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WHY DARK MATTER?   (WHY NEW PARTICLE PHYSICS?)

▸ The dark matter paradigm is the only successful 
framework for understanding the entire range of 
observations from the time the Universe is 1 sec old. 
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DARK MATTER HALOS AND FORMATION OF STRUCTURE IN THE UNIVERSE

CMB Planck map

ESO/L Calcada

SDSS

On large scales, dark matter moves slowly 
(cold) and doesn’t interact much other than 

with gravity (collisionless)



EVERYTHING WE KNOW ABOUT DM COMES FROM GRAVITY

Visible Sector Dark Matter

Gravitational Interactions
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Mp � 1 GeV
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SUPER-WEAKLY INTERACTING

▸ Gravitational Coherence .... 

▸ Helps us learn about aggregate properties of 
dark matter 

▸ Particle properties much harder 

▸ Fundamental premise: DM has interactions other 
than gravitational

... on cosmological scales!



PARTICLE PHYSICS PROVIDES SOME IDEAS

▸ Fundamental premise: 
DM has interactions 
other than gravitational 

▸

Weak Interactions
Sub-weak Interactions

Visible Sector Dark Matter

?
Mp � 1 GeV



PARTICLE PHYSICS PROVIDES SOME IDEAS

▸Dark Matter is part of solution to “deeper” problems 
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Sub-weak Interactions

Dark Matter Resides 
Here!

Dark Matter itself is 
simple, and parasitic 
on the Visible SectorMp � 1 GeV

Visible Sector



WHY THE (SUB-)WEAK SCALE IS COMPELLING

▸ Abundance of new stable states set by interaction rates in 
the early universe

Γ = nσv = H

Dark matter energy density is measured

Freeze-out

=) � ⇠ g4

4⇡M2
⇠ 1

(20 TeV)2
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WHY THE (SUB-)WEAK SCALE IS COMPELLING

▸ No new dynamics required from the Dark Matter! 

▸ Forces for the dynamics is provided by the weak force 

▸ As a byproduct, this scenario is quite predictive 

▸ When looking for Dark Matter it helps to know what you are 
looking for!



DARK MATTER DETECTION: A FULL COURT PRESS
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▸ WIMP paradigm: a good place to start looking 

▸ Reason: weak forces have the right scale, for detection, 
abundance, and cosmology

DARK MATTER DETECTION: A FULL COURT PRESS

(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV
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DETECTION OF DARK MATTER BY NUCLEAR RECOIL

▸ Milky way galaxy provides a source of dark matter 
streaming through the earth

v ⇠ 300 km/s ⇠ 10�3c



DETECTION OF DARK MATTER BY NUCLEAR RECOIL

▸ Nuclear recoil experiments: a billiard ball experiment

=) ED ⇠ 100 keVv ⇠ 300 km/s ⇠ 10�3c

ED =
q2

2mN

qmax = 2mXv

v ⇠ 10�3cq, ED



THEORY AND EXPERIMENT INTERPLAY

▸ Predictive Dark Matter Interaction Rates

XENON

APS Physics Today



THEORY AND EXPERIMENT INTERPLAY

▸ Predictive Dark Matter Interaction Rates
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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▸ Heavier dark matter: setting relic abundance through 
interactions with Standard Model is challenging 

▸ At heavier masses, detection through Standard Model 
interactions is (generally) not motivated by abundance

DARK MATTER DETECTION: A FULL COURT PRESS

(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV

WIMP paradigm
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DARK MATTER DETECTION: A FULL COURT PRESS

▸ Ultralight dark matter: dark matter behaves like a wave 
rather than an individual particle, e.g. axion 

▸ Detection techniques focus on utilizing this coherence 

▸ Cavities, AMO techniques

(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV

WIMP paradigm

1 eV



▸ Focus on an intermediate range where observation via 
particle interactions with SM is still highly motivated 
though not detectable with traditional WIMP experiments 

▸ Arise generically in top-down constructions

DARK MATTER DETECTION: A FULL COURT PRESS

(Lyman-alpha forest)(deBroglie wavelength of galaxy)

1000 M�10�23 eV 100 GeV

WIMP paradigm

1 meV



DARK MATTER DETECTION: A FULL COURT PRESS

▸ Dark sector dynamics are complex and astrophysically 
relevant.   

