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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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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!



MANY FACES OF DARK MATTER

Annihilation/decay byproducts

DM production in laboratory

Direct Detection

Cosmological / astrophysical

Small scale structure

Theories of 
dark matter

(Well below dwarf galaxy scales)



DARK MATTER DETECTION: A FULL COURT PRESS

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

1 M� ⇠ 1057 GeV

1000 M�10�23 eV 100 GeV

WIMP paradigm

Classical wave Particle Composite

1 eV
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IDENTIFICATION OF DARK MATTER: CHALLENGES AND PROMISE

▸ Challenge: WIMP paradigm is not dead, but it’s under enormous 
pressure.  Promise: Still opportunities for discovery in coming 
years 

▸ Challenge: Vast majority of QCD axion parameter space still un-
probed.  Promise: ADMX has made enormous progress and there 
are many new ideas being developed 

▸ Challenge: Hidden sector dark matter represents a vast and 
mostly unconstrained frontier.  Promise: There are a suite of 
experiments that can probe well-motivated models in the coming 
5-10 years 

▸ Challenge: Dark matter may interact only gravitationally.  
Promise: Probes of dark matter substructure may still tell us 
about underlying theory



CHALLENGES: THE WIMP PARADIGM

▸ Decades of searching for the WIMP, with no evidence 
of new physics at the weak scale 

▸ Production at accelerators strongly constrains colored 
states, not thermal electroweakinos 

▸ Most promising avenue currently seems to be “mini-
split” scenario, with colored super-partners well above 
TeV scale 

3⇥ 10�26 cm3/s ⇠ g4wk

4⇡(2 TeV)2
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CHALLENGES: THE WIMP PARADIGM



PROMISE: DETECTING HIGGS INTERACTING 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

Community Planning Study: Snowmass 2013

Z-boson interacting 
dark matter: ruled out

Higgs interacting dark 
matter: active target



PROMISE: ELECKTROWEAKINOS VIA 1-LOOP PROCESSES

▸ Challenge: even LZ will struggle to reach the wino
3
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,
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The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
2

0

B@
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iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading
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FIG. 5. Weak scale matching conditions for the case of a right-handed sbottom that is much heavier

than the bino. Crossed and charge-reversed diagrams are not shown. In the full theory diagrams, q
0

refers to u, d, s, c . The ellipsis denotes similar diagrams where the insertion of the gluon legs vary

(see Appendix D 6). Single (double) lines correspond to relativistic (heavy particle theory) fields. We

have omitted the label “bare” on the coe�cients on the right-hand side.

are encoded in Wilson coe�cients of the e↵ective theory describing a heavy bino �v interacting

with the quarks and gluons of 5-flavor QCD.

As in the previous example, the leading contributions to the coe�cients c
(0,1,2)
u,d,s,c are O(↵2

w)

loop diagrams. What distinguishes this case is the presence of a tree-level, O(↵w), contribution

to the bottom quark coe�cients c
(0,1,2)
b and the associated loop-level, O(↵w↵s), e↵ective theory

contributions to the gluon coe�cients c
(0,2)
g . As discussed in Sec. IIIA, we adopt the scheme

where all mass scales much lighter than the weak scale (such as mb) are set to zero, and employ

dimensional regularization. The full theory contribution to c
(2)bare

g is IR divergent due to gluons

emitted o↵ of a massless bottom quark. The e↵ective theory contributions from a bottom quark

loop, shown on the right-hand side of Fig. 5, are scaleless, and thus vanish. In the low energy

theory, the remaining 1/✏ pole of the bare coe�cient is regarded as an UV divergence that is

renormalized according to Eq. (13). For illustration, we present the explicit pole structure of
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FIG. 10. Left: The spin-independent cross section (per-nucleon) for the case of a right-handed

sbottom and a sbottom-bino mass splitting that is much less than the weak scale (�b̃R = 5 GeV).

For comparison, we show both the fixed-order result (“LO”, blue) and the leading log result from the

e↵ective theory analysis (“LO+LL”, red). We also illustrate the impact of including the running of

the ↵f and �f coe�cients of Eq. (1) from the scale µ� ⇠ m� (“LO+LL�”, green). The thickness

of the bands corresponds to combined hadronic and theoretical uncertainties. The gray dashed lines

show the projected reach of the LZ experiment and the point at which the irreducible neutrino back-

ground should be relevant. Right: The spin-independent nucleon cross sections for various values of

the sbottom-bino mass splitting in GeV (white boxes). The calculation is performed using the full

“LO+LL” framework. The width of the bands corresponds to the combined theoretical and hadronic

uncertainties.

