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accidental coincidences, facc, is taken to be separable,
that is, facc(S1, log10S2) = f1(S1) ⇥ f2(log10 S2). The
individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events
are modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of
the exposure. Artificial WIMP-like events (“salt”) were
manufactured from sequestered 3H calibration data and
introduced into the data at an early stage in the data
pipeline, uniform in time and position within the fiducial
volume. Individual S1 and S2 waveforms from this data
set were paired to form events consistent with a nuclear
recoil S2 vs S1 distribution. Some S2-only salt events
were added as well. The nuclear recoil energy distribu-
tion of these events had both an exponential (WIMP-
like) and flat component. The four parameters describing
these distributions (the exponential slope, the flat popu-
lation’s end point, the total rate, and the relative ratio of
exponential vs. flat rates) were chosen at random within
loose constraints and were unknown to the data analyz-
ers. The salt event trigger times were sequestered by an
individual outside the LUX collaboration until formally
requested for unblinding, after defining the data selection
criteria, e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after unblinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (“LUX WS2013+WS2014–16”). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1– and 2–�) filled regions.

nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3GeV/cm3,
average Earth velocity of 245 km/s, and a Helm form fac-
tor. Detector response nuisance parameters, describing
all non-negligible systematic uncertainties in the signal
and background models, are listed with their constraints
and observed fit values in Table I. Systematic variation of

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50GeV c

�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

Strongest limits from  
Xenon target (Z=54) experiments:

Direct detection of WIMPs
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mass scale of mediator similar to 
(lighter than) 𝛘  

!
thermal freeze-out possible! 

(see also, freeze-in)
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The WIMPless Miracle: Dark Matter Particles

without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak ≃ 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

⟨σv⟩
∼

m2
X

g4
X

, (1)

where ⟨σv⟩ is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct ΩX . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct ΩX . In these models,
mX is a free parameter. For mX ̸= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.

Dark matter scattering
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sub-keV bosonic dark matter
• Candidates:
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Mass scale of dark matter?
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Detecting low mass dark matter
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Goal: sensitivity to ~meV  
recoils for keV-MeV dark matter scattering.

Electron recoils
Sensitivity to MeV-scale DM 

with Xenon10, Xenon100

figure from Essig, Volansky, Yu 2017 
see also: 1108.5383, 1206.2644
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).

coil events at current and upcoming xenon experiments,
we have fixed �

e

to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)

D

gauge force, mediated by a kinetically-mixed dark pho-
ton, A

0, with mass m

A

0 . The A

0 mediates DM-electron
scattering, and F

DM

(q) = 1 (↵2

m

2

e

/q

2) for a heavy (ul-
tralight) dark photon. The left axis for top (bottom) plot
of Fig. 1 shows the event rate for �

e

fixed to the maxi-
mum value allowed by current constraints for m

A

0 = 3m
�

(m
A

0 ⌧ keV), while the right axis of the top (bottom)
plot fixes �

e

so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.

New XENON10 and XENON100 bounds. We now
recalculate the bounds from XENON10 data [2] (15 kg-
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FIG. 3. 90% C.L. limit on the DM-electron scattering cross
section from XENON10 data (blue) and XENON100 data
(red) for FDM = 1 (top) & FDM = ↵2m2

e/q
2 (bottom). Dot-

ted black lines show XENON10 bounds from [2].

days), including for the first time events with n

e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
the experimental observable is the number of photoelec-
trons (PE) produced by an event, we convert n

e

to PE.
An event with n

e

electrons produces a gaussian dis-
tributed number of PE with mean n

e

µ and width
p

n

e

�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
each bin. For XENON10, the 90% C.L. upper bounds
on the rates (after unfolding the e�ciencies) are r

1

<

15.18, r

2

< 3.37, r

3

< 0.95, r

4

< 0.35, r

5

< 0.35, r

6

<

0.15, r

7

< 0.35 counts kg�1 day�1, corresponding to
bins b

1

= [14, 41], b

2

= [41, 68] . . . , b
7

= [176 � 203] PE;
for XENON100, we find r

4

< 0.17, r

5

< 0.24, r

6

<

0.17 counts kg�1 day�1 corresponding to bins b

4

=
[80, 90], b

5

= [90, 110], b

6

= [110, 130] PE.