▸ Abundance may still be set by (thermal) population from 
SM sector

(Lyman-alpha forest)(deBroglie wavelength of galaxy)
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Paradigm Shift

Standard Model
Mp � 1 GeV

Our thinking has shifted

From a single, stable very weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions

Models: Light DM sectors,
Secluded WIMPs, Dark Forces, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanisms .....
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HIDDEN SECTOR / VALLEY

▸ Presence of dark force allows for many new dark matter 
theories
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HIDDEN SECTOR / VALLEY

▸ Presence of dark force allows for many new dark matter 
theories
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HIDDEN SECTOR / VALLEY

▸ Presence of dark force allows to lower mass scale in DM 
sector; dramatically opens possible DM theories
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quirky asymmetric dark matter, Strongly 

Interacting Massive Particle (SIMP), Wess-
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Mirror Matter, Atomic Matter, Self-
Interacting Dark Matter, Magentic, Dark 

Anapole and EDMs

Darkogenesis, Xogenesis, Hylogenesis, 
Cladogenesis, ADM from Leptogenesis, 

Dark Affleck-Dine
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Hidden Sector



HIDDEN SECTOR / VALLEY

▸ When is it worth realizing a new model of dark matter?
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TERRESTRIAL EXPERIMENTS

▸ New Hidden Sector Mechanisms Require New 
Experimental or Observational Probes
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TERRESTRIAL EXPERIMENTS

▸ Probe dark sector via rare tunneling process at low energy
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II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)D. The most general renormal-
izable Lagrangian for this scenario contains

LD �
✏Y
2
F 0
µ⌫Bµ⌫ +

m2
A0

2
A0

µA
0µ + �̄(i 6D �m�)�, (2)

where A0 is the U(1)D gauge boson, F 0
µ⌫ = @[µ,A

0
⌫]

and Bµ⌫ = @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m�,A0 are the appropriate dark
sector masses. The covariant derivative Dµ ⌘ @µ +
igDA0

µ contains the coupling constant gD, and we define
↵D ⌘ g2D/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏Y is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)Y and U(1)D.

After electroweak symmetry breaking, the hypercharge
field is Bµ = cos ✓WAµ � sin ✓WZµ in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫Fµ⌫ , where ✏ ⌘ ✏Y cos ✓W and ✓W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)D mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > m�, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ mA0

10 MeV

⌘4
✓

MeV

m�

◆2 ✓10�2

↵D

◆
. (3)
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy mA0 > m� and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦� < ⌦DM , so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for mA0 = 3m�

and ↵D = 1. For lower ↵D or a greater mA0/m� ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦DM . The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠
T 2H(T )

↵↵Dne(T )

����
T=2m�

⇠
> 2.1 ⇥ 10�17

⇣ m�

10 MeV

⌘✓ 0.1

↵D

◆
, (4)

assuming mA0 ⇠ m�. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1
If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0

,

which is not suppressed by ✏, is more readily constrained by late

time CMB measurements, and easily leads to thermal underpro-

duction in the early universe unless ↵D ⌧ ↵. In this region of

parameter space, A0
decays visibly and doesn’t contribute to the

observables considered in this paper.

Hidden Sector



TERRESTRIAL EXPERIMENTS

▸ Probe dark sector via rare tunneling process at low energy
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0
! `+`�. Left:

Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "

2 parameter range, with sensitivity in mA0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.

24
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TERRESTRIAL EXPERIMENTS

▸ New Hidden Sector Mechanisms Require New 
Experimental or Observational Probes
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TOWARDS HIDDEN SECTOR DARK MATTER

▸ Push towards light dark matter
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search
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LOOKING BEYOND BILLIARD BALLS

▸ Experimental Panorama
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EXCITING COLLECTIVE MODES
▸ Once DM drops below an MeV, its deBroglie wavelength is longer 

than the inter particle spacing in typical materials 

▸ Therefore, coupling to collective excitations in materials makes sense! 

