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Dark-Matter Evidence
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CMB

Interacting clusters

Galactic rotational velocities Gravitational lensing

• This slide isn’t so necessary 
for this audience, and 
doesn’t cover all DM 
evidence anyways.

• This is mainly eye candy.
• Dark Matter: arguably the 

strongest evidence we 
have for physics beyond 
SM.

Large-scale structure
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Detection of dark matter
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•Detecting dark matter involves 
exploiting interactions with SM

•Three possible ways that a WIMP 
and SM particles can interact:
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Dark matter mass
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• M≲10-100 eV, DM must be bosonic
• Light DM: detection is essentially classical
• I’m only talking about particle-like DM
• WIMPs have historically dominated this 

search.

10keV 102TeV
Thermal relic
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The WIMP
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“WIMP miracle”:
• Essentially model-independent thermal production
• Possible candidates of interest to hierarchy problem 
• Compelling: WIMPs have driven most of historical work 

on dark matter detection
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WIMP detection
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•Observable interactions 
between WIMPs and 
matter dominated by 
nuclear recoils

•Most backgrounds 
produce electronic recoils
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WIMP detection
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•WIMP-nucleus elastic 
scatters expected to 
produce ~featureless recoil 
spectra.

•Spin-independent 
couplings scale as A2.
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WIMP detection general strategy
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Charge

Scintillation Vibration

Energy from a 
particle 

interaction goes 
where?

ZEPLIN II & III 
XENON10,100,1T,nT 
LUX 
LZ 
PANDAX 
ArDM 
WARP 
DarkSide50 
MAX 
DARWIN

DAMA, 
KIMS, 
DEAP/CLEAN 
XMASS 
ZEPLIN I

CRESST 
ROSEBUD

CRESST I

CDMS 
SuperCDMS      
   EDELWEISS 
       COUPP 
         

DRIFT, GERDA, PICASSO, 
CoGeNT, DMTPC

Xenon
Argon
Germanium
Mixed targets

Universal theme:
•Backgrounds
•Backgrounds
•Backgrounds

To separate signal from 
background, most 
experiments measure 
energy deposition in two 
channels.
•Proportion of Ch1 to 

Ch2 gives info on 
signal or background
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SuperCDMS also focuses on light WIMPs
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LUX 6

Doubling every 2 years

Factor 10 every 6.5 years

http://education.mrsec.wisc.edu/SlideShow/images/computer/Moores_Law.png 10

Moore’s Law

Courtesy R. Gaitskell



Dark Matter DD: Current state and new ideas

A. Manalaysay, Oct. 13, 2017
LUX 7

1985 1990 1995 2000 2005 2010 2015 2020
10−47

10−46

10−45

10−44

10−43

10−42

10−41

10−40

Homestake

Oroville H−M ’94

H−M ’98
IGEX

UKDMC

DAMA ’98 DAMA ’00 LIBRA ’08

Edelweiss ’98

CDMS I SUF ’99
CDMS I SUF ’02

Edelweiss ’01

Edelweiss ’03

CDMSII Soudan ’04

CDMSII Soudan ’10

Edelweiss ’09

Edelweiss ’11

CRESST ’11

SuperCDMS Soudan ’14

ZEPLIN I ZEPLIN II

ZEPLIN III

WARP ’07

XENON100 ’10

XENON100 ’11

XENON100 ’12

XENON10

LUX 300kg

XMASS 800kg

 ~ 1 event kg−1 day−1  

 ~ 1 event 100 kg−1 yr−1  

Dark Matter Searches: Past, Present & Future
Li

m
it 

S
ca

la
r C

ro
ss
−s

ec
tio

n 
cm

2  [6
0 

G
eV

 W
IM

P
]

Year

 

 

Ge
NaI
Cryodet
Liq. Noble
CS2
Projected
Signal

LUX ‘14
LUX ‘15

LUX ‘16

LZ ‘22

PandaX ‘15

Darkside ‘15

XENON1T ‘19

Su
pe

rC
DM

S 
‘2

4

DE
AP

36
00

 ‘1
8

SuperCDMS also focuses on light WIMPs

11Courtesy R. Gaitskell

LUX ‘17
XENON1T ‘17



Dark Matter DD: Current state and new ideas

A. Manalaysay, Oct. 13, 2017
LUX 7

1985 1990 1995 2000 2005 2010 2015 2020
10−47

10−46

10−45

10−44

10−43

10−42

10−41

10−40

Homestake

Oroville H−M ’94

H−M ’98
IGEX

UKDMC

DAMA ’98 DAMA ’00 LIBRA ’08

Edelweiss ’98

CDMS I SUF ’99
CDMS I SUF ’02

Edelweiss ’01

Edelweiss ’03

CDMSII Soudan ’04

CDMSII Soudan ’10

Edelweiss ’09

Edelweiss ’11

CRESST ’11

SuperCDMS Soudan ’14

ZEPLIN I ZEPLIN II

ZEPLIN III

WARP ’07

XENON100 ’10

XENON100 ’11

XENON100 ’12

XENON10

LUX 300kg

XMASS 800kg

 ~ 1 event kg−1 day−1  

 ~ 1 event 100 kg−1 yr−1  

Dark Matter Searches: Past, Present & Future
Li

m
it 

S
ca

la
r C

ro
ss
−s

ec
tio

n 
cm

2  [6
0 

G
eV

 W
IM

P
]

Year

 

 

