino masses, the possible unification of the cou-
plings of the standard model, and the so-called “model-
independent” axion in string theory [19, 20] all suggest
one should consider a higher decay constant, such as
fa ∼ 1016 GeV. By eq. (1) this would imply an initial θi

which is very small over a region of the universe that cov-
ers our horizon today, which is possible if inflation occurs
and the reheat temperature is below TPQ [21]. Having
such a finely tuned initial condition for θi might be ex-
plained by the anthropic principle [22, 23, 24, 25], the ba-
sic argument being that all possible values of θi ∈ [0, 2π)
occur with equal probability in the universe, but only in
those patches with small θi are habitable galaxies pro-
duced.

We will call this the “ultralight axion scenario”: an
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CP problem posits a U(1) symmetry which is exact
up to a QCD anomaly and nonlinearly realized below
a temperature TPQ. This implies the existence of a
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whose low energy properties are largely determined in
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defined so that θ(x) = a(x)/fa is an angle taking val-
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ory, the axion mass is ma ≈ 6 × 10−9 eV × f−1

16 , where
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ical considerations give f16 ! 10−6, a bound involving
model-dependent axion couplings to photons and elec-
trons [9, 10].

Cold relic axions from the big bang are a viable candi-
date for the cosmic dark matter [11, 12, 13, 14]. The PQ
symmetry ensures that for temperature ΛQCD ≪ T "
TPQ the free energy of the universe is independent of the
angle θ; as a result, the universe will be populated by
topological defects in the form of axion cosmic strings,
around which θ varies from zero to 2π. Far from these
strings, θ(x) will assume some random initial value θi,
with spatial fluctuations on scales less than the horizon
damping out with the cosmic expansion. When the tem-
perature falls to T ∼ ΛQCD, the QCD anomaly lifts the
vacuum degeneracy in θ and there arise N local minima,
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mass. In general, the initial value θi will not be aligned
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oscillations is [15, 16]

Ωa ≃ Ωc(N θi)
2 ×

{

5 × 105f7/6

16 , f16 < 1/10

3 × 104f3/2

16 , f16 > 10
(1)

where Ωc ≃ 0.23 is the cold dark matter that fits obser-
vation in the ΛCDM model [17]. The above expression
ignores nonlinearities in θi, but one can safely assume
that for large θi, the factor of θ2

i in the above expressions
is replaced by a number of O(1). The uncertainty in eq.
(1) and the absence of a formula for 1/10 " f16 " 10 are
due to the crude understanding of the temperature de-
pendence of the axion mass which arises from nonpertur-
bative QCD effects when the temperature is T ≃ ΛQCD.
In principle, this ignorance could be remedied in part by
lattice calculations. Nevertheless, it is apparent that (i) if
θi ∼ O(1) then fa ≃ 1012 GeV would allow axions to be
the dark matter today; (ii) if fa ≫ 1012 GeV then θi ≪ 1
is required; (iii) for f16 ≃ 1, interpolation between the
two formulas in eq. (1) suggests N θi ≃ 2 × 10−3 would
give the correct dark matter density.

If the universe does not undergo inflation after the uni-
verse is in thermal equilibrium at a temperature below
TPQ ∼ fa, then causality arguments imply that θ2

i ∼
O(1), which means that one must have fa " 1012 GeV
or else axions would provide a larger value for Ωdm

than observed. The ADMX experiment is currently in
the process of probing this interesting “axion window”,
1010 GeV " fa " 1012 GeV [18].

Neutrino masses, the possible unification of the cou-
plings of the standard model, and the so-called “model-
independent” axion in string theory [19, 20] all suggest
one should consider a higher decay constant, such as
fa ∼ 1016 GeV. By eq. (1) this would imply an initial θi

which is very small over a region of the universe that cov-
ers our horizon today, which is possible if inflation occurs
and the reheat temperature is below TPQ [21]. Having
such a finely tuned initial condition for θi might be ex-
plained by the anthropic principle [22, 23, 24, 25], the ba-
sic argument being that all possible values of θi ∈ [0, 2π)
occur with equal probability in the universe, but only in
those patches with small θi are habitable galaxies pro-
duced.

We will call this the “ultralight axion scenario”: an

Use axion-photon conversion
in magnetic field (e.g. ADMX…)



Self-interacting Dark Matter
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•  Collisionless cold DM: fit large scale structure very well
•  “Anomalies” at small scales: dwarf galaxies, sub-halos…Issues with CDM

Oh et al. (2011)Predicted

Observed

• These issues also exist in many other dwarf galaxies

CDM simulations

Observed

Where 
are they ?

Core VS. Cusp “Too big to fail”

V ⇠
r

GM<

r
Boylan-Kolchin, Bullock, Kaplinghat (2011)

•   Strong DM self-
interaction helps! 
(reduce central density)

 Astrophysics Summary
• Evidence for DM self-interactions on dwarf galaxy scales

! σ/mX ~ 0.1-10 cm2/g  for v ~ 10-30 km/s

• Constraints: Bullet Cluster; elliptical halo shapes (?)

σ/mX < 1 cm2/g for 3000 km/s (cluster); v ~ 300 km/s (NGC720)

gas

DM

DM

Bullet Cluster

star

� ' n⇥v = (�/mX)⇥v ⇠ H0

Peter, Rocha, Bullock, Kaplinghat (2012)

•  Constraints: bullet cluster, halo ellipticity
•  Viable model: velocity-dependent 
scattering via light mediator
(Kaplinghat, Tulin, Yu, Zurek,…)

Particle Physics of SIDM
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• SIDM indicates light mediators 

• With a light mediator, DM self-scattering is velocity-dependent 
(like Rutherford scattering )

in the perturbative and small velocity limit 

- DM is self-scattering on small scales (v~10-30 km/s)
- DM is collisionless on large scales (v~3000 km/s), specially for heavy SIDM
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(Spergel, Steinhardt, 1999)



Conclusion/Outlook
• What is dark matter? 

- a greatest puzzle for particle physics and cosmology
- limited observational clues, many theoretical candidates

•  Conventional focus: WIMP+ direct interaction w/SM states
- increasing constraints from data, or right at corner…

•  Recent trends: theoretical scope expanded
‣ Non-minimal DM sector: rich particle contents/interactions
‣ More weakly/indirect interaction with the visible sector (SM)
‣ Wide mass range: (in particular) light mass 

•  Expanded experimental search programs on the way:
‣ Existing experiments re-purposed: CMB, neutrino detectors
‣ Proposals for new experiments (axion, light DM, dark force…)
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