▸ Collective excitations = phonon modes, spin waves (magnons) 

▸ Can be applied to just about any material  

▸ Calculations exist for superfluid helium, semiconductors, 
superconductors, polar materials 

▸ Details depend on  

▸ 1) nature of collective modes in target material  

▸ 2) nature of DM couplings to target

Schutz, KZ 1604.08206, 
Knapen, Lin, Pyle, KZ 
1712.06598



NATURE OF COLLECTIVE OSCILLATIONS OF IONS — PHONONS

▸ Number of collective modes: 
3 x number of ions in unit 
cell 

▸ 3 of those modes describe in 
phase oscillation — acoustic 
phonons — have a gapless 
dispersion 

▸ The remaining modes are 
gapped
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥
mX

100 keV
. (1)

with v ⇠ 10�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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▸ Some materials have an 
abundance of these modes 

▸ When these gapped modes 
result from oscillations of 
more than one type of ion, it 
sets up an oscillating dipole 

▸ Polar Materials

NATURE OF COLLECTIVE MODES
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥
mX

100 keV
. (1)

with v ⇠ 10�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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DIRECTIONALITY IN ANISOTROPIC MATERIALS!

▸ Crystal Lattice is not Isotropic 

▸ Especially pronounced in 
sapphire

some point to have a number on hand]) The orientation is illustrated in Fig. 5, where ✓e is
the angle between the Earth’s axis and the direction of its velocity and ✓lab gives the latitude at
which the experiment is constructed. We choose the crystal orientation and coordinate system
such that the z-axis is aligned with the Earth’s velocity at t = 0. For GaAs the crystal axis is
along one for the faces of the cubic lattice, while for sapphire it is the axis along which the Al
atoms are positioned (Fig. 3) [TL: Instead, just show all xyz directions on the figure
of the crystals for GaAs and sapphire. Possible to make the statement that the
dipole coupling is largest along the primary crystal axis?].

Since we explicitly orient the crystal relative to the dark matter wind, there is no dependence
of the DM flux or scattering rate on the latitude at which the experiment is located. As a
function of time, the unit vector of ve in the crystal coordinate frame is

v̂e =

0

B@
sin ✓e sin �

sin ✓e cos ✓e(cos � � 1)

cos
2
✓e + sin

2
✓e cos �

1

CA (10)

with � = 2⇡ ⇥ t/24h the angle parametrizing the rotation of the Earth around its axis.

ve

Earth axis of  
rotation

t=0�e

Cygnus
�e ~ 42°	

DEC ~ 48°

Celestial  
equator

crystal axis

�lab

�lab

crystal axist=1/2 day

FIG. 5. The setup assumed in our calculation of DM scattering with the crystal. At t = 0, the z-axis of

the crystal coordinate system is aligned with the Earth’s velocity ve. With this choice, the modulation

is independent of the position of the lab, indicated by ✓lab. The Earth’s velocity is approximately in

the direction of Cygnus, which is at an angle of ✓e ⇡ 42
� relative to the Earth’s axis of rotation. We

also illustrate the orientation of the crystal after a half-day rotation.
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FIG. 7. Mode 30 (left), mode 16 (center) and mode 4 (right), which dominate the scattering for

(dark) photon mediator processes at long wavelengths. Modes 30 and 16 are characterized by a large

oscillation dipole of the Al (gray) and O (red) atoms respectively. Mode 4 exhibits two large dipoles

from the Al atoms, oscillating in anti-phase. Adobe Acrobat is required to view this animation.
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FIG. 8. Modulation of the scattering rate of the dominant optical phonon modes over a sidereal day,

for different DM masses. The percentage in the legend indicates the weight of the mode in the total

rate, after excluding the acoustic modes.
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OPTICAL PHONONS IN POLAR MATERIALS

Single Optical Phonon, Single Acoustic Phonon

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

Griffin, Inzani, Trickle, Zhang, KZ, 1910.107166
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Refs. [12, 79], corrected by including plasmon decay for sub-MeV DM [80]. Stellar constraints
are from Ref. [81] and currently, the strongest direct detection constraints are from DAMIC [61] and Xenon10 [14, 21].

Thus materials having low energy optical phonon modes
are desirable to search for light dark matter; CsI, for
example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.

We can also see that at higher masses, single optical
phonon production rates vary widely between materials.
This can be understood analytically. Consider first the
simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the

rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log

✓
m�v20
!LO

◆

/
Z⇤2

A1A2"21

✓
meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach
in the high mass regime. More concretely, we find

R '
1

kg yr

✓
Q

10�7

◆✓
me

m�

◆✓
m2

e

µ2
�e

◆✓
�e

10�39 cm2

◆

⇥ log

✓
qmax

qmin

◆
. (26)

Note that although we have focused on the special case
of diatomic polar crystals in order to derive analytic esti-
mates, similar considerations apply for more complicated
crystals. For example, it is not surprising that larger
Born e↵ective charges and lighter ions are helpful. When



COMMON R&D PATH

▸ Sensor can be coupled to 
multiple targets 

▸ Zero-field read-out of 
phonons 

▸ Now funded by DoE — 
TESSERACT (TES with 
Sub-EV Resolution and 
Cryogenic Targets) 

▸ For a polar crystal target 
— Sub-eV Polar 
Interactions Cryogenic 
Experiment (SPICE)
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 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)
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HIDDEN SECTOR / VALLEY

▸ When is it worth realizing a new model of dark matter?
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IMPLICATIONS OF A NEW QCD-LIKE OR WEAKLY COUPLED HIDDEN SECTOR

▸ Strong First-Order Phase Transitions? 

▸ Baryogengesis can be done in the dark sector = 
“darkogenesis” 

▸ First-order phase transition forms bubbles 

▸ Bubbles collide and generate gravitational waves

Shelton, KZ 1008.1997 Hall, Konstandin, McGehee, Murayama, Servant 1910.08068

Weir 1705.01783



IMPLICATIONS OF A NEW QCD-LIKE OR WEAKLY COUPLED HIDDEN SECTOR

▸ Strong First-Order Phase Transitions? 

▸ Baryogengesis can be done in the dark sector = 
“darkogenesis” 

▸ The first-order phase transition gives rise to gravitational 
waves
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Figure 3: GW spectra ⌦(f)h2 for T⇤ = 0.1 GeV (SIMP), T⇤ = 3 GeV (CDM1, TH models),
T⇤ = 300 GeV and T⇤ = 10 TeV (CDM2 models). The upper (lower) edges of the contours
correspond to � = H (� = 10H), and furthermore v = 1 and ⌦S⇤ = 0.1 for all curves. The red
band T⇤ = 0.1 GeV indicates where a signal of the QCD PT would lie if it was strong. The
projected reach of several planned GW detection experiments is shown (dashed).

4 Detectability

In the previous section, we have seen that the peak frequencies of GW signals from GeV-TeV
scale PTs are of order (10�6 � 10�3) Hz. Furthermore it is important to note that a broad
spectral region around the peak is populated by GWs, from (10�10 � 1) Hz.

GWs with frequencies down to 10�5 Hz can be probed by satellite based experiments like
eLISA [86], however the sensitivity quickly degrades below 10�3 Hz. On the other end of the
spectrum, pulsar timing arrays (PTA) can probe frequencies in the (10�9 � 10�7) Hz range. In
Fig. 3 we overlay the expected GW signal for di↵erent model parameters with the expected
sensitivities of current and planned GW detection experiments (based on [87]).

Clearly the most promising signals are those from models with a PT temperature in the TeV
range, where the peak region of the GW spectrum falls right into the most sensitive frequency
range of satellite experiments. Here the signal should even be detectable for choices of the
parameters that are less optimistic than those used for Fig. 3. Models of the CDM2 type
naturally fall into this region, but also the CDM1 models can be viable with a confinement scale
in that region.

