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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!



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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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!



Yes!

How?

Main discussion item of 
Direct Detection working group

Common strategy: use DM-electron recoils

Can we go lower in DM mass?



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-…



Recoiling e- can access entire DM kinetic energy!
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Typical momentum & energy transfer

Typical momentum transfer is set by e- not DM

(see backup slide for more details)

(for outer shell electron)



Typical momentum & energy transfer

Typical momentum transfer is set by e- not DM

transferred energy:

             requires q 
on tail of e- wavefunction

(see backup slide for more details)

(for outer shell electron)



Target materials?



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

Noble 
liquids

xenon 
argon
helium

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

improvements possible

Target materials?
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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 data; 

improvements possible

Semi-
conductors

germanium
silicon

~1 eV
(bandgap) ~500 keV ~40-50 eV (CDMSlite, DAMIC); 

improvements need further R&D

Target materials?

Semiconductor bandgap is below “typical” electron 
recoil energy — no wavefunction suppression

~1 eV
(bandgap)
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Target materials?

In WG, we’ll hear about semiconductors (T.-T. Yu), superconductors (Y. Zhao), 
scintillators (T.-T. Yu), graphene (Y. Kahn), superfluids (K. Zurek)… 



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

Noble 
liquids

xenon 
argon
helium

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

improvements possible

Semi-
conductors

germanium
silicon

~1 eV
(bandgap) ~500 keV ~40-50 eV (CDMSlite, DAMIC); 

improvements need further R&D

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

Target materials?

In WG, we’ll hear about semiconductors (T.-T. Yu), superconductors (Y. Zhao), 
scintillators (T.-T. Yu), graphene (Y. Kahn), superfluids (K. Zurek)… 

Done w/ XENON10 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

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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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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Photon models

RE, Manalaysay, Mardon, Sorensen, Volansky



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

• Yes



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

• Yes

• Where does the large single-e- background come from?

• Not a general “physics” background, but seems specific to 
dual-phase detectors (also present in LUX, XENON100), 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 result
• Can you detect a DM event down to mDM ~ few MeV?

• Yes

• Where does the large single-e- background come from?

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

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

• e- gets trapped by impurities and released later

• e- emission by cathode

DM also produces events with several electrons! 
Even 3- or 4-electron events (much less background) 

can probe DM down to ~10-20 MeV



Beyond XENON10

WG will feature many recent and new ideas 
(w/ various targets)

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

e.g. semiconductor targets



Current best limit from a semiconductor (DAMIC, Si)
1509.01598
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currently limited by readout noise (not backgrounds) to ~11 electrons
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Lowering threshold gives huge increase in rate

1509.01598
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Lowering threshold gives huge increase in rate

CDMSlite: ~56 eV 
(1509.02448)

DAMIC: ~40 eV 
(1105.5191)

Current 

thresholds, e.g.

1509.01598

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



How can we make a discovery?

• a priori, no reason why backgrounds should dominate at 
lowest energies, but the unknown can create challenges

• several ideas exist, e.g. annual modulation + work in 
progress

see WG talks for some new ideas 
(e.g. Y. Kahn & T.-T. Yu)

+
discussion



• DM w/ a light Aʹ (~mDM)

• DM w/ an ultralight Aʹ (    keV)

• Aʹ DM (    MeV)

• Aʹ from Sun (<10 keV)

Models

(won’t discuss e.g. electric or magnetic dipole moment)



• DM w/ a light Aʹ (~mDM)

• DM w/ an ultralight Aʹ (    keV)

• Aʹ DM (    MeV)

• Aʹ from Sun (<10 keV)

Models

see also Philip’s talk



Direct Detection for  mAʹ ~ mDM

Aʹ

� �

g�gD 

e
−

e
−

σ̄e ∝
ϵ
2
αD

m4

A′

µ
2

χe

ϵe

Compare to definition of “y” in Philip’s talk:
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Direct Detection, complex scalar, mAʹ>2mDM

1509.01598

nice complementarity 
between DD and 

DMA

note current nuclear recoil 
constraint from CRESST-II

Please 
target me 
(and more!)

(m
odel dependent)
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Direct Detection, Dirac fermion, mAʹ>2mDM

asymmetric DM
(generate correct DM relic 

density via an initial asymmetry)

Please 
target me 
(and more!)

(m
odel dependent)

1509.01598

e.g. Kaplan, Luty, Zurek (0901.4117)
Lin, Yu, Zurek (1111.0293)
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Thanks Tien-Tien Yu

here DD, visible Aʹ, and 
invisible Aʹ searches 

are important!