Ge
NaI
Cryodet
Liq. Noble
CS2
Projected
Signal

LUX ‘14
LUX ‘15

LUX ‘16

LZ ‘22

PandaX ‘15

Darkside ‘15

XENON1T ‘19

Su
pe

rC
DM

S 
‘2

4

DE
AP

36
00

 ‘1
8

SuperCDMS also focuses on light WIMPs

11Courtesy R. Gaitskell

LUX ‘17
XENON1T ‘17



Dark Matter DD: Current state and new ideas

A. Manalaysay, Oct. 13, 2017
LUX 7

1985 1990 1995 2000 2005 2010 2015 2020
10−47

10−46

10−45

10−44

10−43

10−42

10−41

10−40

Homestake

Oroville H−M ’94

H−M ’98
IGEX

UKDMC

DAMA ’98 DAMA ’00 LIBRA ’08

Edelweiss ’98

CDMS I SUF ’99
CDMS I SUF ’02

Edelweiss ’01

Edelweiss ’03

CDMSII Soudan ’04

CDMSII Soudan ’10

Edelweiss ’09

Edelweiss ’11

CRESST ’11

SuperCDMS Soudan ’14

ZEPLIN I ZEPLIN II

ZEPLIN III

WARP ’07

XENON100 ’10

XENON100 ’11

XENON100 ’12

XENON10

LUX 300kg

XMASS 800kg

 ~ 1 event kg−1 day−1  

 ~ 1 event 100 kg−1 yr−1  

Dark Matter Searches: Past, Present & Future
Li

m
it 

S
ca

la
r C

ro
ss
−s

ec
tio

n 
cm

2  [6
0 

G
eV

 W
IM

P
]

Year

 

 

Ge
NaI
Cryodet
Liq. Noble
CS2
Projected
Signal

LUX ‘14
LUX ‘15

LUX ‘16

LZ ‘22

PandaX ‘15

Darkside ‘15

XENON1T ‘19

Su
pe

rC
DM

S 
‘2

4

DE
AP

36
00

 ‘1
8

SuperCDMS also focuses on light WIMPs

11Courtesy R. Gaitskell

Moore’s Law

LUX ‘17
XENON1T ‘17



Dark Matter DD: Current state and new ideas

A. Manalaysay, Oct. 13, 2017

WIMP detection: current status
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Current WIMP searchers*:

• LUX, PandaX-II, XENON1T, DarkSide  (dual-phase TPC)

• DEAP3600

• SuperCDMS, CRESST

• PICO
Blue: noble liquids
Purple: cryogenic
Green: other

*Note: I am necessarily leaving out many experiments, and am instead 
attempting to pull several currently notable experiments
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Dual-phase xenon/argon TPC
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• The liquid portion acts as a 
calorimeter.
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Dual-phase xenon/argon TPC
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Dual-phase xenon/argon TPC

14

Ed

0V

+HV

-HV

LXe

GXe E
extr

e-

e-

e-
e-

• Dual-phase Time Projection 
Chamber (TPC).

• The liquid portion acts as a 
calorimeter.

• Energy deposition produces 
free electrons and scintillation 
photons.  Photons are detected 
by PMTs.
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Dual-phase xenon/argon TPC
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P M T

P TM• Dual-phase Time Projection 
Chamber (TPC).

• The liquid portion acts as a 
calorimeter.

• Energy deposition produces 
free electrons and scintillation 
photons.  Photons are detected 
by PMTs.

• Electrons are extracted from 
liquid to gas. They collide with 
gas Xe atoms and produce 
electroluminescence light, also 
detected by the PMTs.
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Dual-phase xenon/argon TPC
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Dual-phase xenon/argon TPC
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•S2/S1 ratio gives recoil type (electronic, nuclear)

•S1 decay time gives recoil type (more powerful for argon)
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Noble liquid TPCs
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LUX
(300 kg Xe)

PandaX-II
(500 kg Xe)

XENON1T
(3 tonne Xe)Phases	of	the	XENON	program

2005-2007
15 cm drift TPC – 25 kg

Achieved (2007)
σSI = 8.8 x 10-44 cm2

2008-2016
30 cm drift TPC – 161 kg

Achieved (2016)
σSI = 1.1 x 10-45 cm2

2013-2018
100 cm drift TPC - 3.2 t

Projected (2018)
σSI = 1.6 x 10-47 cm2

XENON10 XENON100 XENON1T

4

XENONnT

1512.07501

2019-2023
144 cm drift TPC - 8 t

Projected (2023)
σSI = 1.6 x 10-48 cm2

XENONnT
(8 tonne Xe)

4'

LUX%

%%%%%%%%LZ%
Total%mass%–%10%T%
WIMP%AcOve%Mass%–%7%T%
WIMP%Fiducial%Mass%–%5.6%T%

Scale'up'≈'50'in'fiducial'mass'

Isabel'Lopes'X'June'21,'2016''

LZ
(10 tonne Xe)

DarkSide50
(50 kg Ar)

DarkSide-20k
(20 tonne Ar)

(Existing) (Future)
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Noble liquid TPCs
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Noble liquid TPCs
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DEAP-3600
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FIG. 6: Spin-independent WIMP-nucleon cross-section
90% C.L. exclusion from 4.44 live days of DEAP-3600
data. Also shown: the current results from XENON1T [23],
LUX [24], PandaX-II [25], DarkSide-50 [26], CDMS-II [28],
PICO-60 [27], and the full sensitivity for XENON1T and
DEAP-3600, assuming no observed events in a fiducial vol-
ume of 1000 kg in three years of running with a threshold of
15 keVee.

7.36 PE/keV
ee

light yield without recirculation, and
demonstrated better-than-expected PSD (permitting a
39 keV

r

energy threshold), with promising ↵ and neutron
background levels. Analysis of the first 4.44 d of data
reported here results in the best limit at low energies
on discrimination of �-decay backgrounds using PSD
in LAr at 90% NR acceptance, with measured leakage
probability of <1.2⇥10�7 (90% C.L.) in the energy win-
dow 16-33 keV

ee

(55-111 keV
r

). This measurement has
lower threshold than DEAP-1 [3] and higher statistics
than DarkSide-50 [26]. After NR selection cuts no events
are observed, resulting in the best spin-independent
WIMP-nucleon cross section limit measured in LAr [26]
of <1.2⇥10�44 cm2 for a 100 GeV/c2 WIMP (90% C.L.).
Data collection has been ongoing since Nov. 2016 and
forms the basis for a more sensitive DM search currently
in progress.
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Introduction Energy calibration Position reconstruction

The experiment:

Running stable since November
2016

Pixelated detector

capable to hold 3600 kg LAr target
material, currently filled to 3260 kg

255 PMTs to measure energy and
position of events in the LAr

AV coated with wavelength shifter
TPB

Detection of WIMPs via nuclear
recoils with a target sensitivity to
WIMP-nucleon cross secion
10�46 cm2 at WIMP masses of
100GeV

S. Langrock TAUP 2017, Sudbury 24/07/2017 3 / 18

•3.6 tonne liquid argon
•single phase
•BG rejection by scintillation 

pulse shape alone
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SuperCDMS

22
TAUP 2017 - Results from SuperCDMS Soudan - Jodi Cooley

Overview:  SuperCDMS Soudan

3
3� Diameter 
2.5 cm Thick 

Data for this analysis:   
 
577 kg-days 
taken from Mar 2012 – July 2013 
7 iZIPs with lowest trigger threshold 

Operational since March 2012 

SuperCDMS at SOUDAN 

9.0 kg Ge (15 iZIPs x 600g) 

iZIP  
interleaved Z-sensitive 

Ionization & Phonon detectors  

Instrumented on both sides with  
2 charge+ 4 phonon sensors 

5%

- Location:  Soudan Underground Laboratory, 
Minnesota, USA @ ~2090 mwe

- Science operations from Mar. 2012 - late 2015.

- Experiment contains 15 iZIP detectors, stacked 
into 5 towers

- interleaved Z-sensitive Ionization and 
Phonon detectors (iZIP)

- Each side instrumented with 2 charge (inner + 
outer) & 4 phonon (1 inner + 3 outer) sensors

(dG>)

•  M1P)4I=1&!-/4)61%18%"&$)a(dG>$b)91(#+)8"33($$("#16)'%)4"I6'#)

EZ)-B)/""&1D)!'7%18,) <$=1#)!1#%1&)2"&)>,?$(8$)@)A19B);CD)EC;;)

•  >,"#"#)+I'&6)&(#+)8'#)91)I$16)%")
&1q18%),(+,@&'6(I$)^1&"@8,'&+1)151#%$)

•  G#%1&71'516)8,'&+1)1718%&"61$)8'#)
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•  RW=18%)2'8%"&)"2)')21P)9101&)&1q18:"#)
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Phonon sensor layout: 

Field lines near surface: 

Phonon sensor layout

TAUP 2017 - Results from SuperCDMS Soudan - Jodi Cooley

CDMSlite Results
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5

visible in the data following such an activation, is used
to calibrate the energy scale to keVee and to correct for
any changes in the energy scale with time (see Sec. V).

WIMP scatters are expected to be NRs; so a nuclear-
recoil energy is ultimately constructed, called “nuclear-
recoil equivalent” energy in units of keVnr and denoted
by Er,nr. The calibration to keVnr is performed by com-
paring Eq. 7, assuming the detector sees the full Vb bias,
for an ER and NR with the same Et, and solving for Er,nr

Er,nr = Er,ee

✓
1 + eVb/"�

1 + Y (Er,nr)eVb/"�

◆
, (8)

where Y (Er,nr) is the yield as a function of nuclear-recoil
energy, for which a model is needed. The model used is
that of Lindhard [25]

Y (Er,nr) =
k · g(")

1 + k · g(") , (9)

where g(") = 3"0.15 + 0.7"0.6 + ", " =
11.5Er,nr(keVnr)Z�7/3, and Z is the atomic num-
ber of the material. For germanium, k = 0.157. The
Lindhard model has been shown to roughly agree with
measurements in germanium down to ⇠250 eVnr [26, 27],
although measurements in this energy range are di�cult
and relatively few exist [28–30].

B. Data Sets and Previous Results

A single detector was operated in CDMSlite mode
during two operational periods, “Run 1” in 2012 and
“Run 2” in 2014. The initial analyses of these data sets,
published in Refs. [11] and [12] respectively, applied var-
ious selection criteria (cuts) to the data sets and used
the remaining events to compute upper limits on the SI
WIMP-nucleon interaction. These limits were computed
using the optimal interval method [31], the nuclear form
factor of Helm [9, 32], and assuming that the SI interac-
tion is isoscalar. Under this last assumption, the WIMP-
nucleon cross section �

SI
N

is related to �

SI
0 in Eq. 1 as

�

SI
0 = (Aµ

T

/µ

N

)2 �SI
N

, where µ

N

is the reduced mass of
the WIMP-nucleon system.

CDMSlite Run 1 was a proof of principle and the first
time WIMP-search data were taken in CDMSlite mode.
For Run 1, the detector was operated at a nominal bias
of �69 V and an analysis threshold of 170 eVee was
achieved. In an exposure of just 6.25 kg d, the experi-
ment reached the SI sensitivity shown in Fig. 3 (labeled
“Run 1”), which was world-leading for WIMPs lighter
than 6 GeV/c2 at the time of publication [11].

The total e�ciency and spectrum from Run 1 are
shown in Figs. 4 and 5 respectively. In addition to the
71Ge activation peaks, the K-shell activation peak from
65Zn is visible in the Run 1 spectrum. The 65Zn was
created by cosmic-ray interactions, with production ceas-
ing once the detector was brought underground in 2011,
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Figure 3. Spin-independent WIMP-nucleon cross-section
90% upper limits from CDMSlite Run 1 (red dotted curve
with red uncertainty band) [11] and Run 2 (black solid curve
with orange uncertainty band) [12] compared to the other
(more recent) most sensitive results in this mass region:
CRESST-II (magenta dashed curve) [33], which is more sen-
sitive than CDMSlite Run 2 for mWIMP . 1.7 GeV/c2, and
PandaX-II (green dot-dashed curve) [34], which is more sen-
sitive than CDMSlite Run 2 for mWIMP & 4 GeV/c2. The
Run 1 uncertainty band gives the conservative bounding val-
ues due to the systematic uncertainty in the nuclear-recoil
energy scale. The Run 2 band additionally accounts for the
uncertainty on the analysis e�ciency and gives the 95% un-
certainty on the limit.

and decayed with a half-life of ⌧1/2 ⇡ 244 d [35]. The
analysis threshold was set at 170 eVee to maximize dark
matter sensitivity while avoiding noise at low energies
(see Sec. III C). To compute upper limits, the conversion
from keVee to keVnr was performed using the standard
Lindhard-model k value (Eq. 9) of 0.157. Limits were
also computed using k = 0.1 and 0.2, chosen to repre-
sent the spread of experimental measurements [26–30],
to bound the systematic due to the energy-scale conver-
sion. As shown in Fig. 3, this uncertainty has a large
e↵ect at the lowest WIMP masses.
In Run 2, the detector was operated with a bias of

�70 V, the analysis threshold was further reduced be-
cause of improved noise rejection, and a novel fiducial-
volume criterion was introduced to reduce backgrounds.
The total e�ciency and spectrum from this run are com-
pared to those of the first run in Figs. 4 and 5. Because of
the lower analysis threshold, decreased background, and
a larger exposure of 70.10 kg d, the experiment yielded
even better sensitivity to the SI interaction than Run 1
[12], as shown in Fig. 3 (labeled “Run 2”). The sec-
ond run was split into two distinct data periods (see
Sec. III C), labeled “Period 1” and “Period 2”, that had
analysis thresholds of 75 and 56 eVee, respectively.
For the Run 2 result, the uncertainties of the analysis

were propagated into the final limit by simulating 1000
pseudoexperiments and setting a limit with each. The
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• PICO was formed from merger of 
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• Small surface test chambers at UdeM, 
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  C. Amole et al., Phys. Rev. Lett. 114, 231302 (2015)  
  C. Amole et al., Phys. Rev. D 93, 061101 (2016) 

• PICO-60 CF3I (2013)  
   C. Amole et al., Phys. Rev. D 93, 061101 (2016)  
 
PICO-60 C3F8 (2016-17)  
  C. Amole et al., Phys. Rev. Lett. 118, 251301 (2017) 

• PICO-40L (2017-18) 
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First PICO-60 physics run
• See plenary talk Tuesday 9:50am 

(C. Krauss) for details 

• 30 live-day run at 3.3 keV 
threshold, published in PRL*: a 
background-free 1167 kg-day 
WIMP-search exposure  

• Factor of 17 improvement in 
upper limit on spin-dependent  
WIMP-proton cross-section 

• Additional blinded exposure 
acquired, expected to be 
background limited
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FIG. 2. Top: AP distributions for AmBe and 252Cf neu-
tron calibration data (black) and WIMP search data (red) at
3.3 keV threshold. Bottom: AP and NN score for the same
dataset. The acceptance region for nuclear recoil candidates,
defined before WIMP search acoustic data unmasking using
neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
larger acoustic signals.

to be 0.25 ± 0.09 (0.96 ± 0.34) single(multiple)-bubble
events. PICO-60 was exposed to a 1 mCi 133Ba source
both before and after the WIMP search data, which,
compared against a Geant4 [21] Monte Carlo simulation,
gives a measured nucleation e�ciency for electron recoil
events above 3.3 keV of (1.80 ± 0.38)⇥10�10. Combin-
ing this with a Monte Carlo simulation of the external
gamma flux from [16, 22], we predict 0.026 ± 0.007 events
due to electron recoils in the WIMP search exposure. The
background from coherent scattering of 8B solar neutri-
nos is calculated to be 0.055 ± 0.007 events.

We use the same shapes of the nucleation e�ciency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% di↵erence in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the follow-
ing parameters: ⇢

D

=0.3 GeV c�2 cm�3, vesc = 544 km/s,
vEarth = 232 km/s, and v

o

= 220 km/s. We use the e↵ec-
tive field theory treatment and nuclear form factors de-
scribed in Refs. [24–27] to determine sensitivity to both
spin-dependent and spin-independent dark matter inter-
actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
of the ⌃0 and ⌃00 terms from the same table. To im-
plement these interactions and form factors, we use the
publicly available dmdd code package [27, 28]. The calcu-
lated Poisson upper limits at the 90% C.L. for the spin-
dependent WIMP-proton and spin-independent WIMP-
nucleon elastic scattering cross-sections, as a function of
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
e↵ective spin-dependent WIMP-neutron and WIMP-
proton couplings a

n

and a
p

that are calculated according
to the method proposed in Ref. [29]. The expectation
values for the proton and neutron spins for the 19F nu-
cleus are taken from Ref. [24]. The allowed region in
the a

n

� a
p

plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on a

n

and a
p

, in complementarity with other
dark matter search experiments that are more sensitive
to the WIMP-neutron coupling.

The LHC has significant sensitivity to dark matter,
but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. Despite this subtlety, the convention has
been to show LHC limits alongside more general direct

17x
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larger acoustic signals.
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actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
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plement these interactions and form factors, we use the
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
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e↵ective spin-dependent WIMP-neutron and WIMP-
proton couplings a
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been to show LHC limits alongside more general direct
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neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
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both before and after the WIMP search data, which,
compared against a Geant4 [21] Monte Carlo simulation,
gives a measured nucleation e�ciency for electron recoil
events above 3.3 keV of (1.80 ± 0.38)⇥10�10. Combin-
ing this with a Monte Carlo simulation of the external
gamma flux from [16, 22], we predict 0.026 ± 0.007 events
due to electron recoils in the WIMP search exposure. The
background from coherent scattering of 8B solar neutri-
nos is calculated to be 0.055 ± 0.007 events.

We use the same shapes of the nucleation e�ciency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% di↵erence in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the follow-
ing parameters: ⇢

D

=0.3 GeV c�2 cm�3, vesc = 544 km/s,
vEarth = 232 km/s, and v

o

= 220 km/s. We use the e↵ec-
tive field theory treatment and nuclear form factors de-
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actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
of the ⌃0 and ⌃00 terms from the same table. To im-
plement these interactions and form factors, we use the
publicly available dmdd code package [27, 28]. The calcu-
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
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proton couplings a
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and a
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dark matter search experiments that are more sensitive
to the WIMP-neutron coupling.

The LHC has significant sensitivity to dark matter,
but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. Despite this subtlety, the convention has
been to show LHC limits alongside more general direct
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*C. Amole et al., Phys. Rev. Lett. 118, 251301 (2017)

•Superheated bubble chamber
•Thermodynamically insensitive to EM 

backgrounds
•Chosen media have unpaired protons: 

sensitive to pure-proton SD couplings
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convention of Fitzpatrick et al. [22],

d�

dE

R

=
1

32⇡v2
1

m
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�

m

A

1

(2j
A

+ 1)(2j
�

+ 1)
⇥

X

Spins

|M|2

(3)

where a factor of 1/(4m
�

m

A

)2 is included in order to ac-
count for the normalization used in matching relativistic
WIMP-nucleon interaction operators to the correspond-
ing nonrelativistic operators.

The formalism detailed in [22–25] models the WIMP-
nucleon interaction as a four-particle contact interaction
in order to calculate the WIMP scattering amplitude
|M|2. The interaction Lagrangian takes the generic form

L
int

= �̄O
�

�

N̄O
N

N ⌘ O�̄�

N̄N (4)

where � and N are nonrelativistic fields denoting the
incident WIMP and the target nucleon, respectively. Al-
though we do not consider WIMP inelastic scattering,
note that it can be treated by generalizing to �̄

1

O
�

�

2

,
where �

1

and �

2

have di↵erent masses.
Under conservation of momentum and Galilean in-

variance, the four momenta of the particles can be re-
duced to a basis of two independent momenta. It is
convenient to choose these two momenta to be the Her-
mitian quantities i~q, where ~q is the momentum transfer
imparted from the incident WIMP to the target nucleon,
and ~v

?, which is the component of WIMP incident veloc-
ity ~v transverse to ~q. Specifically, ~v? = ~v+~q/2µ

N

, where
µ

N

= m

�

m

N

(m
�

+m

N

)�1 is the WIMP-nucleon reduced
mass. All WIMP-nucleon operators subject to these ba-
sic symmetries can be written as a combination of these
two momenta, the nucleon spin ~

S

N

, and the WIMP spin
~

S
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In direct detection, the nucleon involved in a WIMP-
nucleon interaction lies in a bound state within a target
atomic nucleus. The operator governing the interaction
must therefore be inserted between nuclear states in or-
der to calculate the nuclear response. For the 14 e↵ec-
tive field theory operators, there are six kinds of nuclear
charges and currents that can be created. These can be
constructed from individual nucleon’s available degrees
of freedom ~

S

N

and ~v

?
N

, where ~v

?
N

= ~v

? - ~v

?
CM

is the
nucleon’s velocity with respect to the nuclear center of
mass, perpendicular to the momentum transfer ~q. The
six possible nuclear charges and currents are

1, ~v?
N

· ~v?
N

,

~

S

N

· ~v?
N

,

~

S

N

, ~v

?
N

, and ~

S

N

⇥ ~v

?
N

(8)

~v

?
N

· ~v?
N

is again neglected, and each of the five remain-
ing nuclear charges and currents gives rise to a di↵erent
nuclear response.

An explicit calculation of the dark matter scatter-
ing amplitude in momentum space shows that under the
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•WIMPs can couple to nuclei in more ways 
than simply “spin independent” and 
“spin dependent”.

•Sixteen possible effective operators for 
WIMP-nucleus scattering: we’re not 
sensitive to UV details.

•Recently, WIMP experiments have started 
reporting results in this form as well.
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Where are we going?
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The WIMP
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Q: If the WIMP is a miracle, why haven’t 
we detected it yet?
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What is expected for a 
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WIMP naturalness (in pMSSM)
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P. Grothaus, M. Lindner, Y. Takanishi, JHEP07 (2013) 094, arXiv:1207.4434
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Figure 10. The level of fine-tuning after inclusion of the muon anomalous magnetic moment for
positive values of the µ-term.

An expression similar to equation (4.14) has been found in [89], however the wino

component has not been considered there. Even though cancellations that occur between

N
11

and N
12

may be neglected, since the bino component is in general much larger than

the wino component, the sign of N
12

is crucial for the behavior of �SI.

4.4 The muon anomalous magnetic moment and the µ-term

In figure 10 we applied the muon anomalous magnetic moment constraint (i.e. the deviation

from the SM expectation) to our models with a positive µ-term. In general it is not di�cult

to fulfill the aµ condition. Compared to figure 4 the results essentially do not change. In

reference [90] we find the three most important MSSM loop contributions to aµ:

aµ(fW � eH, e⌫µ) =
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aµ( eB � eH, eµR) = � g02

8⇡2

m2

µM1

µ tan�

m4

eµR

Fb

 

M2

1

m2

eµR

,
µ2

m2

eµR

!

. (4.17)

Here, the positive defined functions Fa and Fb are given by:

Fa(x, y) = �G
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Figure 12. The level of fine-tuning after inclusion of the muon magnetic moment for a negative
µ-term in analogy to figure 10.
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Figure 13. The level of fine-tuning after inclusion of the muon magnetic moment at a 2 � level
for a negative µ-term in analogy to figure 10.

of hadronic e↵ects, but also as our essential results are not changed, we prefer to use the

3 � limit on aµ.

The muon anomalous magnetic moment condition has no e↵ect on the low fine-tuned

models and, as argued above, less fine-tuned scenarios are even preferred (see figure 12).

Note again, that in the mass range me� ⇡ [60, 80]GeV neutralino annihilation can proceed

via light staus to produce the correct relic abundance (compare figure 2 and references [21,

26, 28]. A great part of the parameter space with �
tot

. 100 will be probed by future

direct searches, but there are regions left that will not be tested.

– 18 –

µ < 0
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•Each point corresponds to 
a random sampling in [19-
dim] pMSSM space.

•Color gives value of fine-
tuning parameter, ∆tot , at 
that point.

•Red = more finely tuned
•Does the WIMP lose 
motivation if it requires 
fine tuning?
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Looking below a GeV
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Canonical WIMP-search 
technique is unhelpful: 
kinematics simply don’t 
allow for the observation 
of nuclear recoils from 
sub-GeV DM scatters.
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Observable nuclear 
recoils
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What’s out there?
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Standard 
Model

Hidden 
Sector

• Many viable DM candidates 
in “hidden sector” models

• e.g. “Vector portal”: 
Additional fermions 
charged  under a hidden 
U(1)’ gauge symmetry

• SM photon and dark photon 
can kinematically mix, 
giving a small coupling 
between DM and charge 
particles. ×

SM

SM

DM

DM
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Signature of O(1-1000) MeV DM

37

!-rays from the galactic bulge [57] and remain consistent
with Cosmic Microwave Background bounds [58,59].

Although we do not attempt to calculate it here, it is
important to consider howmany electrons will be produced
in a LDM scattering event. For example, in xenon a 30MeV
DM particle will typically ionize a 5p outer-shell electron
(with binding energy EB ¼ 12:4 eV), giving it insufficient
recoil energy to ionize a second electron. However, for
larger DM masses, the recoiling electron is increasingly
likely to have enough energy to cause secondary ioniza-
tions. Heavier DM is also more likely to ionize a 5s (EB ¼
25:7 eV) or 4d (EB ¼ 75:6 eV) shell electron, followed by
the emission of a de-excitation photon which itself causes
photoionization. In Fig. 3, we plot the differential ioniza-
tion rate against electron recoil energy for xenon (blue),
argon (red), and helium (green), for a DMmass of 10 MeV
(solid lines) and 1 GeV (dashed lines). In germanium (not
shown) the situation is complicated by the band structure
but is qualitatively the same. Signal events in which more
than one electron is collected could be crucial, first for
experiments in which a single-electron threshold cannot
be reached, and second since backgrounds to few-electron
events may prove to be much smaller than for single-
electron events. For further details, see [60].

Besides neutrinos, the backgrounds to LDM scattering
are currently largely unknown. An important handle to
distinguish signal from background is therefore the annual
modulation [32] of the DM scattering rate. Using the halo
parameters given above, we find a modulation fraction
fmod of Oð10%Þ for all cases considered, where fmod is
defined as the ratio of the modulating signal amplitude to
the mean signal rate. A DM discovery would be possible
by observing such a modulation over an unmodulated

background. In Fig. 4, we show the modulation discovery
reach as a function of the background event rate, for a DM
mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we
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only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
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511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
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¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .
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ing backgrounds. We emphasize that other backgrounds of an
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fmod of Oð10%Þ for all cases considered, where fmod is
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mass of 30 MeV and for both constant (solid lines) and
ð"me=qÞ2 (dashed lines) DM form-factors. Specifically, we

1 10 102 103
10 43
10 42
10 41
10 40
10 39
10 38
10 37
10 36
10 35
10 34
10 33

106
105
104
103
102
10
1
0.1
10 2
10 3

Dark Matter Mass MeV

e
cm

2

Cross section Sensitivity and Event Rate per kg year

E
ventR

ate
e

10
37cm

2

FDM q 1

He
Ar
Xe
Ge

gD 0.1

gD 10 2

gD 10 3

gD 10 4

Hidden photon

MeV DM

1 10 102 103
10 43

10 42

10 41

10 40

10 39

10 38

10 37

10 36

10 35

10 34

106

105

104

103

102

10

1

0.1

10 2

Dark Matter Mass MeV

e
cm

2

Cross section Sensitivity & Event Rate per kg year

E
ventR

ate
e

10
37cm

2

FDM q 2me
2 q2He

Ar
Xe
Ge

gD 10

gD 10 7

gD
8

Freeze

Hidden photon

FIG. 2 (color online). The cross section exclusion reach (left-hand axis) at 95% confidence level for 1 kg $ year of exposure, assuming
only the irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity—see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg $ year. The right axis shows the
event rate assuming a cross section of !#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon (red), germanium (brown), and helium
(green) targets. Left: Models with no DM form-factor. The (green) shaded area indicates the allowed region for Uð1ÞD (hidden photon)
models withmAD

* 10 MeV. The (orange) shaded area is the region inwhich a particularmodel ofMeVDMcan explain the INTEGRAL
511 keV !-rays from the galactic bulge [9]. Right: Models with a very light scalar or vector mediator, for which FDM ¼ "2m2

e=q
2. The

(blue) region indicates the allowed parameter space for a hiddenUð1ÞD modelwith a very light ( & keV) hidden photon. The darker (blue)
band corresponds to the Freeze-In region. For illustration, constant gD contours are shownwith dashed lines, assumingmAD

¼ 8 MeV and
" ¼ 2' 10%3 (left-hand plot) and mAD

¼ 1 meV and " ¼ 3' 10%6 (right-hand plot). For more details see the text and the Appendix .

10 2

0.1

1

10
102

103

104

dR
dl

og
10

E
R

kg
1

ye
ar

1

Electron Ionization Spectrum, e 10 37 cm2

Xe
Ar
He

mDM 10 MeV
mDM 1000 MeV

e

FDM q 1

0.1 1 10 102 103 10410 3

10 2

0.1

1

10

Electron Recoil Energy ER eV

dR
dl

og
10

E
R

kg
1

ye
ar

1

Xe
Ar
He

mDM 10 MeV
mDM 1000 MeV

e

FDM q 2 me
2 q2

FIG. 3 (color online). The differential rates of LDM-induced
ionization versus electron recoil energy, for a cross section of
!#e ¼ 10%37 cm2. Results are shown for xenon (blue), argon
(red), and helium (green) targets, and a DM mass of 10 MeV
(solid lines) and 1 GeV (dashed lines). The two plots show
results for scattering with no DM form-factor (top) and with
FDM ¼ "2m2

e=q
2 (bottom). The dotted lines in the bottom right-

hand corner show the irreducible solar-neutrino-electron scatter-
ing backgrounds. We emphasize that other backgrounds of an
unknown size can be expected at all energies, and will require a
dedicated study to be measured and understood.

ROUVEN ESSIG, JEREMY MARDON, AND TOMER VOLANSKY PHYSICAL REVIEW D 85, 076007 (2012)

076007-6

R. Essig, J. Mardon, T. Volansky, PRD 85 (2012), 076007, arXiv:1108.5383



Dark Matter DD: Current state and new ideas

A. Manalaysay, Oct. 13, 2017

Liquid xenon

38

4

FIG. 4. Annual modulation amplitude for FDM = 1 (solid) &
FDM = ↵2m2

e/q
2 (dashed) for m� = 100 MeV (blue) & 1 GeV

(black).

comparison with the XENON10 bound derived in [2]. In
the Appendices, we show cross-section bounds for the
individual PE bins, taking into account the systematic
uncertainties from the secondary ionization model. For
F

DM

= 1, the inclusion of the high-PE bins in XENON10
significantly improves upon the bound from [2] for m
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&
50 MeV (small di↵erences at lower masses are from
the limit-setting procedure). The new XENON10 and
XENON100 bounds are comparable for m
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& 50 MeV.
For F
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2, the low PE bins determine the
bound, and XENON100 is therefore not competitive due
to its high analysis threshold.
Modulation. A useful discriminant between signal
and background is the annual modulation of the signal
rate [26] due to the Sun’s motion through the DM halo.
Fig. 4 shows f

mod

versus n
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is the modulation amplitude, derived by calculating the
rates for the average Earth velocity and varying it by
±15.0 km/s. The f

mod

spectrum is distinctive, which
should provide a helpful discriminant between signal and
background. The significance of a signal S over a flat
background B is then given by sig = f

mod

Sp
S+B

.

To demonstrate the power of an annual modulation
search, we imagine that a future detector with 1000 kg-
years of exposure observes the same S2-only event rate
and spectrum as observed in XENON10 data, R

Xe10

. Re-
quiring the signal rate to be less than the observed event
rate yields the same constraints as with XENON10 data,
�

e,Xe10

. However, an annual modulation analysis would
potentially see a signal of high statistical significance,
and in the absence of one a fraction of the observed event
rate must be background. Requiring the significance of
the annual modulation signal to be less than sig, the
expected sensitivity is
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FIG. 5. Sensitivity reach from an annual modulation analysis
with a hypothetical 1000 kg detector and 1-year exposure, as-
suming the observed spectrum and data rate are the same as
in XENON10 [22] (solid blue) or XENON100 [23] (solid red).
DM-electron scattering event rates assuming a 1-electron (4-
electron) threshold are shown in dashed (dotted) green. Blue
(red) shaded regions show our XENON10 (XENON100) lim-
its. These lines/regions are overlaid on several simple and
predictive benchmark models for DM (�) scattering o↵ elec-
trons via a dark photon A0. Top: (FDM = 1) A complex
scalar obtains the correct relic density from thermal freeze-
out (light orange), while a fermion, which obtains its cor-
rect relic abundance from an initial asymmetry, must have
�e above the dark brown line (assuming no additional anni-
hilation channels) to avoid indirect-detection constraints [41–
43]. Bottom: (FDM = ↵2m2

e/q
2) Fermion DM coupled to

an ultralight mediator A0 obtains the correct relic density
from freeze-in (thick brown line). Gray regions show con-
straints as in [5], updated on the top plot with data from
MiniBooNE [44] and BaBar [45]. Due to earth-scattering
e↵ects [46], no XENON10/100 limit exists in the top right
region.

We calculate �
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for bins of n
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= 0.5�1.5, 1.5�2.5, . . .
and show with a blue line the best sensitivity across all
bins in Fig. 5 for sig = 1.65 (90% CL) (see Appendices
for sensitivities from each bin). Similarly, a red solid line
shows �

mod

e

assuming the future observed rates/spectrum
correspond to the current XENON100 rate/spectrum.
We overlay these lines on the DM benchmark models

• XENON10 and XENON100 data already place constraints on sub-GeV dark 
matter.  Bandgap O(10 eV)

• These (and other similar experiments) are plagued by high rates of 
ionization-only background; not fully understood.

• XENON10 constraint here comes from a data set with 1.2 kg and 12.5 days.4
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UA’(1) experiment:

• R&D: study small ionization 
backgrounds, develop 
mitigation strategies.

• Build a small O(10kg) LXe 
TPC focusing on clean, small 
ionization signals.

• LBL, LLNL, Purdue, UCSD, 
Stonybrook, CERN prototype at LLNL
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SNOLAB Installation

8

16 Mpix CCD

Copper
module

Kapton
signal cable

Poly-
ethylene

Lead

6 cm

5.8 g

VIB

Lead block

Cu box 
with CCDs

Kapton 
signal cable

Cu vacuum 
vessel

DAMIC example

Lowering the noise: Skipper CCD

Main di↵erence: the Skipper CCD allows multiple sampling of the

same pixel without corrupting the charge packet.

The final pixel value is the average of the samples

Pixel value = 1
N⌃

N
i (pixel sample)i

low frequency
noise

Regular CCD Skipper CCD

pedestal

signal

high frequency 
noise

 pixel charge
measurement

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

Noise reduction: Skipper CCD

Skipper CCD: each pixel is read 
out many many times, greatly 
reducing the noise.
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Image taken with SENSEI
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8 3rd Berkeley Workshop on the Direct Detection of Dark Matter December 6, 2016

Sensei
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This instrument already exist: SENSEI

7 3rd Berkeley Workshop on the Direct Detection of Dark Matter December 6, 2016
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Charge in pixel distribution. Counting electrons: 0, 1, 2..

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

•Sensitivity to single 
electrons!!

•AFAIK, first 
demonstration of this 
in a semiconductor.
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Sensei

42

Charge in pixel distribution. Counting electrons: 0, 1, 2..

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

•Sensitivity to single 
electrons!!

•AFAIK, first 
demonstration of this 
in a semiconductor.

Counting electrons: ..38, 39, 40..

10 3rd Berkeley Workshop on the Direct Detection of Dark Matter December 6, 2016
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Skipper CCD - electron recoil reach

Electron recoil sensitivity computed by LDRD collaborators:

Rouven Essig, Jeremy Mardon, Tomer Volansky, Tien-Tien Yu.

15 3rd Berkeley Workshop on the Direct Detection of Dark Matter December 6, 2016

Silicon: bandgap 
O(1 eV)

R. Essig, J. Mardon, T. Volansky, T.-T. Yu
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Summary*
•  We’re*slowly,*but*surely,*con2nuing*to*improve*our*phonon*

energy*resolu2on*by*lowering*Tc*and**improving*our*
environmental*shielding.*

•  Currently*at*σpt**~*50eVt*(Ge)/25eVt*(Si).*We*have*met*
requirements*for*SuperCDMS*using*75mm*detectors,*but*not*
yet*with*a*larger*100mm*detector.*

•  Over*the*coming*5*years*we*hope*to*really*explore*the*limits*of*
the*technology*(ER/NR*rejec2on*via*charge*quan2za2on)*
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19*

•Voltage amplifies the 
phonons/electron conversion 
(“Luke phonons”).

•Amplification increased to see 
single electrons (projected).

•Nuclear recoils add phonons 
to the Luke phonons: 
distinguish from electronic 
recoils.

•Low threshold and low 
background.

M. Pyle’s talk, Berkeley Workshop on Dark Matter 2015
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•Collective excitations 
(photons, rotons) have 
energies O(meV) (little 
‘m’).

•rotons are absorbed by 
atom on surface and travel 
toward calorimeter with 
O(10 meV).

12/6/16	 D.	McKinsey						Superfluid	Helium	

Athermal	EvaporaKon	–	Demonstrated	by	HERON	R&D	

26	Guo, McKinsey (1302.0534)

S. Hertel, Berkeley Dark Matter Workshop 2015:
https://indico.physics.lbl.gov/indico/event/191/contribution/22/material/slides/0.pdf
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FIG. 2. An illustration of an F-center in LiH. A singe H atom is removed from its global minimum and the charge deficit is
occupied by a single electron whose energy levels translate to measurable fluorescent properties.

FIG. 3. Schematic illustration of the envisioned setup for an experiment based on color-center excitations in crystals. A light
guide composed of a crystal such as Lithium Hydride or Magnesium Oxide acts as the target material. A CW laser with an
excitation frequency tuned to the color center is then used to induce fluorescence emissions, which can be detected on the other
side with photomultipliers or SCMOS cameras.

counter array. The use of separate rods, which are im-
aged individually, provides smaller imaged volumes. This
translates to lower background for a single CC generation
event and also allows for natural spatial resolution and
multiple scattering identification.

Quantitatively, an excitation beam of a ⇠ 1 W CW
laser inside the cavity, built such that the intensity in-
side the rods is tenfold higher, leads to an estimated 105

photons detected per single CC site for a 10-15 min ex-
posure1. This relies on realistic estimates of intensities,

1 Assuming 100% quantum e�ciency for light emission, the num-
ber of fluorescence photons detected, N, over a photon counting
period, �t, is given by, N = R⇥�t⇥⌘det⇥⌦collect. Here R is the
CC excitation rate, ⌘det is the quantum e�ciency of the light de-
tector, and ⌦collect is the light collection e�ciency. For typical
numbers of the system (photon flux, � = 1021 cm�2 s�1, ab-

lifetimes, detection e�ciency and cross sections for exci-
tation. A detection limit of about one site in 105 back-
ground sites in a single rod during that time period is
thus inferred (at 1�). The choice of rod size and aspect
ratio, as well as exposure details, will be based on the
achievable defect cleanliness and exact properties of the
spectroscopy. Consequently, it is expected that the num-
ber of CCs produced in a measurement window can be
estimated with high accuracy. The outcome of the ex-
periment will be the di↵erential rate of multiple CC pro-
duction, where the number of produced CCs is plausibly
correlated with the deposited energy in a given scatter-
ing event. Experimental and theoretical studies of such

sorption cross-section, � = 10�17cm2, ⌦collect = 0.1, ⌘det = 0.5
and �t = 103 s) the count of photons equals 5 ⇥ 105.

R. Budnik et al. 1705.03016•Many gems get their color from 
“color centers”

•An electron fills a lattice site from 
which an atom has become 
displaced.  This electron fluoresces.

•Energies required to displace an 
atom are O(1-10 eV)
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spectroscopy. Consequently, it is expected that the num-
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periment will be the di↵erential rate of multiple CC pro-
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FIG. 1. Potential cross section sensitivity for 1 kg·year exposure (top and center) and daily modulation (bottom) for the two
example crystals considered in this study, assuming a background-free experiment and single defect sensitivity. Both crystals
have CCs which have been studied in the literature (see text for details), LiH (left) and MgO (right). Top and center:
The cross section sensitivity, given on the left axes, has been calculated for interactions with both types of nuclei within the
crystals. The right axes correspond to the expected event rate per kg·year assuming a DM-nucleon reference cross section of
�̄n = 10�37cm2. Top panels correspond to FDM(q) = 1, center panels correspond to FDM(q) = (q0/q)

2 with q0 = 100 keV. The
orange dotted-dashed curves correspond to the cross section for which one expects the rate of DM events to be equal to that
of solar neutrino events for the lighter nucleus in each crystal (H in LiH and O in MgO). Below this line a dedicated neutrino
background reduction will be necessary in order to detect DM. The thick orange curve corresponds to the prospective reach
of a 100 kg·year experiment for the same targets, following a dedicated neutrino reduction analysis. Black lines / gray shaded
regions show nuclear recoil bounds from CRESST II, CDMSLite, SuperCDMS, and LUX. Bottom: Daily modulation has been
calculated for the lighter nucleus in each crystal (H in LiH and O in MgO). The modulation is presented as the di↵erential rate
normalized by its average for three DM masses, as a function of the angle between the crystal and the Earth’s velocity in the
galactic rest frame. Solid curves correspond to FDM(q) = 1 while dashed curves correspond to FDM(q) = (q0/q)

2. The latter
show slightly larger modulation due to a stronger dependence on the minimal momentum transfer, except for DM masses very
near threshold. Furthermore, lower masses correspond to larger modulations while the total rate is exponentially suppressed
with decreasing mass. Modulation of order O(10)’s% is expected for these targets at these masses.

1 kg*yr

1 kg*yr

•Many gems get their color from 
“color centers”

•An electron fills a lattice site from 
which an atom has become 
displaced.  This electron fluoresces.

•Energies required to displace an 
atom are O(1-10 eV)
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Many ideas (too many to discuss), some listed here:

• Superconductors: O(meV) gap energies

• Superfluid 4He: O(meV) collective excitations (phonons, 
rotons).  Triplet electron excitations are long lived O(10 eV).

• Novel semiconductor techniques: Doped GaAs as a 
scintillator, germanium avalanche ionization, electron 
extraction

… and many more.  See the Cosmic 
Visions community report for a longer 
list: 1707.04591