The fact that TeV dark sectors predict an observable GW signal is not surprising, since here
we are in the energy range of the electroweak PT or beyond, and the observability in particular
of TeV scale strong PTs has been noted before [89–91]. The novelty here is that the dynamics
leading to this strong PT does not have to be connected to the electroweak sector of the SM,
and is therefore not in tension with the non-observation of new physics at the LHC.

For models with T⇤ ⇠ (1� 10) GeV the situation is a bit more di�cult, since the signal peak
ends up in a frequency region where neither PTA nor (e)LISA are sensitive. Looking at the
T⇤ = 3 GeV curve in Fig. 3 more closely, we see that in the best case scenario, for � = H, both
PTAs and LISA would be able to detect parts of the GW spectrum. For larger � the signal
quickly drops out of the PTA sensitivity region, however LISA remains sensitive. This is due
to the increase of the observed frequency with (�/H), which partially compensates the overall
(H/�)2 drop of the signal in the LISA sensitivity region. Therefore there is a chance to detect a
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BIG BANG NUCLEOSYNTHESIS AND THE DARK SECTOR

2018 PDG Review



REMOVE ELECTROMAGNETISM FROM STANDARD MODEL

▸ Take BBN temp at 0.1 MeV (due to deuterium bottleneck) 

▸ Solve Boltzmann equation 

▸ With Coulomb barrier 

▸ Without Coulomb barrier

Then the evolution equations for average size N are

dN

d�
= N

1/6
e
� ↵

v�(�)N
5/2

. (A3)

If v
0
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� =
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. (A4)

In the SM, with the synthesis starting around 0.1 MeV due to the deuterium bottleneck,

� ⇡ 3000, v� ⇠
p

TBBN/GeV ⇠ 10�2. Solving for N , one obtains N ⇡ 2.56 due to the strong

exponential dependence, indicating the ine�ciency of SM synthesis (and correctly predicting

that synthesis stops at around Z = 2, helium). On the other hand, if the Coulomb barrier were

absent, the same calculation would predict N ⇠ 104.

2. In the Presence of a Bottleneck

If there is a bottleneck at low N , large nuggets can build up by capture of small bound

states on sparse nucleation sites that squeeze through the bottleneck. Suppose the bottleneck

is at size k. The the size of the nucleation sites grows as

dN

dt
= knk�kNvk. (A5)

Taking knk = nX(1 � pN) and �kN = ��N
2/3

e
�↵N/vkf(vk) with f(vk) a possible suppression

factor due to quantum reflection e↵ects we have

dN

d�⇤ = (1 � pN)N2/3
e
�↵N/vk (A6)

where
d�

⇤

dt
⌘ ��nXvkf(vk). (A7)

Here p is the probability of squeezing through the bottleneck. In the limit where vk is approx-

imately constant over the interaction timescale and if pN ⌧ 1 then
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Again using SM as an example, with �
⇤

⇠ 3000 and � = 1 one predicts N ⇠ 9.5. This estimate

confirms that a sparse population of A > 4 nuclei could not grow substantially through capture

of helium during BBN. If the Coulomb barrier were absent, however, one would predict N ⇠ 109.
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FIG. 2. Contours of typical nugget number exiting big bang darkleosynthesis, k̄fo (dashed red) and

typical nugget mass M̄fo (solid purple) for ↵� = 0.03 (left) and ↵� = 0.3 (right). The temperature of

the dark sector is assumed to be roughly TX ⇡ T� . The blue shaded region corresponds to BE2 < m�,

where
2X synthesis will not be e�cient (Eq. (5)). The upper mX cuto↵ corresponds to the requirement

that
2X fusion rate is smaller than Hubble as in Eq. (6), and the lower mX cuto↵ corresponds to

Tsynth . 10Teq. (See Fig. 1.). The various kinks in the contours are results of the change in g⇤ as the

synthesis temperature passes through QCD phase transition and neutrino decoupling.

so that the Boltzmann equation, Eq. (18), becomes

dyk

d�
=

"
X

ij

yiyjK(i, j, k) �

X

k+l<2m

ykylK(k, l, m)