Direct Detection, Dirac fermion, mAʹ<mDM

Please 
target me

Preliminary

asymmetric DM



• DM w/ a light Aʹ (~mDM)

• DM w/ an ultralight Aʹ (    keV)

• Aʹ DM (    MeV)

• Aʹ from Sun (<10 keV)

Models



“Freeze-in”

build up DM 
abundance as 

Universe cools

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

Aʹ
�

�SM

SM

χ

χ
1108.5383

1112.0493

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)

1108.5383

1112.0493

Hall et.al. (0911.1120)



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

assume



Direct Detection w/ ultralight Aʹ (   keV)

Aʹ
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g�gD 

e
−

e
−

ϵe

⇢ ⇢
enhanced at low q2 !

assume
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DD (electron recoils!) 
very powerful due to 
~1/q4 enhancement

note bounds on 
millicharged particles;
DMA bounds weak

Please 
target me 
(and more!)

Direct Detection w/ ultralight Aʹ (   keV)

1509.01598



• DM w/ a light Aʹ (~mDM)

• DM w/ an ultralight Aʹ (    keV)

• Aʹ DM (    MeV)

• Aʹ from Sun (<10 keV)

Models

⇢



Aʹ DM

e.g. in xenon:

• an ultralight Aʹ itself can be the DM and get absorbed 

by atom in underground detector:

An, Pospelov, Pradler, Ritz (1412.8378) (also works for scalar or pseudoscalar)



Aʹ DM

e.g. in xenon:

• an ultralight Aʹ itself can be the DM and get absorbed 

by atom in underground detector:

An, Pospelov, Pradler, Ritz (1412.8378)

We’ll have WG talks on:

superconductors (T. Lin) 

& semiconductors (T. Yu)

Hochberg, Lin, Zurek (1604.06800)

(also works for scalar or pseudoscalar)



Aʹ from Sun

e.g. in xenon:

• an ultralight Aʹ can be produced in Sun and get absorbed 

by atom in underground detector:

An, Pospelov, Pradler (1304.3461)



Summary

• DD of DM to ~MeV and perhaps much lower is feasible

• proof-of-principle exists; expect continued improvements; 

new ideas emerging rapidly

• DD and DMA are very complementary — we don’t know 

what DM is, so need a multitude of approaches! 

• Major discussion items of WG include novel ideas, how to 

make a convincing discovery, and how to deal with 

backgrounds



Suggested specific challenge questions for DD WG

• What are the limiting backgrounds?  How much can shielding help?  
What about (internal) radioactive backgrounds?  Surface events?  
Comptons?  Which technologies suffer from which backgrounds? 

• Current generation DM-nuclear recoil searches usually rely on two 
signals to reject signal from backgrounds. Can we think of two 
distinguishing signals for DM-electron recoils?  

• The annual modulation signal is larger for DM-electron scattering that 
for typical WIMP scattering.  If one were to see a signal, what would it 
take to convince oneself that it is real?  How can one verify it? 

• What other options exist to distinguish signal from background events?

• What technologies are needed to probe below the 100’s of keV scale?

• Complementarity between direct detect and DMA?

• + more general questions (see next talk!)



Back-up



Typical energy & momentum transfer

The e- (not DM) sets typical momentum transfer

transferred energy:

typically

requires q on tail of e- wavefunction or DM velocity

minimum q to obtain      :

(for outer shell electron)
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Thermal freeze-out

p-wave
unconstrained by CMB

s-wave        asymmetric
CMB sets lower  

bound on σv

Aʹ
�

� SM

SM

scalar χ: 

Dirac fermion χ:

σv ∝

ϵ
2
αD

m
4

A′

m
2

χ v
2

σv ∝

ϵ
2
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m
4

A′

m
2

χ

e.g. Lin, Yu, Zurek
provides nice targets!

mAʹ > 2mχ

=⇒



1. How detect electrons?

e-

h+
~E

phonon  
detectors

phonon  
detectors

e- & h+ drift 
in E-field,  
emitting 
phonons

amplify phonons by drifting charge

single/few e- sensitivity 
being developed over 

next few years

backgrounds? 
(likely much smaller than xenon)

e.g. CDMSlite, 
SuperCDMS



2. How detect electrons?
use CCDs as target: drift and 

measure charge directly

~2e- sensitivity feasible 
over next few years

(limited by dark currents)

e.g. DAMIC

1407.0347

current threshold ~11 e-

(limited by readout noise)

successful 
Fermilab LDRD:


