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Traditional Direct Detection strategy: 

look for nuclear recoils from DM-nucleus scattering

targeting “WIMPs”: weakly-interacting massive 
particles w/ mass ~ 10-1000 GeV



1310.8327

Direct Detection Landscape

an active, important, and exciting program!



Beyond the WIMP Paradigm

• many other DM candidates exist 

• no clear evidence for WIMPs (yet?)

• no new physics at the LHC (yet?)

• several challenges                   
(“small-scale crisis of cold DM”)

Must search broadly for DM!

(an old idea, e.g. Boehm, Fayet, …)

focus on mass ~ MeV — GeV



Direct Detection below 1 GeV?
current best limit from CRESST II

1509.01515



Direct Detection below 1 GeV?

Figueroa-Feliciano

in future e.g. SuperCDMS: ~300 MeV
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inefficient energy transfer from DM to nucleus

Difficult to probe much <100 MeV w/ Nuclear Recoils



MeV GeV TeV

eV

keV

DM mass

E N
R

inefficient energy transfer from DM to nucleus

Difficult to probe much <100 MeV w/ Nuclear Recoils

Exp Eth (keVNR) Ref

LUX ~3 1512.03506

DAMIC ~0.5 1510.00044

CDMSlite ~0.3 1509.02448

CRESST-II ~0.3 1509.01515
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??

Can we go lower in DM mass?

and even lower??

Yes!



DM
DM

e-

nucleus

e-

nucleus

DM-electron scattering

Signal depends on detector setup

e.g. one/a few e- or γ, phonons from drifting e-…

RE, Mardon, Volansky



Recoiling e- can access entire DM kinetic energy!
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DM-electron scattering can probe   1 MeV

to overcome binding energy �E

> �Eneed

vDM . 800 km/s =)



Typical momentum & energy transfer

Typical momentum transfer is set by e- not DM

(for outer shell electron)

bound e- does not have definite momentum



Typical momentum & energy transfer

Typical momentum transfer is set by e- not DM

transferred energy:

             requires q 
on tail of e- wavefunction

(for outer shell electron)

bound e- does not have definite momentum



Target materials?



Type Examples Eth (eV) mDM, th (MeV) Status

Noble 
liquids

xenon 
argon
helium

~10 eV
(atom) ~5 MeV Done w/ XENON10+100 data; 

improvements possible

Target materials?

RE, Mardon, Volansky
RE, Manalaysay, Mardon, Sorensen, Volansky

RE, Mardon, Volansky, Yu (to appear)
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Noble 
liquids

xenon 
argon
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~10 eV
(atom) ~5 MeV Done w/ XENON10+100 data; 

improvements possible

Semi-
conductors

germanium
silicon

~1 eV
(bandgap) ~200 keV ~40-50 eV (SuperCDMS, DAMIC); 

improvements need further R&D

Target materials?

valence

conduction

band 
gap

RE, Mardon, Volansky 

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

Graham, Kaplan, Rajendran, Walters

Lee, Lisanti, Mishra-Sharma, Safdi 
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Derenzo, RE, Massari, Soto, Yu
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Target materials?

Semiconductor & Scintillator bandgaps are near 
“typical” electron recoil energy — no wavefunction 

suppression

~1 eV
(bandgap)

~1 eV
(bandgap)
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Type Examples Eth (eV) mDM, th (MeV) Status

Noble 
liquids

xenon 
argon
helium

~10 eV
(atom) ~5 MeV Done w/ XENON10+100 data; 

improvements possible

Semi-
conductors

germanium
silicon

~1 eV
(bandgap) ~200 keV ~40-50 eV (SuperCDMS, DAMIC); 

improvements need further R&D

Scintillators GaAs, NaI, 
CsI, …

~1 eV
(bandgap) ~200 keV Requires R&D, but 

probably feasible soon

Super-
conductors aluminum ~1 meV ~1 keV Requires R&D

Target materials?

superfluid helium, 2D graphene, … also possible targets Schutz, Zurek

Hochberg, Kahn, Lisanti, Tully, Zurek



Type Examples Eth (eV) mDM, th (MeV) Status

Noble 
liquids

xenon 
argon
helium

~10 eV
(atom) ~5 MeV Done w/ XENON10+100 data; 

improvements possible

Semi-
conductors

germanium
silicon

~1 eV
(bandgap) ~200 keV ~40-50 eV (SuperCDMS, DAMIC); 

improvements need further R&D

Scintillators GaAs, NaI, 
CsI, …

~1 eV
(bandgap) ~200 keV Requires R&D, but 

probably feasible soon

Super-
conductors aluminum ~1 meV ~1 keV Requires R&D

Target materials?