For small relative mass splittings (�b̃R/m� . 10�3) the enhancement from LL corrections

has significant implications for predicting the discovery potential of future experiments. For

instance, while the fixed-order approach predicts that bino DM as heavy as ⇠ 4 TeV has a

scattering rate above the neutrino background, the complete calculation extends the reach up

to ⇠ 7 TeV. In general, incorporating the running of the weak scale Wilson coe�cients down

to the hadronic scale results in an overall factor of ⇠ 3 � 4 in the final cross section. As
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Figure 3: Matching condition for one-boson exchange contributions to gluon operators. The notation
for the di↵erent lines and vertices is as in Fig. 2. All active quark flavors, such as the top quark in
the full theory, are included in the loops.
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Figure 4: Matching condition for two-boson exchange contributions to quark operators. The notation
for the di↵erent lines and vertices is as in Fig. 2. The full theory diagrams illustrate the possible
types of two-boson exchange. Crossed diagrams and time-reversed diagrams are not shown.

diagrams with exchange of two gauge bosons (W± or Z0), two Goldstone bosons (�0
Z

or �±
W
), one

gauge and one Goldstone boson (Z0 and �0
Z
, or W± and �±

W
), or two Higgs bosons. In terms of these

contributions the total amplitude is

Mq = M
ZZ

q +M
WW

q +M
W�W
q +M

Z�Z
q +M

�W�W
q +M

�Z�Z
q +M

hh

q , (56)

where the superscripts denote which bosons are exchanged, and the contributions from crossed dia-
grams and time-reversed diagrams are included in each amplitude. Upon expressing the amplitudes
in terms of the integrals J(mV ,M, �), Jµ(p,mV ,M, �), J�(p,mV ,M, �) and Jµ

�(mV ,M, �) defined in
Appendix C, we may write each amplitude in the form

M
BB

0
q = ūq(p)


mq c

(0)BB
0

q +

✓
v/v · p�

p/

d

◆
c(2)BB

0
q

�
uq(p) , (57)
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▸ Currently some sensitivity to winos and possible future 
sensitivity with CTA to Higgsinos

PROMISE: INDIRECT DETECTION STILL HAS REACH ON THERMAL ELECTROWEAKINOS
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�
NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|
2
,

�
NLL+⇢⇢SE
�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|
2
. (16)

This nonzero result for �
0
�
0

! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|

2, and occurs be-
cause there is a Sudakov mixing between the W

+
W

� and
W

3
W

3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|
2 and |⌃1 �⌃2|

2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�
0
�
0
! ��, �Z, as the energy resolution of current in-

struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �

0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with

Ovanesyan, Slatyer, Stewart courtesy N. RoddThermal wino Thermal Higgsino



PROMISE: AXION DETECTION HAS SENSITIVITY TO THE QCD AXION!

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

1 M� ⇠ 1057 GeV

10�23 eV

WIMP paradigmaxion

⇠ µeV
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CHALLENGE: VERY LIMITED FREQUENCY RANGE IN MASS

▸ The classic, decades-old Sikivie proposal is now achieving 
sensitivity to the QCD axion 

▸ Challenge: scaling to higher frequency and covering the whole 
range originally motivated by misalignment will be very 
challenging because of matching axion mass to cavity size

d⌫

dt
/ B4V 2
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PROMISE: IDEAS FOR AXION DETECTION HAS UNDERGONE A RENAISSANCE

▸ Much broader range of experiments to probe the entire 
mass range 

▸ Challenge: remains to be seen how real constraints evolve

ABRACADABRA CASPEr



PROMISE: IDEAS FOR AXION DETECTION HAS UNDERGONE A RENAISSANCE

▸ For example, dish antenna or spin-dependent forceProgress on the ARIADNE axion experiment 3
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Fig. 1 (left) Constraints and experiments searching for the QCD axion, adapted from Ref. [5].
(middle) Setup: a sprocket-shaped source mass is rotated so its “teeth” pass near an NMR sam-
ple at its resonant frequency. (right) Estimated reach for monopole-dipole axion mediated inter-
actions. The band bounded by the red (dark) solid line and dashed line denotes the limit set by
transverse magnetization noise, depending on achieved T2 for an integration time of 106 s. The
solid “projected reach” curve represents the sensitivity of a future, upgraded apparatus [1]. Current
constraints and expectations for the QCD axion also are shown [11, 12, 13, 14, 15, 16].

ing transverse magnetization is detected with a superconducting quantum interfer-
ence device (SQUID). The 3He sample acts as an amplifier to transduce the small,
time-varying, fictitious magnetic field into a larger real magnetic field detectable
by the SQUID. Superconducting shielding screens the sample from ordinary mag-
netic noise which would otherwise exceed the axion signal, while not attenuating
Beff [1]. The ultimate sensitivity limit is set by spin projection noise in the sample
itself which scales with the inverse square root of its volume, density, and T2, the
transverse spin decoherence time [1].

The experiment can sense all axion masses in its sensitivity band simultaneously,
while haloscope experiments must scan over the allowed axion oscillation frequen-
cies (masses) by tuning a cavity [10, 17, 18, 19] or magnetic field [20]. In contrast
to other lab-generated spin-dependent fifth-force experiments using magnetometry
[12, 13, 14, 15, 16], the resonant enhancement technique affords orders of magni-
tude improvement in sensitivity, sufficient to detect the QCD axion (Fig. 1).

2 Experimental Design

Detectors. For detecting the effective magnetic field produced by the axion Beff,
three fused quartz vessels containing laser-polarized 3He will serve as resonant mag-
netic field sensors. Three such sensors will be used to cancel common-mode noise
by correlating their signals, according to the phase of the rotation of the sprocket
source mass. Each sample chamber has an independent bias field control to main-
tain resonance between the spinning mass and the 3He, during any gradual demag-

MADMAX ARIADNE



▸ Between 1 meV and 1 eV, dark matter behaves like a classical 
wave, but cavity techniques will be challenging.  Detection may be 
possible via excitation of “collective modes” = phonons 

▸ Intermediate mass range above an eV where observation via 
particle interactions with SM is still highly motivated though not 
detectable with traditional WIMP experiments 

▸ Arise generically in top-down constructions — hidden sector/
valley paradigm

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)

1000 M�10�23 eV 100 GeV

WIMP paradigm
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HIDDEN SECTOR DARK MATTER

▸ Scale of connector sector fixes terrestrial experiment 
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HIDDEN DM ABUNDANCE AS A GUIDE

▸ If DM abundance is related to its coupling to the SM in 
any way, that provides a guide where to look 

X �

e e

q Q

k k0

X �

e e

q Q

k k0

FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee 
1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥
�EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠

10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the
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FIG. 3. Sensitivity to DM scattering via an ultralight dark
photon, for kg-yr exposure on GaAs. On the orange line the
relic abundance can be explained by freeze-in [19–21]. The
reach for mX < MeV is from scattering into LO phonons.
For mX > MeV, the reach comes from considering GaAs as a
scintillator for DM-electron scattering [10]. The blue region
indicates stellar and BBN constraints [22, 57], while the green
region is a Xenon10 limit [7]. Projections for various exper-
imental proposals are from Refs. [24, 28, 58] (dotted lines).

Scalar-mediated nucleon scattering. Finally we
consider the case of sub-MeV DM with coupling to nu-
cleons only, similar to what was explored in Ref. [26, 27]
for multiphonon production in superfluid helium. GaAs
improves over helium for several reasons: first, DM can
scatter by exciting a single ⇠ 36 meV optical phonon,
rather than going through higher-order multiphonon in-
teractions. Second, the speed of sound is ⇠ 20 times
higher in GaAs, such that the energy of acoustic phonons
is higher and better matched to DM kinematics.

The di↵erential DM scattering rate is

d2�

dqd!
=

4⇡

Vcell

q

mXpi
S(q, !), (9)

where pi is the initial DM momentum, Vcell is the primi-
tive cell volume, and S(q, !) is the dynamical structure
factor, defined in the same way as for neutron scattering
(see e.g. [59]). In the long-wavelength limit, S(q, !) is
given by

S(q, !) =
1

2

X

⌫

|F⌫(q)|2
!⌫,q

�(!⌫,q�!) (10)

where ⌫ sums over the various phonon branches. The
phonon form factor is

|F⌫(q)|2 =

�����
X

d

b̄dp
md

e�Wd(q)
q · e⌫,d,qe�iq·rd

�����

2

(11)

where d sums over atoms in the primitive cell with mass
md and position rd. b̄d is the scattering length, e⌫,d,q is

FIG. 4. Sensitivity of GaAs to scattering o↵ nucleons via a
scalar mediator, with kg-yr exposure. We consider the pro-
jected reach due to production of LO phonons (! = !LO ⇡ 36
meV) and that due to production into LA phonons as well,
with an even lower threshold ! > meV. Also shown is the
reach from multiphonon production in superfluid helium [26].

the phonon eigenvector of branch ⌫ and atom d at mo-
mentum q, and Wd the Debye-Waller factor of atom d.
Summing over the phonon eigenmodes requires a dedi-
cated software tool; we reserve this and a derivation of
Eq. (10) for future work [29].

Here we estimate the rate in the isotropic and long-
wavelength limit where Wd ⇡ 0:

|F⌫(q)|2 ⇡ b̄2
n

2mn

q2

���
p

AGae
irGa·q ±

p
AAse

irAs·q
���
2

(12)

with mn the nucleon mass, b̄n the DM-nucleon scatter-
ing length and AGa (AAs) the mass number of Ga (As).
The + (�) sign applies to the LA (LO) branch, where
both atoms are in phase (anti-phase). For a rough esti-
mate when mX ⌧ MeV, the phase factors in (12) can be
neglected.

For scattering via a massless mediator, we also in-
clude a (mXv0/q)4 form factor and express the reach
in terms of the cross section per nucleon at a reference
qref = mXv0, �n ⌘ 4⇡[b̄n(qref)]2. The result is shown in
Fig. 4, where we find a competitive reach with superfluid
helium. The astrophysical and cosmological constraints
on this scenario are rather tight but model dependent
and hence not shown; see Refs. [22, 23] for details. The
large di↵erence in sensitivity for the optical and acoustic
modes is due to the near cancellation in (12) for the op-
tical modes, since AGa ⇡ AAs. The phase factor in (12)
also induces a directional dependence for producing op-
tical phonons, which we will explore in future work [29].
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TOWARDS HIDDEN SECTOR DARK MATTER

▸ Developments in condensed matter make this possible
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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LIGHTER TARGETS FOR LIGHTER DARK MATTER

▸ Nuclear recoil experiments; basis of enormous progress in 
direct detection

=) ED ⇠ 100 keVv ⇠ 300 km/s ⇠ 10�3c

ED =
q2

2mN

qmax = 2mXv

v ⇠ 10�3cq, ED



PROMISE: NEW DETECTION PARADIGMS FOR LIGHT DARK MATTER

▸ Experimental Panorama
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LIGHTER TARGETS FOR LIGHTER DARK MATTER
3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Ze↵(r)/r. Ze↵(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l

0
, L once it converges.

Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, ne, (unobserved)
scintillation photons, n� , and heat. To calculate ne, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, Ni, and
a number of excited atoms, Nex, whose initial ratio is
determined to be Nex/Ni ⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, fR, is essentially zero at low energy,
resulting in ne = Ni and n� = Nex. The fraction, fe,
of initial quanta observed as electrons is therefore given
by fe = (1 � fR)(1 + Nex/Ni)�1

⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = Eer/W , where Eer is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with fR and Nex/Ni, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use Nex/Ni = 0.2, fR = 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < fR < 0.2, 0.1 < Nex/Ni < 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
Nex/Ni are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for fR is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n

(1) =
Floor(Eer/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n

(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus ne = n

0
e + n

00
e , where n

0
e represents the

primary electron and is thus 0 or 1 with probability fR

or (1 � fR), respectively, and n
00
e follows a binomial dis-

tribution with n
(1) + n

(2) trials and success probability
fe. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and FDM = 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
fR, Nex/Ni and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the mDM-�e plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(FDM = 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.

– 4 –
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▸ In insulators, like xenon 

▸ In semi-conductors, like Ge, Si

Tightly bound; ionize for signal

Excite electron to conduction band

Gap = DM Kinetic Energy

ED =
q2

2me

qmax = 2mXv



ELECTRON EXCITATION IN SEMICONDUCTORS AND NOBLE LIQUIDS

▸ Silicon semiconductors lend themselves well to light dark 
matter detection above an MeV

When calculating rates, we assume a Maxwell-Boltzmann distribution with a sharp cutoff (we
describe this in more detail, and give analytic formulas for ⌘(vmin), in Appendix B). The requirement
of energy conservation is captured by vmin(q, Ee), the minimum speed a DM particle requires in order
for the electron to gain an energy Ee with momentum transfer q (note that Ee was also denoted as
�Ee in §3.1). This is given by

vmin(q, Ee) =
Ee

q
+

q

2m�
. (3.12)

Figure 4. Scissor corrected band structure for silicon (left) and germanium (right) as calculated with Quantum

ESPRESSO [69] with a very fine k-point mesh. The horizontal dashed line indicates the top of the highest valence band. The
four bands below the horizontal dashed line are the valence bands while the bands above the dashed line are the conduction
bands. We also show the density-of-states (DOS) as a function of the energy for a very fine k-point mesh (blue) and for our
243 k-point mesh (red). A Gaussian smearing of 0.15 eV was used to generate a smooth function.

Differential rate. As we show in Appendix A.4, the differential electron scattering rate in a semi-
conductor target (with the approximation of a spherically symmetric DM velocity distribution) can be
written as
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d lnEe
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where ⇢� ' 0.4 GeV/cm3 is the local DM density, Ee is the total energy deposited, and Ncell =

Mtarget/Mcell is the number of unit cells in the crystal target. (Mcell = 2 ⇥ mGe = 145.28 amu =

135.33 GeV for germanium, and Mcell = 2 ⇥ mSi = 56.18 amu = 52.33 GeV for silicon.)
We have written this in such a way that the first line gives a rough estimate of the rate, about
29 (11) events/kg/day for silicon (germanium) for ⇢� = 0.4 GeV/cm3, m� = 100 MeV, and �e '

– 13 –

FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50

Essig et al 1509.01598
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5

bined laser-calibration data weighted by the correspond-
ing uncertainty in each peak. Lastly, we multiplied each
signal model by the e�ciency curve (bottom panel of
Fig. 1) as well as the exposure (1.2 gram-days). An ex-
ample of a 1 GeV/c2 light DM signal model is shown in
the top panel of Fig. 1.
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FIG. 2. 90 % C.L. limits on the e↵ective dark matter-electron
scattering cross section with form factor FDM = 1 (top)
and FDM / 1/q2 (bottom) and with Fano factor of 0.155
(solid-blue curve). The light blue band represents our esti-
mate of the systematic uncertainty, which is dominated by
varying the Fano factor assumption in the ionization model
from F = 10�4 to 0.3. Other direct detection constraints
shown include SuperCDMS HVeV R1 [12] (red), DAMIC [54]
(green), SENSEI [23] (orange), XENON10 [55, 56] (teal), and
XENON1T [57] (pink).

B. Limit Setting

The Poisson exclusion limit for each DM model was
calculated independently for the first six e�h+-pair peaks
using a limit setting window of ± 3 �hEi centered on each
peak. While taking into account the look-elsewhere ef-
fect, we selected the lowest limit amongst the individual
e�h+-pair peaks at each DM mass to obtain a final limit
with a 90% confidence level (C.L.).

FIG. 3. 90 % C.L. limits on the dark photon (V ) kinetic mix-
ing parameter " (top) and axioelectric coupling constant gae
(bottom) with Fano factor of 0.155 (solid-blue curve). The
light blue band represents our estimate of the systematic un-
certainty, which for masses & 4⇥10�3 keV/c2 is dominated by
varying the Fano factor assumption in the ionization model
from F = 10�4 to 0.3; for masses . 4 ⇥ 10�3 keV/c2, the un-
certainty is dominated by the discrepancy in the photoelectric
absorption cross section. Other direct detection constraints
shown for V and ALPs include SuperCDMS Soudan [34] (ma-
roon), XENON10 (teal), and XENON100 (purple) [58]; addi-
tional constraints on V include SuperCDMS HVeV R1 [12]
(red), DAMIC [54] (green), SENSEI [23] (orange), and
anomalous energy loss mechanisms in the Sun [24]. For the
axioelectric coupling, the entire region shown is disfavored by
the observed cooling of red giant [25, 26] and white dwarf
stars [26, 27].

This limit calculation di↵ers from Ref. [12], which de-
termined the limits using the Optimum Interval (OI)
method [59, 60]. Due to the improved energy resolution
of this analysis compared to Ref. [12], the OI method
was found to be overly sensitive to the shape of the ex-
pected DM signals measured in the detector and thus to
the e↵ects of CT and II, leading to systematic uncertain-
ties that are di�cult to estimate. In contrast, the Poisson
method applied to this analysis is insensitive to these sys-
tematic e↵ects. A comparison of the two methods finds
up to a factor of 2 stronger limits with the OI method

SuperCDMS Collaboration 2005.10256



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  

▸ (partial) 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, KZ 1611.06228, Knapen, Lin, 
Pyle, KZ 1712.06598 Griffin, 
Knapen, Lin, KZ 1807.10291



PROMISE: NEW DETECTION PARADIGMS FOR LIGHT DARK MATTER

▸ Experimental Panorama

mass

100 GeV1 GeV1 MeV1 keV1 eV1 meV
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▸ Number of collective modes: 
3 x number of ions in unit cell 

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

▸ 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
GaAs

Acoustic

Optical

Knapen, Lin, Pyle, KZ 1712.06598 Griffin, Knapen, Lin, KZ 1807.10291
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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

7



▸ Gapped optical modes are 
also ideal for sub-MeV dark 
matter scattering 

▸ i) energy spectrum of 
modes matches dark 
matter kinetic energy 

▸ ii) When these gapped 
modes result from 
oscillations of more than 
one type of ion, we have 
an oscillating dipole

SCATTERING ON COLLECTIVE MODES IN POLAR MATERIALS
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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
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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),
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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),
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KINEMATICS OF COLLECTIVE MODES (2)

▸ First element to enter is the kinematics 

▸ Coupling to gapped modes

vs

ED ⇠ vXq

ED ⇠ csq

cs ⌧ vX

Acoustic

Optical



OPTICAL PHONONS IN POLAR MATERIALS (2)

Single Optical Phonon, Single Acoustic Phonon

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

Griffin, Inzani, Trickle, Zhang, KZ, 1910.10716
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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
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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
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◆
. (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 

▸ Funded for R&D by 
DoE Dark Matter New 
Initiatives 

▸ For a polar crystal target 
— Sub-eV Polar 
Interactions Cryogenic 
Experiment (SPICE)
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AXION EXCITATION OF PHONON-POLARITONS

▸ The photon mixes with these collective modes at very low 
momentum transfer

9

FIG. 2. Dispersion of phonon polaritons in GaAs near the center of the 1BZ, k ⇠ !. The mixing between the

photon and TO phonons is maximal at ! ⇠ k. At k ⌧ !, the TO phonon-like modes are degenerate with the

LO phonon mode (blue line), while at ! � k they approach their unperturbed value (dotted blue line), and an

LO-TO splitting is present.
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At each k, there are (3n+2) modes, created (annihilated) by â
0†
⌫,k (â0⌫,k), which are linear combinations

of 3n phonon modes and 2 photon polarizations. Among them, 5 are gapless at k = 0, including 3

acoustic phonons and 2 photon-like polaritons. The number of gapped modes, 3n� 3, is the same as

in the phonon-only theory, but their energy spectrum is shifted, {!0
⌫=(6,...,3n+2),k} 6= {!⌫=(4,...,3n),k}.

