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What is Dark Matter?

2

Motion of  Galaxies in Clusters

Rotation Curves

- Abundance of evidence of missing mass  
- Dynamics of stars, galaxies, and clusters 

- Rotation curves,  gravitational lensing 

- Large Scale Structure formation
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What is Dark Matter?
- Abundance of evidence of missing mass  

- Dynamics of stars, galaxies, and clusters 

- Rotation curves,  gravitational lensing 

- Large Scale Structure formation
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- Wealth of evidence for a particle solution
- Microlensing (MACHOs) mostly ruled out
- MOND has problems with Bullet Cluster 



06/20/2017 - WIN 2017  - Jodi Cooley

What is Dark Matter?
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- Wealth of evidence for a particle solution
- Microlensing (MACHOs) mostly ruled out
- MOND has problems with Bullet Cluster 

- Non-baryonic    
- Height of acoustic peaks in the CMB (!b, !m)
- Power spectrum of density fluctuations (!m)
- Primordial Nucleosynthesis (!b)

- Abundance of evidence of missing mass  
- Dynamics of stars, galaxies, and clusters 

- Rotation curves,  gravitational lensing 

- Large Scale Structure formation
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What is Dark Matter?

5

- Wealth of evidence for a particle solution
- Microlensing (MACHOs) mostly ruled out
- MOND has problems with Bullet Cluster 

- Non-baryonic    
- Height of acoustic peaks in the CMB (!b, !m)
- Power spectrum of density fluctuations (!m)
- Primordial Nucleosynthesis (!b)

- And STILL HERE!
- Stable, neutral, non-relativistic
- Interacts via gravity and (maybe) a weak force

- An abudance of evidence of missing mass  
- Dynamics of stars, galaxies, and clusters 

- Rotation curves,  gravitational lensing 

- Large Scale Structure formation
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How to Detect It?
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Break It!

Indirect  
Detection 

(annihilation/decay)

Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.
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SM

SM χ
χ

Collider
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Indirect detection

χ SM

Time

Shake It!

Direct  
Detection 

(scattering)

Time  

Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.
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SM χ
χ
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SMχ

Indirect detection

χ SM

Time

Make It!

Collider 
(production)

Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.
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SM χ
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Shake It!Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.

SMSM

χχ

Direct detection

SM

SM χ
χ

Collider

SMχ

Indirect detection

χ SM

Time



06/20/2017 - WIN 2017  - Jodi Cooley

Direct Detection Principles
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PICO

SuperHeated 

PHONONS

Recoil
Energy

LIGHT

IONIZATION

SuperCDMS, Edelweiss XENON, LUX, 
DarkSide, LZ

DAMA/LIBRA, SABRE 
COSINE-100, ANIS

CRESST

CoGeNT,   
CDMSlite, SuperCDMS HV
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DAMA/LIBRA
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To point out the presence of the signal the time behaviour of the exper-
imental residual rates of the single-hit scintillation events for DAMA/NaI
and DAMA/LIBRA–phase1 in the (2–6) keV energy interval is plotted in
Fig. 1. The χ2 test excludes the hypothesis of absence of modulation in the

Figure 1: Experimental residual rate of the single-hit scintillation events
measured by DAMA/LIBRA–phase1 in the (2–6) keV energy interval as
a function of the time. The data points present the experimental errors
as vertical bars and the associated time bin width as horizontal bars. The
superimposed curves are the cosinusoidal functions behaviors A cosω(t−t0)
with a period T = 2π

ω
= 1 yr, a phase t0 = 152.5 day (June 2nd) and

modulation amplitudes, A, equal to the central values obtained by best fit
on these data points and those of DAMA/NaI. The dashed vertical lines
correspond to the maximum expected for the DM signal (June 2nd), while
the dotted vertical lines correspond to the minimum.

data: χ2/d.o.f. = 83.1/50 for the (2–6) keV energy interval (P-value = 2.2×
10−3). When fitting the single-hit residual rate of DAMA/LIBRA–phase1
together with the DAMA/NaI ones, with the function: A cos ω(t − t0),
considering a period T = 2π

ω
= 1 yr and a phase t0 = 152.5 day (June

2nd) as expected by the DM annual modulation signature, the following
modulation amplitude is obtained: A = (0.0110 ± 0.0012) cpd/kg/keV
corresponding to 9.2 σ C.L.. When the period, and the phase are kept
free in the fitting procedure, the modulation amplitude is (0.0112±0.0012)
cpd/kg/keV (9.3 σ C.L.), the period T = (0.998±0.002) year and the phase
t0 = (144 ± 7) day, values well in agreement with expectations for a DM
annual modulation signal. In particular, the phase is consistent with about
June 2nd and is fully consistent with the value independently determined
by Maximum Likelihood analysis [4]1. The run test and the χ2 test on the

1 For completeness, we recall that a slight energy dependence of the phase could be
expected in case of possible contributions of non-thermalized DM components to the
galactic halo, such as e.g. the SagDEG stream [28,30,31] and the caustics [32].
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 Eur. Phys. J. C 73 (2013) 2648

- Signal observed over 13 cycles 
at 9.3 σ for single scatter events 
(good) in lowest energy bin. 