Fig. 2 shows the two data sets in PE and two sam-
ple DM spectra. Fig. 3 shows the strongest XENON10
and XENON100 limit combined across all bins, and a
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FIG. 2. Observed number of events versus photoelectrons
(PE) in XENON10 (top) [22] and XENON100 (bottom) [23].
DM spectra are shown form� = 10 MeV (blue) & 1 GeV (red)
with a cross section fixed at our derived 90% C.L. limit (we
assume fiducial values for the secondary ionization model).
Insets show spectra in bins of 27PE (20PE), the mean number
of PE created by one electron in XENON10 (XENON100).
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to specific values that are allowed by
simple and predictive benchmark models [1, 5, 34–40] and
further below. We consider the DM (a Dirac fermion or
complex scalar �) to be charged under a broken U(1)
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so that scalar (fermion) DM obtains the cor-
rect relic abundance from thermal freeze-out (freeze-in).
Clearly, a large number of DM events could be seen in
upcoming detectors. These results are easily rescaled to
other DM models that predict DM-electron scattering.
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e

& 4, as
well as from XENON100 data [23] (30 kg-years). Since
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tributed number of PE with mean n
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�,
where µ = 27 (19.7) and � = 6.7 (6.2) for XENON10
(XENON100). We multiply the signal with the trigger
and acceptance e�ciencies from [2, 23] and then bin both
the signal and data in steps of 27PE (20PE), starting
from 14PE (80PE) for XENON10 (XENON100). The
first bin for the XENON100 analysis is 80-90PE, corre-
sponding to roughly half an electron. We require that
the resulting signal is less than the data at 90% C.L. in
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~10 eV}} ~eV

Electronic band structure

~meV in 
superconductor

Electron recoils with 
small gap materials

Hochberg, TL, Zurek 2016/2017;  
Essig, Mardon, Volansky; Lee, Lisanti, Mishra-Sharma, Safdi 


Essig, Fernandez-Serra, Mardon, Soto, Volansky, Yu 

Hochberg, Pyle, Zhao, Zurek;  

Hochberg, Kahn, Lisanti, Tully, Zurek 

Detecting low mass dark matter
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Electron recoils with 
small gap materials

Gapless modes (phonons), 
vibrational modes

Long wavelength 
phonons [~meV]:

⌦ = cs| ~Q|

cs ⇠ 10�5

cs ⇠ 10�6

in solid

in helium

vibrational modes 
[~meV-eV]

𝜒

see also: Hochberg, TL, Zurek 2016 
Essig, Slone, Mardon, Volansky 2016  

Bunting, Gratta, Melia, Rajendran 2017

Detecting low mass dark matter
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Higher order processes

Schutz and Zurek 2016 
Knapen, TL, Zurek 2016 

McCabe 2017 
Kouvaris and Pradler 2016, …

Probing sub-GeV Dark Matter with conventional detectors

Chris Kouvaris1, ⇤ and Josef Pradler2, †

1CP3-Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense, Denmark
2Institute of High Energy Physics, Austrian Academy of Sciences, Nikolsdorfergasse 18, 1050 Vienna, Austria

The direct detection of Dark Matter particles with mass below the GeV-scale is hampered by soft
nuclear recoil energies and finite detector thresholds. For a given maximum relative velocity, the
kinematics of elastic Dark Matter nucleus scattering sets a principal limit on detectability. Here we
propose to bypass the kinematic limitations by considering the inelastic channel of photon emission
from Bremsstrahlung in the nuclear recoil. Our proposed method allows to set the first limits on
Dark Matter below 500MeV in the plane of Dark Matter mass and cross section with nucleons. In
situations where a Dark Matter-electron coupling is suppressed, Bremsstrahlung may constitute the
only path to probe low-mass Dark Matter awaiting new detector technologies with lowered recoil
energy thresholds.

Introduction. Weakly interacting massive particles
(WIMPs) are among the theoretically best motivated and
experimentally most sought particle candidates for Dark
Matter (DM) [1, 2]. The e↵orts are driven by a broad ex-
pectation that physics beyond the Standard Model (SM)
should enter near the electroweak scale, with interactions
that are not too di↵erent from the weak interactions.

There has been a significant amount of experimental
e↵ort to push the sensitivity of direct detection experi-
ments to masses below a few GeV. The e↵orts are ham-
pered by the fact that light DM induces soft nuclear re-
coils that are di�cult to detect unambiguously. In the
non-relativistic scattering of a DM particle � and target
nucleus N with mass mN , the three-momentum trans-
fer q = p

0
� � p� determines the kinetic recoil energy

of the nucleus, ER = |q|2/(2mN )  2µ2

Nv2/mN , where
µN is the DM-nucleus reduced mass and v is the rela-
tive velocity, bounded by the finite gravitational poten-
tial of the galaxy. New avenues have therefore been sug-
gested to probe DM below the GeV-scale, such as looking
for DM-electron scattering [3] in existing data [4], em-
ploying semiconductor targets [5–7], using superconduc-
tors or superfluids [8–11], nanotubes [12], 2D graphene-
like targets [13] and exploiting a non-virialized velocity-
component of DM [14].

In this letter we propose a method of probing sub-
GeV DM in direct detection by going to the inelastic
channel of photon emission from the nucleus in form
of Bremsstrahlung1—an irreducible contribution that ac-
companies the elastic reaction,

�+N ! �+N(ER) (elastic), (1a)

�+N ! �+N(E0
R) + �(!) (inelastic). (1b)

The virtue of considering (1b) is that the available photon
energy is bounded by the energy of the relative motion

1
Photon emission from the excitation of low-lying nuclear levels

has been considered in [15–18]. The process requires considerable

momentum transfer and concerns electroweak scale DM masses.

�

i

�

f

�

n

�

i

�

f

�

n

FIG. 1. Photon emission resulting from DM-nucleus scatter-
ing. The thick line represents the nucleus in the atomic initial
(final) state i (f) with intermediate state n, represented by
the thin solid line.

of DM and the target, !  µNv2/2, so that we observe
a hierarchy for light dark matter,

ER,max

= 4(m�/mN )!
max

⌧ !
max

(m� ⌧ mN ). (2)

As we will see, the larger energy deposition in photon
emission allows to lower the sensitivity to nuclear re-
coils to the sub-GeV DM mass regime in present-day
detectors. The signal will be be part of the “electron
recoil-band” and subject to backgrounds, yet amply de-
tectable: whereas, say, ER = 0.5 keV, is experimentally
easily missed, a photon of energy ! = 0.5 keV is hardly
ever missed.
Cross section. It is well known that in the limit of

soft photon emission o↵ an electromagnetically charged
particle the matrix element for Bremsstrahlung factor-
izes into the matrix element of elastic scattering M

el

times a manifestly gauge invariant piece. For this to
hold in the non-relativistic limit of the emitting parti-
cle, the three momentum transfer q in the elastic scat-
tering must be much larger than the change of it due
to the additional emission of the photon with momen-
tum k, �q = (p0

N � pN � k) � (p0
N � pN )!=0

. Hence,
imposing |�q| ⌧ |q| yields the soft-photon limit, ! ⌧
|q|v =

p
2mNERv ' O(10 keV)

q
A
130

q
ER

1 keV

, where A is

the atomic mass number of N . The latter condition holds
well away from the kinematic endpoint of minimum mo-
mentum transfer, |q

min

| ' !/v, and the soft photon limit
will be respected. Since !

max

' µNv2/2 . |q
max

|v holds
parametrically, we can further take the approximation
E0

R ' ER in (1b).
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….
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Detecting low mass dark matter
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Backgrounds

coherent scattering of solar neutrinos  

background of O(1-10)/kg-yr/10 eV 
(based on DAMIC, SuperCDMS) 

coherent photon scattering 
O(1-10)/kg-yr/eV 

“dark counts” (fakes) - general challenge 

….

1610.07656

1610.00006, 1607.07410
known

the unknown…

Detecting low mass dark matter
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1. Probing low-mass DM with  
    eV-scale thresholds 

2. Towards meV-scale thresholds



Semiconductor targets
New techniques have led to Eth~50 eV electron recoil.

15

SuperCDMS [Ge, Si] Charge in pixel distribution. Counting electrons: 0, 1, 2..

9 3rd Berkeley Workshop on the Direct Detection of Dark Matter December 6, 2016

Eth~eV (1 or 2 electron sensitivity) can 
be reached in the near future!  

Limited by band gap, dark counts.

DAMIC, Sensei (Si CCD)



Semiconductor targets

16
 figure from Tien-Tien Yu  
(see also Essig et al. 2015)
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Stellar
constraints

Xenon

Xenon100

e� excitation

multi-phonon
excitation

CDMSlite

DAMIC

DAMIC

Hidden photon dark matter

1 kg-yr, Ge

1 kg-yr, Si

Absorption of hidden photon DM

17

(Si, 0.6 kg-d)

(Ge, 70 kg-d)

Hochberg, TL, Zurek 2017

See also: I. Bloch et al. 2016

Reach even lighter (eV-scale) bosonic DM:

A’

Absorption

Stellar, Xenon10 constraints: 
An, Pospelov, Pradler 2013, 2014 

Redondo & Raffelt 2013

X

A V

i

f

Figure 1: Illustration of the dark photon emission process by the electromagnetic current.

restrict the interaction terms in (1) to on-shell V
µ

, using @
µ

V µ = 0 and to leading order in
, @

µ

V µ⌫ = �m2
V

V ⌫ , so that

Lint = �

2
F
µ⌫

V µ⌫ + eJµ

emAµ

on�shell V������! Lint = �m2
V

A
µ

V µ + eJµ

emAµ

. (3)

This expression is of course explicitly gauge invariant under A
µ

! A
µ

+ @
µ

� due to the
current conservation and on-shellness of V

µ

conditions:

@
µ

Jµ

em = 0; @
µ

V µ = 0. (4)

The appearance of m2
V

in the coupling of V
µ

and A
µ

shows that two sectors are decoupled
in m

V

= 0 limit. The most important question in considering the production of V
µ

states
is the scaling of the production rate with m

V

, in vacuum and inside a medium. The exist-
ing literature on the subject [9] and its subsequent follow-up papers claim that in-medium
production decouples as Rate

SM!V

/ 2m4
V

in the small m
V

limit. This inference is wrong.

To demonstrate our point we consider a generic production process i ! f + V due to
(3), where i, f are any initial, final states of the SM particles. A schematic drawing of
such a process is shown in Fig. 1. Without loss of generality we assume that V is emitted
in z-direction, so that its four-momentum k

µ

is given by (!, 0, 0, |~k|), with !2 � ~k2 = m2
V

.
Moreover, we assume that the energy of the emitted V is much larger than its rest mass, ! �
m

V

. Three polarization states can be emitted: two transverse states V
T

with polarization
vectors ✏T = (0, 1, 0, 0, ) and (0, 0, 1, 0), and one longitudinal mode V

L

with polarization
vector ✏L = m�1

V

(|~k|, 0, 0,!). In all cases ✏2
µ

= �1 and ✏
µ

kµ = 0.

We include a boundary-free medium via some conducting plasma, characterized by the
plasma frequency !

p

. We consider two regimes, [almost] vacuum: !
p

⌧ m
V

⌧ !, and

in-medium: m
V

⌧ !
p

⌧ !. The choice of |~k|,! � !
p

is not essential, and we consider all
ranges of ! in the next section. The matrix element for the production process induced by
(3) is given by

M
i!f+VT (L)

= m2
V

[eJem
µ

]
fi

hAµ, A⌫i ✏T (L)
⌫

, (5)

where hAµ, A⌫i stands for the photon propagator with input momentum k
µ

, and [eJµ

em]fi is
the matrix element of the electromagnetic current. We disregard various m

V

-independent
phase factors and normalizations, as our goal in this section is to only consistently follow
the powers of m

V

.

3

A0
µAµ

✏

11.5 g-d
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Idea: use PTOLEMY setup for dark matter. 
Directionality possible with 2D target. 

Many exciting developments - each proposal has unique advantages

Graphene

Hochberg, Kahn, Lisanti, Tully, and Zurek 2016
Derenzo, Essig, Massari, Soto, Yu 2016

9

Supplemental Material:

Direct Detection of sub-GeV Dark Matter with Scintillating Targets

In these supplementary materials, we provide a few
more details that are not essential for understanding the
letter. In particular, we discuss the scintillation mecha-
nisms of various materials mentioned in Table I, as well
as give a brief discussion on whether the e↵ect of excitons
should be included in the calculation of the DM-electron
scattering rates. For completeness, we also provide plots
showing our calculated band structures and density of
states for the five elements shown in Fig. 2, as well as the
recoil spectra for GaAs, NaI, and CsI.

BRIEF REVIEW OF SCINTILLATION
MECHANISMS

We review briefly the scintillation mechanisms of the
materials listed in Table I of the letter. In general, for
a material to be a scintillator, it must contain lumi-
nescent centers. These centers can be either extrinsic
(e.g. dopants and impurities) or intrinsic (e.g. defects of
the lattice or excitons), and give rise to a transition be-
tween a higher- and a lower-energy state. Moreover, the
energy levels involved in the transition must be contained
in a forbidden energy region (e.g. the band gap for semi-
conductors and insulators, or excimer states in gases) to
avoid re-absorption of the emitted light or photoioniza-
tion of the center (Fig. 3).

Pure CsI and NaI at cryogenic temperatures scintillate
via the formation of self-trapped excitons, where an exci-
ton (an electron-hole bound state) becomes self-trapped
by deforming the lattice structure around it. At cryo-
genic temperatures the system lies at the minimum en-
ergy in lattice configuration space, and the system can
only return to the ground state by emission of a photon.
At higher temperatures, thermally induced lattice vibra-

Conduction Bands

Valence Bands

Band Gap

Exciton Band Activator 
Excited 
States

Activator
Ground State

Scintillation
Photons

FIG. 3. Illustration of the di↵erent mechanisms for light emis-
sion in a scintillating crystal.

tions allow the system to return to the ground state by
phonon emission resulting in a low radiative e�ciency.
At room temperature, this thermal quenching is over-
come by doping the material with e.g. thallium. In these
cases, Tl+ traps the excitons and provides an e�cient
luminescence center.
Direct-gap semiconductors, like GaAs, have the ad-

vantage that an excited electron can recombine with a
hole without requiring a change in crystal momentum.
In practice, however, dopants are used to enhance the
radiative quantum e�ciency, by providing radiative cen-
ters, and to reduce non-radiative recombination from im-
purities and native defects.
Indirect-gap semiconductors, like Si and Ge, require

dopants to allow radiative recombination at cryogenic
temperatures through the formation of a bound exciton
that can radiate without the need for a change in crystal
momentum.
Plastic scintillators consist of a base polymer that con-

tains delocalized ⇡-orbital electrons and a small concen-
tration of fluorescent molecules. Excited ⇡-orbital elec-
trons will di↵use through the base polymer and excite
fluorescent molecules. These excitations have radiative
lifetimes of 1 � 2 nanoseconds. This process is e�cient
both at room and cryogenic temperatures.
In tungstate scintillators, valence-band electrons on

the oxygen ions can be excited to conduction band states
on the tungsten ions. In PbWO4, the excited state is
thermally quenched so that at room temperature the lu-
minosity is low and the decay time is short. CaWO4 and
CdWO4 are more e�cient at room temperature and their
decay times are ⇠10 microseconds.

EFFECT OF EXCITONS ON DARK
MATTER-ELECTRON SCATTERING-RATE

CALCULATION

Our calculation of the DM-electron scattering rate ne-
glects the e↵ect of excitons. In this section, we discuss
why we expect this to be a good approximation for the
low-band-gap materials (Ge, Si, and GaAs), but that
there may be an O(1) correction for the large-band-gap
insulators (NaI and CsI).
Semiconductors or insulating crystals are characterized

by a finite band gap, E
g

, between the top of the valence
band and the bottom of the conduction band. These
bands form an energy continuum for the excitation of an
electron from the valence to the conduction band, which
can be viewed as the creation of a free-electron-free-hole
pair. In our calculation of the DM-electron scattering
rate, we included the contribution of this continuum of

Dark Matter Diffraction
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FIG. 3: (left) Azimuthal distribution of the final-state electron after scattering with a dispersionless DM stream with v = vesc
that is oriented parallel to the graphene plane and points in the ŷ direction of � = ⇡/2. The results are shown for 10 MeV
(10 GeV) DM assuming an electron recoil of Eer = 1 (74) eV, indicated by the dashed (solid) line. (right) Polar distribution of
the final-state electron, when the DM stream is perpendicular to the graphene plane and points in the ẑ direction of cos ✓ = 1.
In this case, Eer = 1 eV for both mass examples.

the least at low recoil energies, they dominate at higher
recoil energies. This is because the �1,2 bands are mostly
2s and therefore have a larger spread in momentum.

In the right panel of Fig. 2, we show the 95% one-
sided Poisson C.L. expected reach (3.0 events) after 1-
kg-year exposure of a graphene target, assuming a zero-
background experiment. The reach is plotted for form
factors of both heavy and light mediators, FDM(q) = 1
and FDM(q) = (↵ m

e

/q)2, respectively. For comparison,
we show the expected sensitivity of a germanium tar-
get [25] (with silicon performing similarly [26]). As is
evident, graphene can be competitive with the reach of
semiconductor targets over the ⇠MeV–GeV DM mass
range, depending on the threshold energy.

Directional detection. In a 2D material, DM can
scatter electrons directly into the vacuum without addi-
tional interactions. Since scattering is primarily in the
forward direction, the electrons retain information about
the initial direction of the DM. This makes 2D targets
especially suitable for directional detection. To illustrate
this behavior, we consider the angular distribution of the
scattered electron in graphene for the case of a dispersion-
less DM stream at the escape velocity, g(v) / � (v � vesc),
for streams parallel and normal to the graphene plane.
The intuition a↵orded by these examples applies to gen-
eralized velocity distributions, which can always be bro-
ken down into parallel and normal components.

The left panel of Fig. 3 shows the azimuthal depen-
dence of the scattering cross section for a DM stream ori-
ented parallel to the graphene plane, pointing in the ŷ di-
rection (� = ⇡/2). The electrons are preferentially emit-
ted in the same direction as the stream, for both 10 GeV

and 10 MeV DM masses. The heavier DM curve is plot-
ted for k

f

= 2⇡/a ' 8.7 keV (Eer ' 74 eV). A di↵raction
pattern is discernible in the angular distribution, arising
from the interference between wavefunctions of neighbor-
ing carbon atoms. The di↵raction pattern is washed out
if the velocity dispersion of the stream is greater than
⇠25 km/s, but the scattering remains peaked in the for-
ward direction. For the lighter DM, k

f

⇠ 2⇡/a cannot
be achieved at an appreciable rate, so the di↵erential dis-
tribution is shown for k

f

= 1 keV (Eer ' 1 eV). While
no di↵raction pattern emerges for recoil momenta small
compared to the inverse lattice spacing, a broad forward-
scattering peak persists. For streams in di↵erent in-plane
directions, the shapes of the forward-scattering peak and
the secondary peaks change, but the general features re-
main the same.

We emphasize that, for the directional information to
persist, the electrons must exit the monolayer of the ma-
terial without re-scattering. Thus, a DM stream in the
plane of the material should eject electrons at a su�-
ciently large angle from the plane, restricting the phase
space for directional detection. For example, if the DM
exits at an angle greater than ⇡/4 from the graphene
plane, the rate corresponding to the 10 GeV di↵raction
distribution is reduced by a factor of 4.

The right panel of Fig. 3 shows the polar angular de-
pendence of the scattering cross section for a DM stream
normal to the plane, in the ẑ direction. The curves
are plotted for Eer = 1 eV for both the 10 MeV and
10 GeV examples. As in previous examples, the di↵eren-
tial rate is largest for forward scattering. Forward scat-
tering is less favored for heavier DM because the mini-

f(v) / �(v � vesc)

For DM stream parallel to graphene sheet, electrons are preferentially emitted in the plane

Diffraction patterns are visible if the final momentum of the electron satisfies

(Diffraction pattern washes out as the velocity dispersion of DM increases)

�

e
�er

~kf

kf =
2⇡

lattice spacing
' 9 keV

Reach is similar to semiconductors in both cases.

Aim for detection of  
single scintillation photons. 
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1. Probing low-mass DM with  
    eV-scale thresholds 

2. Towards meV-scale thresholds



Superfluid helium
Sensitive to DM-nucleon 

scattering

20
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For low mass dark matter, the 
possible momentum transfer is

Q ⇠ m�v

for mX = MeV

At these scales, the relevant 
degree of freedom is a phonon

~ Angstrom-1 



Superfluid helium
Sensitive to DM-phonon 

scattering

21

� �

For low mass dark matter, the 
possible momentum transfer is

Q ⇠ m�v ~ Angstrom-1 

for mX = MeV

⇢
Quasiparticle

At these scales, the relevant 
degree of freedom is a phonon



Superfluid helium
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Long lived quasiparticles 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Zero viscosity for velocities 
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Phonon / density perturbation in He:



Detector concept

23 S. Hertel (UMass), D. McKinsey (LBL)

crossing into solid extremely suppressed
(Kapitza resistance)
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T = 10-100 mK

Evaporation at surface:

http://iopscience.iop.org/article/10.1088/0953-8984/25/44/443001/meta

reference for helium binding to graphene-fluoride:

0.62 meV

10s of meV

LHe

free atom van der Waals
binding

Typical helium-solid binding energy:  ~10meV

Can imagine thin layer of graphene-fluorine: 42.9meV

~1 meV roton energy   ->  ~40 meV observation

             ->    x40 gainCal.

quasiparticle

vacuum

~1 meV

→ van der Waals gain
(quantum evaporation)Reading Out 4He Quasiparticles

Threshold for evaporation: 0.62 meV  
Efficiency: O(10%)



Multi-phonon excitations

24

X

2-phonon excitation

Schutz and Zurek 2016

Knapen, TL, Zurek 2016

Kinematics allows larger  
energy ω deposited,  

even for small q
Extends reach to lower mass DM! 

(~10 meV resolution)
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Light scalar mediator
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e.g. DM-nucleon coupling 
via gluon operator

	 	 Green, Rajendran 2017, Krnjaic 2015 
	 	 Knapen, TL, Zurek (work in progress)
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Superconductor target
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Long-lived excitations can be 
collected at the surface

X

� =
3

2
Tc ⇡ 0.3meV

Dark matter processes 
break apart Cooper pairs:

Eth ~ meV goal

Superconducting Substrate (Al)

Insulating layer

 TES and QP collection antennas (W) 

SuperConducting Bias Rails (Al)

Superconducting Substrate (Ta)

Insulating layer

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

Figure 1. Schematic designs for superconducting detectors that are sensitive to DM-electron scattering.
Left: Quasiparticles produced by a recoiling e� in a large aluminum arbsorber are collected by tungsten
quasiparticle collection fins and then their energy is sensed by a TES.Right: Athermal phonons produced
by a recoil e� in a large tantalum absorber are collected by aluminum collection fins and then their energy
is sensed by a TES.

athermal phonons and quasiparticles have very long lifetimes, and as such can potentially be

collected before they thermalize. Thus in the systems we consider, detection of DM operates via

the breaking of Cooper pairs in a superconducting target. We consider this idea in more detail

next.

2.2 Detector design with milli-eV sensitivity

Our detector concept is based on collecting and concentrating long lived athermal excitations

from DM interactions in a superconducting target absorber onto a small volume (and thus highly

sensitive) sensor. The collection and concentration of long lived excitations is a general concept

that has been a core principle of detector physics, from ionization in semiconductor CCDs to

athermal phonon collection in CDMS. Here we propose that this general detection philosophy be

applied in large volume (very pure, single crystal) superconductors to search for DM with mass

as low as the warm DM limit of a keV using standard superconducting sensor technology that

has been pushed to its ultimate theoretical sensitivity. A schematic of two proposed detector

concepts for light dark matter, that we describe in greater detail through the remainder of this

section, is shown in Fig. 1.

Detection of dark matter in such detectors is comprised of a three part process:

• Dark Matter Scattering on Target Absorber and Subsequent Excitation Production. A DM

particle scatters o↵ an e� in the target metal or superconducting absorber. In subse-

quent interactions, the recoil energy is converted into long lived athermal phonons and

quasiparticles.

• Collection of Excitations. The resulting excitations must be collected and concentrated

onto a small volume (and thus very sensitive) sensor; this is typically done via ‘collection

– 6 –

5 mm

Hochberg, Zhao, and Zurek 2015  
Hochberg, Pyle, Zhao, and Zurek 2015
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Figure 1: Illustration of the dark photon emission process by the electromagnetic current.

restrict the interaction terms in (1) to on-shell V
µ

, using @
µ

V µ = 0 and to leading order in
, @

µ

V µ⌫ = �m2
V

V ⌫ , so that

Lint = �

2
F
µ⌫

V µ⌫ + eJµ

emAµ

on�shell V������! Lint = �m2
V

A
µ

V µ + eJµ

emAµ

. (3)

This expression is of course explicitly gauge invariant under A
µ

! A
µ

+ @
µ

� due to the
current conservation and on-shellness of V

µ

conditions:

@
µ

Jµ

em = 0; @
µ

V µ = 0. (4)

The appearance of m2
V

in the coupling of V
µ

and A
µ

shows that two sectors are decoupled
in m

V

= 0 limit. The most important question in considering the production of V
µ

states
is the scaling of the production rate with m

V

, in vacuum and inside a medium. The exist-
ing literature on the subject [9] and its subsequent follow-up papers claim that in-medium
production decouples as Rate

SM!V

/ 2m4
V

in the small m
V

limit. This inference is wrong.

To demonstrate our point we consider a generic production process i ! f + V due to
(3), where i, f are any initial, final states of the SM particles. A schematic drawing of
such a process is shown in Fig. 1. Without loss of generality we assume that V is emitted
in z-direction, so that its four-momentum k

µ

is given by (!, 0, 0, |~k|), with !2 � ~k2 = m2
V

.
Moreover, we assume that the energy of the emitted V is much larger than its rest mass, ! �
m

V

. Three polarization states can be emitted: two transverse states V
T

with polarization
vectors ✏T = (0, 1, 0, 0, ) and (0, 0, 1, 0), and one longitudinal mode V

L

with polarization
vector ✏L = m�1

V

(|~k|, 0, 0,!). In all cases ✏2
µ

= �1 and ✏
µ

kµ = 0.

We include a boundary-free medium via some conducting plasma, characterized by the
plasma frequency !

p

. We consider two regimes, [almost] vacuum: !
p

⌧ m
V

⌧ !, and

in-medium: m
V

⌧ !
p

⌧ !. The choice of |~k|,! � !
p

is not essential, and we consider all
ranges of ! in the next section. The matrix element for the production process induced by
(3) is given by

M
i!f+VT (L)

= m2
V

[eJem
µ

]
fi

hAµ, A⌫i ✏T (L)
⌫

, (5)

where hAµ, A⌫i stands for the photon propagator with input momentum k
µ

, and [eJµ

em]fi is
the matrix element of the electromagnetic current. We disregard various m

V

-independent
phase factors and normalizations, as our goal in this section is to only consistently follow
the powers of m

V

.
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µAµ
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Going Forward
• Multiple detection targets — different systematics, 

different DM physics. 

• Aim for small-scale experiments (~kg target), in 
addition to WIMP searches 

• What other materials and processes can be used? 
What is the full model space and complementarity 
with other probes of dark matter?

28
see talks @ UMD Cosmic Visions 2017, 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Conclusions
• Current direct detection experiments focus on GeV-TeV 

scale dark matter. Only scratched the surface for sub-GeV. 

• New directions explore many orders of magnitude in mass!
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Concept	#3	

Signal	channels:		
	Phonons		
	Rotons	

	
	
Energies	down	to	~	few	meV	!!		
	
DiscriminaOon	using	roton/phonon	
signal	raOos	likely.	Electron	recoils,	
detector	effects,	nuclear	recoils	
likely	create	different	roton/
phonon	distribuOons.	
	
PosiOon	reconstrucOon	using	
signal	hit	pa/erns	
	
		

Superconductors

Superfluid He

Semiconductors

GeV     TeVeV= meV keV MeV

Superconducting Substrate (Al)

Insulating layer

 TES and QP collection antennas (W) 

SuperConducting Bias Rails (Al)

Superconducting Substrate (Ta)

Insulating layer

 TES and QP collection antennas (W) 

Athermal Phonon Collection Fins (Al)

Figure 1. Schematic designs for superconducting detectors that are sensitive to DM-electron scattering.
Left: Quasiparticles produced by a recoiling e� in a large aluminum arbsorber are collected by tungsten
quasiparticle collection fins and then their energy is sensed by a TES.Right: Athermal phonons produced
by a recoil e� in a large tantalum absorber are collected by aluminum collection fins and then their energy
is sensed by a TES.

athermal phonons and quasiparticles have very long lifetimes, and as such can potentially be

collected before they thermalize. Thus in the systems we consider, detection of DM operates via

the breaking of Cooper pairs in a superconducting target. We consider this idea in more detail

next.

2.2 Detector design with milli-eV sensitivity

Our detector concept is based on collecting and concentrating long lived athermal excitations

from DM interactions in a superconducting target absorber onto a small volume (and thus highly

sensitive) sensor. The collection and concentration of long lived excitations is a general concept

that has been a core principle of detector physics, from ionization in semiconductor CCDs to

athermal phonon collection in CDMS. Here we propose that this general detection philosophy be

applied in large volume (very pure, single crystal) superconductors to search for DM with mass

as low as the warm DM limit of a keV using standard superconducting sensor technology that

has been pushed to its ultimate theoretical sensitivity. A schematic of two proposed detector

concepts for light dark matter, that we describe in greater detail through the remainder of this

section, is shown in Fig. 1.

Detection of dark matter in such detectors is comprised of a three part process:

• Dark Matter Scattering on Target Absorber and Subsequent Excitation Production. A DM

particle scatters o↵ an e� in the target metal or superconducting absorber. In subse-

quent interactions, the recoil energy is converted into long lived athermal phonons and

quasiparticles.

• Collection of Excitations. The resulting excitations must be collected and concentrated

onto a small volume (and thus very sensitive) sensor; this is typically done via ‘collection

– 6 –

and many others

DM mass



Thanks!
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