Done w/ XENON10+100 data



XENON10 detector schematic

PMT’s

PMT’s

Xe gas

Xe liquid
~E

ran in 2006/2007, sensitive to single electrons!
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Sub-GeV DM scattering off electrons
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Sub-GeV DM scattering off electrons

an energetic outgoing 
e- can ionize other e-'s
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Sub-GeV DM scattering off electrons

an energetic outgoing 
e- can ionize other e-'s
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Sub-GeV DM scattering off electrons

an energetic outgoing 
e- can ionize other e-'s

one e- produces ~27 
detected photons

(“S2-signal”)



Sub-GeV DM scattering off electrons

an energetic outgoing 
e- can ionize other e-'s

one e- produces ~27 
detected photons

(“S2-signal”)



conservative limit: require DM signal < data

The XENON10 data

2 e-: 4.5

90% c.l. upper bounds
(counts/kg/day):single

electron

double
electron

triple
electron

Ionization Signal [electrons]
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nt
s /

 0
.1
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le

ct
ro

ns

 

 

1 1.5 2 2.5 3 3.5 4
0.1

1

10

100 Best fit
Allowed at 90% upper limit

1 e-: 34.5

3 e-: 0.83

from published “S2-only” analysis,1104.3088 (15 kg-days)



DD limits down to a few MeV
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Hidden-
Photon models

RE, Manalaysay, Mardon, Sorensen, Volansky, 2012
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• More study needed to understand large number of 
observed single/few-e- events

• Not a general “physics” background, but seems specific to 
dual-phase detectors (also present in XENON100, LUX), e.g. 

• e- gets trapped at liquid-gas interface & released later

• e- gets trapped by impurities and released later

• e- emission by cathode



Comments on XENON10 results
• Can you detect a DM event down to mDM ~ few MeV?

• Yes

• More study needed to understand large number of 
observed single/few-e- events

• Not a general “physics” background, but seems specific to 
dual-phase detectors (also present in XENON100, LUX), e.g. 

• e- gets trapped at liquid-gas interface & released later

• e- gets trapped by impurities and released later

• e- emission by cathode

• Could some events be DM?  

• Yes (more later)



Recent XENON100 S2-only data sets new limits!
RE, Mardon, Volansky, Yu (to appear)

from 1605.06262

spectrum for 
    4 electrons



Recent XENON100 S2-only data sets new limits!
RE, Mardon, Volansky, Yu (to appear)
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clever cuts could significantly reduce backgrounds
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DM masses & have reduced backgrounds
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for uncertain backgrounds (e.g. look for annual modulation)



XENON10+100 & beyond

clever cuts could significantly reduce backgrounds

focus here on semiconductors & scintillators, 
since technologies should be available over 

next few years

BUT: need a different detector to probe smaller 
DM masses & have reduced backgrounds

large exposures of LUX, XENON1t, LZ could compensate 
for uncertain backgrounds (e.g. look for annual modulation)



Semiconductors & Scintillators (schematic)

empty conduction 
band

band gap

filled valence 
band



Semiconductors & Scintillators (schematic)

band gap

Ge 0.67
Si 1.1

GaAs 1.5
NaI 5.9
CsI 6.4

[eV]



e-

h+

DM

Semiconductors & Scintillators (schematic)



recoiling e- can 
create additional 

e-/h+ pairs
e-

h+
e.g. one pair for each 

2.9 eV (3.6 eV)
in Ge (Si)

Semiconductors & Scintillators (schematic)



e-

h+

Semiconductors & Scintillators (schematic)

semiconductor:
apply electric field 

to measure  
electrons 

(ionization)

scintillator:
e.g. e-/h+ can 
recombine to 

produce photons
(no E-field 
needed)



• Single photons easier to detect than single electrons?                                                
(photodetectors under development by e.g. M. Pyle et.al.)

• No electric field, so no dark counts?

• A possible challenge: “afterglow”?