The original phonon modes are linear combinations of the phonon polariton eigenmodes:
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�
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0
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. (15)

For DM coupling to the atomic displacements ulj , the perturbing potential is given by Eq. (4) and

Acoustic

Optical
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FIG. 3. Projected reach on ga�� from axion absorption onto phonon polaritons in Al2O3, CaWO4, GaAs and

SiO2, in an external 10T magnetic field, averaged over the magnetic field directions, assuming 3 events per

kilogram-year. Also shown are predictions of the KSVZ and DFSZ QCD axion models, and horizontal branch

(HB) star cooling constraints [63].

for a sapphire target, when b̂ is parallel (perpendicular) to the crystal c-axis, chosen to coincide with

the z-axis here, only 2 (4) out of the 6 resonances appear. This observation provides a useful handle

to confirm a discovery by running the same experiment with the magnetic field applied in di↵erent

directions.

B. Magnon excitation via the axion wind coupling

To compute the magnon excitation rate, we substitute the coupling f j in Eq. (35), into the rate

formula Eq. (27). In Sec. III, we discussed three strategies to alleviate the suppression of axion-magnon

couplings due to selection rules: external magnetic fields, anisotropic interactions, and nondegenerate

g-factors. In this subsection, we show the projected reach for each of these strategies. The results are

Mitridate, Trickle, Zhang, KZ 2005.10256
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Composite

▸ 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
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Composite

▸ Look for gravitational means to detect structure 

▸ Above               e.g. pulsar timing may be effective  

▸ Project of the (far) future to use laboratory clocks to 
detect small gravitational redshift effects

10�13 M�



GRAVITATIONAL EFFECTS OF DARK MATTER SUBSTRUCTURE

▸ Accurate clocks and transiting objects — the time-of-arrival 
of a pulse is stable.  Deviations can signal transiting object. 

▸ Principle can be applied to many systems with accurate 
clocks 

▸ Transiting clump can accelerate earth or pulsar (Doppler) or 
change the potential along line of sight (Shapiro)

PulsarEarth

2

timing e↵ects in measurements of pulsar periods. Pul-
sars with millisecond periods, observed over time scales
of decades, are known to be remarkably stable clocks.
While their periods fluctuate over short times, these fluc-
tuations do not substantially accumulate. In practice one
can define a pulse phase of the signal,

�(t) = �0 + ⌫ t+
1

2
⌫̇ t2 +

1

6
⌫̈ t3 + ... (1)

where ⌫ is the frequency and ⌫̇, ⌫̈ are its first and second
derivatives. The most stable pulsars have frequencies of
O(kHz) and a spin-down rate of the pulsar, ⌫̇/⌫, ranging
from roughly 10�23

� 10�20 Hz, both of which can be
fit from the data. Empirically, it is found that ⌫̈/⌫ can
be below 10�31 Hz2 [43] and is typically not included in
fits to the data, allowing one to place upper bounds on
processes that would produce a non-negligible ⌫̈. Fur-
thermore, any process which induces a modification of
the phase,

�� ⌘

Z
dt �⌫(t) (2)

can be constrained using pulsar timing measurements.
The quality of pulsar timing data is determined by

three parameters. The first parameter is the root-mean-
square (RMS) timing residual, tRMS. This is determined
after finding the frequency, ⌫fit, and its derivative, ⌫̇fit,
which minimizes the residual between the timing data,
tdatan , and the timing model, tn, where tn is found via the
relation 2⇡n = �(tn) from Eq. (1). This gives

tRMS ⌘

s
1

N

X

n

(tdatan � tfitn )2, (3)

where N is the number of data points, and tfitn is tn with
⌫ = ⌫fit, ⌫̇ = ⌫̇fit and all higher order terms dropped. The
minimized residual is typically tRMS ⇠ µsec. The other
two parameters are the observation time of the pulsar,
T ⇠ 10 years, and the time between measurements, �t ⇠
2 weeks (also known as the cadence). Clearly the pulsars
with the most power to constrain substructure are those
with smaller RMS noise, longer observation times, and
shorter cadence.

Pulsar timing data can probe DM compact objects
since a transit near the timing system will give rise to
a change in the observed frequency of the pulsar. We
consider changes in the observed frequency of the pulsar
due to two e↵ects. First, there can be a gravitational
time delay due to a changing gravitational potential af-
fecting the photon geodesic as it moves along the line of
sight – this is known as a Shapiro time delay, and was
proposed as a probe of dark matter in [44]. Second, the
presence of compact objects can lead to an acceleration
of the Earth or pulsar, also changing the observed pulsar
period – this is the Doppler e↵ect, and was proposed as a
signal of dark matter in [45]. These accelerations are op-
timal for studying smaller masses and are typically more

sensitive than Shapiro delays, though in some parameter
space, as we will explore in detail, Shapiro delays can be
more sensitive due to the long baseline.

The signal from a transiting compact object will look
di↵erent depending on the relevant timescale, ⌧ , associ-
ated with the motion of the compact objects (here we use
this variable schematically but give it an explicit, mass-
dependent meaning in later sections). If we denote the
observation time of a pulsar as T , then dynamic signals
correspond to ⌧ ⌧ T , and will appear as blips in the pul-
sar timing data (analogous to glitches which have been
observed in millisecond pulsar data [46, 47]). Static sig-
nals, with ⌧ � T , will not be observable as blips but
instead as a non-negligible contribution to the second
derivative of the frequency, ⌫̈.

The idea of using pulsar timing to probe dark matter
substructure has a long history. The static contribution
of the Shapiro time delay was suggested as a probe of
PBHs in [48, 49], while searches for dynamic signals were
considered for single events in [44, 45, 50], and multiple
events in [51]. None of these analyses, however, consid-
ered how the signals were related to each other in the
relevant regime of validity. Our results extend, and dif-
fer from, previous results as follows. First, we carry out
the first analysis to correctly consider all forms of tim-
ing signatures, in the dynamic and static limit, and for
both Doppler and Shapiro e↵ects. We comment on the
interplay between these four signals and their comple-
mentary sensitivity in di↵erent mass ranges. The com-
parative analysis has important implications for signals;
for example, in contrast to previous work, we find that
the Doppler signal dominates in the static limit, sub-
stantially modifying the derived constraint. Second, we
perform the first study of the single event ‘blip’ signal
shapes and compute these shapes in three dimensions;
this extends and improves on the previous limits derived
in [45, 50, 52]. Third, we perform projections for cur-
rent and future pulsar timing experiments in all of the
signal regimes, correctly incorporating the impact of the
measurement cadence on the constraint for the first time.
Lastly, we study the impact of the size of compact ob-
jects, parameterized in terms of the profile, on the con-
straints derived. Note that we do not consider a multi-
event (or statistical) signal, as studied in [51]. While
we expect that such an analysis will extend the reach at
the low mass end (below O(10�9 M�) for Doppler signals
and below O(10�4 M�) for Shapiro signals), due to the
more complicated nature of the signal, we reserve study
for future work [53].

The outline of this paper is as follows. In Sec. II we
describe static and dynamic signatures of transiting com-
pact objects, for both Doppler and Shapiro e↵ects, being
careful to delineate the dividing line between the regimes.
Next, in Sec. III, we detail the size of the signals expected
in the dynamic and static regimes for both Doppler and
Shapiro signals. Then we present the analytic and nu-
merical results in Sec. IV, projecting constraints on the
fraction of DM in PBHs (or PBH-like subhalos) which
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▸ Working with Nanograv-developed (PTA collaboration) 
machinery to forecast more realistic prospects for detection

25

FIG. 7: PTA constraints on a monochromatic mass distribution of ‘core-only’ subhalos with

scale density ⇢s, as a function of core mass Ms arising from optimistic PTA parameters. PTA

constraints have the same color scheme as in Fig. (3). To show the dependence on the dark

matter fraction f in such subhalos, we show a band with 0.3  f  1. Scale densities

corresponding to 10  c  1 in the ⇤CDM range are shown as a hatched region (though note

this is not the ⇤CDM model, which features a broad spectrum of subhalo masses). Halos

below the dot-dashed-black line corresponding to ⇢s = ⇢DM cannot make up f = 1 . Also

shown in dashed-gray are projections from photometric lensing [12, 32], ↵ and µ lensing from

astrometric lensing in Gaia data [18–20] and di↵raction of BH mergers observable in

aLIGO[7, 56].

Mmin,Mmax and � are largely model-dependent, we allow them to vary, but choose parameters

that do not dramatically vary from a scale invariant spectrum.

N -body simulations, having dark matter only, favor constituent subhalos with an NFW

profile.5 Furthermore, CDM subhalos, obtained from galactic simulations [58, 60, 62, 63],

are typically quoted to have concentration parameters with c & 50 for subhalos below M�.

5 Baryons tend to change these profiles near the core of the subhalo, but the small subhalos that we consider

here do not hold baryons

halometry
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MODELS WITH ENHANCED SMALL SCALE POWER

▸ Axion models, where PQ 
symmetry breaks after 
inflation 

▸ Periods of early matter 
domination can lead to 
growth of structure on 
small scales

3

FIG. 2. Minicluster halo mass function (MC-HMF) at di↵erent redshifts z separated into times before (left) and after matter-
radiation equality (right). The slope of the MC-HMF at zf = 99 is ↵ ' �0.7.

FIG. 3. Top: mass fraction fb of gravitationally bound axions
as a function of redshift z. Convergence of mass resolution is
shown by comparing simulations with 10243 and 5123 parti-
cles. Bottom: evolution of the total number of MCHs Ntot

above di↵erent mass scales as seen in the legend. The black
dotted lines mark the transition from the radiation-dominated
to the matter-dominated epoch.

softening length, are plotted in Fig. 5 (upper panel) to-
gether with their best-fit NFW parameterizations given
by [29]

⇢NFW(r) =
⇢0

r/rs(1 + r/rs)2
, (1)

where ⇢0 is the characteristic density of the halo and rs

the scale radius. As seen in the lower panel of Fig. 5,

FIG. 4. Sub-MC-HMFs of ten high- (blue data points) and
medium-mass MCHs (red data points) normalized to the
virial mass of the parent MCH at redshift z = 99. The solid
lines represent the average of the combined data for the high-
mass and the low-mass MCHs, respectively. The dotted lines
are power-law fits to the data, both consistent with ↵ ' �0.7.