#
. (30)

Analogous equations have been considered in the statisitical and mathematical physics literature

(see Ref. [16] for a pedagogical introduction), and when K(i, j, k) / �i+j,k, Eq. (30) is known

as the Smoluchowski equation for coagulation [17]. Here we consider the saturation limit and

utilize the CN-like picture for two-to-two processes, such that the kernel scales simply as,

K(i, j, k) =

r
1

i
+

1

j

⇣
i
1

3 + j
1

3

⌘2 �k

�
, (31)

where �k is proportional to the partial width of a compound state i+j transitioning into a final

state k + (i + j � k), the squared factor characterizes the scaling of the geometric cross section,

and the square root factor characterizes the relative speed. A similar kernel was considered in

[7], but with �k = �i+j,k, corresponding to the case of coagulation [17]. There are generally

no closed form solutions even for a simplified choice of fusion kernel [16], and given that k̄
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LARGE BOUND STATES WITH LARGE INTERACTION CROSS-SECTIONS

▸ Usual picture is that dark matter is collisionless 

▸ Large bound states have geometric interaction cross-
sections 

▸ Interactions are dissipational = “hit-and-stick”

FIG. 4. Schematic picture of large nugget fusion in the Compound Nucleus (CN) model. Cold

fusion is possible due to the absence of a Coulomb barrier, and fusion remains exothermic up to

arbitrarily large N . In the early Universe, synthesis begins at temperature Tsyn . 2
X bind-

ing energy ⇥ Boltzmann factor, and—absent a bottleneck at small N—proceeds to fusion pro-

cesses as depicted above until reaching freeze-out due to number density depletion at typical size
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bounds translate to upper bounds on Nfo, and there are stronger bounds from indirect detection if

the fusion byproducts decay to SM particles. Furthermore, since the energy carried o↵ by fusion

byproducts is generally not redeposited, fusion is a cooling mechanism that can lead to accelerated

core collapse at the centers of galaxies or collapse of (rare) early protohalos to form primordial black

holes or exotic compact stars. Refer to Fig. 2 for definitions of parameters.
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where the second inequality follows from maximizing x
7/5(1 � x)9/5 in the interval 0 < x < 1.

With a set mass scale, m̄X , we see that Nfo is directly limited by naturalness alone.

D. Products of Fusion

Here we address fusion byproducts, as predicted by the Compound Nucleus (CN) model.

This is critical for understanding both heat loss through fusion relevant for galactic halo evo-
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LARGE BOUND STATES WITH LARGE INTERACTION CROSS-SECTIONS

▸ Usual picture is that dark matter is collisionless 

▸ Large bound states have geometric interaction cross-
sections 

▸ Nugget properties are predictive and characterized by 
saturation density
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DARK MATTER SELF-INTERACTIONS AND DARK MATTER HALOS

▸ Dark matter self-interactions (elastic or dissipational) 
change the shape of dark matter halos, their density 
profiles, and the amount of substructure 

▸ How much and whether current observation agrees with 
collisionless CDM paradigm is a source of active debate



DISSIPATIONAL DARK MATTER AND BLACK HOLE FORMATION

▸ If dark matter interactions “hit-and-stick”, dark matter 
kinetic energy dissipates and can easily sink to the center 
of a halo, eventually forming Super Massive Black Holes 

▸ It’s not currently known how SMBHs form 

▸ Could Dark Matter play a role?

Xiao, Shen, Hopkins, KZ, in progress



SUMMARY

▸ Field of identifying the nature of dark matter is broad and 
vibrant 

▸ We are, every year, learning more about the history and structure 
of the Universe 

▸ Traditionally, the field has focused on weak scale dark matter as 
the leading hypothesis 

▸ The WIMP tyranny has been broken and new experiments are 
moving forward 

▸ e.g. Direct detection with solid state devices and novel intensity 
experiments 

▸ Potentially important implications for cosmology and formation 
of structure



THE OUTLOOK

▸ We are not without tools!

The universe is dominated by invisibles!
WIMP or (axion)

How to be ready for anything? Hidden Sectors

How do I search for these things?