Possible advantages & challenges for scintillators 
Derenzo, RE, Massari, Soto, Yu 

(submitted to PRL)

more R&D needed



Current best limit from a semiconductor (DAMIC, Si)
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currently limited by readout noise (not backgrounds) to ~11 electrons

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu 
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Rates increase dramatically for lower thresholds

CDMSlite: ~56 eV 
(1509.02448)

DAMIC: ~40 eV 
(1105.5191)

Current 

thresholds, e.g.

active R&D could reduce 
threshold to 1 or 2 e-



Prospects?
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95% c.l. for zero background (i.e. 3.6 DM events)

Derenzo, RE, Massari, Soto, Yu
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RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu 



Backgrounds?
• “traditional” backgrounds (radioactivity etc.)            

< few/kg/year/eV (likely not important)

• understanding & controlling detector & unknown 
backgrounds is much more important

talk by S. Golwala, UCLA  DM 2016



Handles to distinguish signal from backgrounds
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1. distinctive shape of recoil spectrum 

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



Handles to distinguish signal from backgrounds

2. large annual modulation
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Handles to distinguish signal from backgrounds

3. directional dependence of DM wrt crystal axes

DM “wind”
http://butane.chem.uiuc.edu/pshapley/GenChem2/C4/1.html

RE, Mardon, Soto, Volansky, Yu (in progress)
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Handles to distinguish signal from backgrounds

3. directional dependence of DM wrt crystal axes

DM “wind”
http://butane.chem.uiuc.edu/pshapley/GenChem2/C4/1.html

RE, Mardon, Soto, Volansky, Yu (in progress)

preliminary: Si/Ge very symmetric 
(<1% variation); 

other crystal targets (e.g. GaAs) 
under investigation



Handles to distinguish signal from backgrounds

4. Ptolemy setup w/ 2D graphene sheets
Hochberg, Kahn, Lisanti, Tully, Zurek

5. gravitational focusing can give energy-
dependent modulation phase

Lee, Lisanti, Mishra-Sharma, Safdi 

6. other ideas? maybe you?

(challenging to get large mass)



Models?

DM-e- scattering can probe lots of models!



• DM w/ a light Aʹ (~mDM)

• DM w/ an ultralight Aʹ (    keV)

• Aʹ/scalar/pseudoscalar DM (    MeV)

• Electric or magnetic dipole moment

• SIMP, ELDER

• inelastic DM

• Aʹ/scalar/pseudoscalar from Sun (<10 keV)

• …

Models?

DM-e- scattering can probe lots of models!



DM w/ dark photon (Aʹ) mediator

Aʹ
x

γ

DM DM

kinetic mixing
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simple & predictive



DM w/ dark photon (Aʹ) mediator

• light Aʹ (~mDM)

• ultra-light Aʹ (    keV)

Aʹ
x

γ

DM DM

kinetic mixing

simple & predictive

see e.g. Arkani-Hamed et.al.;  Weiner et.al.;  Pospelov & Ritz;  RE, Kaplan, Schuster, Toro; RE, 
Mardon, Volansky;  Lin, Yu, Zurek;  Chu, Hambye, Tytgat;   Hall, Jedamzik, March-Russell, West; 
Boehm, Fayet;  Borodatchenkova, Choudhury, Drees;  Pospelov, Ritz, Voloshin;  Batell, Pospelov, 
Ritz;  Izaguirre, Krnjaic, Schuster, Toro; RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu; … 
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Direct Detection for  mAʹ ~ mDM
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SM

Thermal freeze-out

mAʹ > 2mχ
(very predictive)

see e.g. Boehm & Fayet (2003);  Borodatchenkova, Choudhury, Drees (2005);  
Izaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)
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Thermal freeze-out

mAʹ > 2mχ

scalar χ: 

Dirac fermion χ:
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similar combination of parameters as direct detection!

(very predictive)

see e.g. Boehm & Fayet (2003);  Borodatchenkova, Choudhury, Drees (2005);  
Izaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)
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Thermal freeze-out

mAʹ > 2mχ

scalar χ: 

Dirac fermion χ:

p-wave

s-wave
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similar combination of parameters as direct detection!

(very predictive)

see e.g. Boehm & Fayet (2003);  Borodatchenkova, Choudhury, Drees (2005);  
Izaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)



Constraints from CMB

see also e.g. Galli et.al.; Slatyer, Padmanabhan, Finkbeiner; 
Madhavacheril, Sehgal, Slatyer 

Planck Collaboration: Cosmological parameters

0 2 4 6 8

pann [10�27cm3 s�1 GeV�1]

0.950

0.975

1.000

1.025

n s

Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Planck

standard s-wave 
freeze-out 
disfavored 
<10 GeV

but p-wave 
or asymmetric

is ok

for γ-ray constraints see e.g. RE, Kuflik, 
McDermott, Volansky, Zurek; 1309.4091
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mAʹ > 2mχ
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e.g. Kaplan, Luty, Zurek; 
Lin, Yu, Zurek

provides nice targets for 
direct detection experiments!

mAʹ > 2mχ

=⇒
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Direct Detection, complex scalar, mAʹ>2mDM

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

probably no time to 
discuss constraints… 
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Semiconductor prospects

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu 
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preliminary!

95% c.l., assuming 
zero background 
(i.e. 3.6 events)
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XENON100
RE, Mardon, Volansky, Yu (to appear)
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XENON100 

events could be 
mostly DM…

preliminary!
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LUX prospects
RE, Mardon, Volansky, Yu (to appear)
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preliminary!

1 event/minute!

1 event/hour!
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LZ prospects
RE, Mardon, Volansky, Yu (to appear)
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preliminary!

1 event/second!

1 event/minute!

Message to 
XENON100/1t/

LUX/LZ:
analyzing observed 
S2-only events is 
time well-spent!

(+ annual modulation)



Other constraints?
(probably skip due to lack of time)



Self-interactions

Direct
Detection
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constraint from 
bullet cluster etc.



e+e- colliders
RE, Mardon, Papucci, Volansky, Zhong

Izaguirre, Krnjaic, Schuster, Toro; 
Fayet; Borodatchenkova et.al.

e�

e+

�

�

�̄
A0(⇤) {invisible

Constrained from 30/fb @BaBar

Interesting prospects @Belle-2

σ ∝

ϵ2

E2
CM

(need mono-photon trigger)



Proton-beam dumps
Batell, Pospelov, Ritz
Deniverville, Pospelov, Ritz
Deniverville, McKeen, Ritz
Aguilar-Arevalo et.al. 

Detector

p
⇡0! �A0

ShieldTarget Decay 
pipe

e-/N

χ
→ χχ χA0

constrained by LSND

MiniBooNE search underway

plenty of room for future exploration, see SLAC Dark Forces workshop, 2016

Nobs ∝

ϵ4αD

m2
A′



Bjorken et.al.
Batell, RE, Surujon

χ χ

e− e−
A′

Target Dirt

Al

Electron
Beam Detector

e− χ

χ

χ̄e−
A′

γ
Al

Production Scattering

χ

e−

~400 m

Electron-beam dumps: e.g. SLAC’s E137

see Izaguirre, Krnjaic, Schuster, Toro; Diamond, Schuster; Battaglieri et.al. 

plenty of room for future exploration, see SLAC Dark Forces workshop, 2016



End of constraints



DM w/ dark photon (Aʹ) mediator

• light Aʹ (~mDM)

• ultra-light Aʹ (    keV)

Aʹ
x

γ

DM DM

kinetic mixing

simple & predictive

see e.g. RE, Mardon, Volansky; Chu, Hambye, Tytgat;  RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu;



Direct Detection w/ ultralight Aʹ (   keV)
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enhanced at low q2 !

assume
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“Freeze-in”

build up DM 
abundance as 

Universe cools

can generate correct DM 
relic density by “freeze-in”

Aʹ
�

�SM

SM

χ

χ

Hall et.al. (0911.1120)



“Freeze-in”

e.g. mχ = 100 MeV,  correct relic abundance for

build up DM 
abundance as 

Universe cools

can generate correct DM 
relic density by “freeze-in”

Aʹ
�

�SM

SM

χ

χ

(~independent of mAʹ)RE, Mardon, Volansky
Chu, Hambye, Tytgat

Hall et.al. (0911.1120)
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DD powerful due to 
~1/q4 enhancement

note bounds on 
millicharged particles;

accelerator-based 
searches very weak

Direct Detection w/ ultralight Aʹ (   keV)

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu 
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Summary

• DD of DM to   1 MeV is possible w/ e- recoils

• noble-liquid experiments have demonstrated sensitivity 

& large exposures (significant improvements possible if 

backgrounds can be controlled or understood)

• semiconductors & scintillators (& other ideas) have 

great potential, but further R&D needed

• many opportunities for significant progress in next few 

years!