high-mass MCHs are in good agreement with NFW-
profiles across the entire radial range and medium- and
low-mass MCHs are slightly underdense only at large
radii r ⇠ rvir/2.
The resulting concentration parameter, c = rvir/rs, is

of the order of several 102 (cf. Table I) and increases
for decreasing MCH masses, in agreement with CDM N-
body simulations [30]. In order to examine the stability of
the fits, their radial range was reduced by 5% which varies
the concentration parameter of the high- and medium-
mass sample by a few percent. The increased sensitivity
for the low-mass sample is related to the fact that the
scale radius is only well-resolved for the high- and the
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FIG. 10: The value of M! such that !(M!) = "c plotted as a
function of redshift for di!erent values of the reheat tempera-
ture TRH and the average particle velocity at reheating, !vRH",
in units where c = 1. For TRH = 8.5 MeV and TRH = 85 MeV,
the reheat horizon mass is MRH = 54M" and 0.054M", re-
spectively. We see that M!(z) is a power law for M! #< MRH.

would cause M!(z) to decrease rapidly with increasing
redshift if M! !< Mfsh. We see in Fig. 10, however, that
if "vRH# !< 0.001, M! !> Mfsh for all z < 500. There-
fore, we expect that free-streaming will not prevent struc-
tures from growing at redshifts z !< 500, provided that
"vRH# !< 0.001.

Before we consider the e!ects of free-streaming on the
halo mass function further, we examine the mass func-
tion with "vRH# = 0. If !(M) is a power law, as it
is for M $ MRH, then the mass function depends on
redshift only through the ratio M/M!(z). In this case,
the di!erential bound mass fraction df/d lnM peaks at
M = M!; for d ln!/d lnM = %(n+ 3)/6, the maximum
value is df/d lnM |M!

= 0.32, and 31% of the dark mat-
ter is contained in halos with M! & M & 5M!. Since
the abundance of halos with M !> M! is exponentially
suppressed, a negligible fraction of the mass is contained
in halos with M > 5M!. Provided that 5M! $ MRH,
the fact that !(M) is not a power law for M !> MRH will
not a!ect the bound fraction.

The 5M! $ MRH case is exemplified by the z = 100
curve in Fig. 11, which shows the di!erential bound
fraction df/d lnM for TRH = 8.5 MeV. For this reheat
temperature, MRH = 54M", and Fig. 10 shows that
M! = 0.18M" at z = 100. Integrating the z = 100 curve
in Fig. 11 reveals that almost half of the dark matter is
contained in halos with M > 0.1M" at this redshift. In
the standard cosmology, the fraction of the dark matter
contained in such halos is only 10#10 at z = 100. As the
redshift increases past 100, the di!erential bound frac-
tion will keep the same shape as the z = 100 curve while
the peak slides to smaller masses. The other curves in
Fig. 11 show what happens to the bound mass function
as the redshift decreases. While z !> 11, M! > MRH,
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FIG. 11: The di!erential fraction of the dark matter mass
that is bound into halos of mass M [see Eq. (38)] plotted
at several redshifts for TRH = 8.5 MeV. While z #> 11, the
critical mass M! is smaller than the reheating horizon mass
MRH, and the peak moves to larger masses as the redshift
decreases. When z $ 10, M! > MRH, and the peak remains
fixed at 2M". The peak decreases in amplitude because the
fraction of mass contained in these microhalos decreases as
they are absorbed into larger halos.
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FIG. 12: The di!erential fraction of the dark matter mass
that is bound into halos of mass M plotted at several redshifts.
The solid curves show the bound fraction for TRH = 8.5 MeV,
while the dashed curves show the bound fraction in the ab-
sence of a scalar-dominated era. The two scenarios are indis-
tinguishable for M #> 1000M". The abundance of halos is
higher for halos with M #> 1010M" because baryons fall into
these halos, making them grow faster.

and the peak in df/d lnM follows M!, moving to larger
masses as the redshift decreases. The peak height de-
creases because |d ln!/d lnM |M!

is decreasing, as seen
in Fig. 8.
When z !< 11, M! > MRH for TRH = 8.5 MeV,

and larger-mass halos begin to form. These larger ha-
los absorb some of the microhalos formed at higher red-
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THE CHALLENGE
▸ Now is not the time for narrowing our search for Invisibles; the 

playing field is still wide open 

▸ Fortunately the Identification of Dark Matter has spurred ideas 
for many new experimental and observational efforts, on all 
avenues 

▸ Lack of evidence for WIMP has given rise to renewed interest in 
axion, including more robust theoretical predictions and new 
ideas for probes 

▸ New ideas for hidden sector/valley dark matter and probes for 
such light dark matter states 

▸ New opportunities to search for dark matter substructure over 
the next decade



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 new candidates?