- No background/signal 
discrimination. 

- Debate over background or 
dark matter interpretation
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Figure 8: Energy distribution of the Sm variable for the total cumulative exposure
1.33 ton×yr. The energy bin is 0.5 keV. A clear modulation is present in the lowest
energy region, while Sm values compatible with zero are present just above. In fact,
the Sm values in the (6–20) keV energy interval have random fluctuations around zero
with χ2 equal to 35.8 for 28 degrees of freedom (upper tail probability of 15%).

restored after the upgrade in 2008) x values – χ2/d.o.f. values ranging from 0.72 to
1.22 are obtained (see Fig. 10–top); they are all below the 95% C.L. limit. Thus the
observed annual modulation effect is well distributed in all the 25 detectors at 95%
C.L. The mean value of the 25 χ2/d.o.f. is 1.030, slightly larger than 1. Although
this can be still ascribed to statistical fluctuations (see before), let us ascribe it to a
possible systematics. In this case, one would derive an additional error to the modu-
lation amplitude measured in the (2–6) keV energy interval: ≤ 3× 10−4 cpd/kg/keV,
if quadratically combining the errors, or ≤ 2 × 10−5 cpd/kg/keV, if linearly com-
bining them. This possible additional error: ≤ 3% or ≤ 0.2%, respectively, on the
DAMA/LIBRA–phase1 modulation amplitude is an upper limit of possible systematic
effects coming from the detector to detector differences.

Among further additional tests, the analysis of the modulation amplitudes as a
function of the energy separately for the nine inner detectors and the remaining ex-
ternal ones has been carried out for the entire DAMA/LIBRA–phase1. The obtained
values are fully in agreement; in fact, the hypothesis that the two sets of modulation
amplitudes as a function of the energy belong to same distribution has been verified
by χ2 test, obtaining: χ2/d.o.f. = 3.9/4 and 8.9/8 for the energy intervals (2–4) and
(2–6) keV, respectively (∆E = 0.5 keV). This shows that the effect is also well shared
between inner and outer detectors.

Let us, finally, release the assumption of a phase t0 = 152.5 day in the procedure
to evaluate the modulation amplitudes. In this case the signal can be written as:

Sik = S0,k + Sm,k cosω(ti − t0) + Zm,k sinω(ti − t0) (1)

= S0,k + Ym,k cosω(ti − t∗).

For signals induced by DM particles one should expect: i) Zm,k ∼ 0 (because of
the orthogonality between the cosine and the sine functions); ii) Sm,k ≃ Ym,k; iii)
t∗ ≃ t0 = 152.5 day. In fact, these conditions hold for most of the dark halo models;

13

 Eur. Phys. J. C 73 (2013) 2648

10 - 30 keVnr (Na) 
30 - 120 keVnr (I)
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proton neutron

proton neutron

EFT - Possible Dark Matter?

10

~L

~L · ~S

What if the couplings are not simple spin-independent or the 
standard spin-dependent case through neutron or proton spin?

nuclear angular  
momentum

product of  
nuclear angular 
momentum & spin

Fitzpatrick et. al.  arXiv:1203.3542
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Spin Dependent

-Most recent results 
from PICO-60 using a 
C3F8 target  
(arXiv: 1702.07666)

11

See Talk:  
Carsten Krauss

-Results by several experiments rule 
out standard spin-dependent 
assumptions.

IceCube

4

not apply acoustic or fiducial cuts, resulting in the larger
exposure shown in Table I. Instead, given 99.5 ± 0.1% ef-
ficiency to reconstruct at least one bubble in the bulk for
a multiple-bubble event, every passing event is scanned
for multiplicity. This scan reveals 3 multiple-bubble
events in the WIMP search dataset. Based on a detailed
Monte Carlo simulation, the background from neutrons is
predicted 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 [20] Monte Carlo sim-
ulation, gives a measured nucleation efficiency for elec-
tron recoil events above 3.3 keV of (1.80 ± 0.38)×10−10.
Combining this with a Monte Carlo simulation of the ex-
ternal gamma flux from [15, 21], we predict 0.026 ± 0.007
events due to electron recoils in the WIMP search expo-
sure. The background from coherent scattering of 8B
solar neutrinos is calculated to be 0.055 ± 0.007 events.
The unmasking of the acoustic data, performed after

completion of the WIMP search run, reveals that none of
the 106 single bulk bubbles are consistent with the nu-
clear recoil hypothesis defined by AP and the NN score,
as shown in Fig. 2.
We use the same procedure and calibration data de-

scribed in Ref. [8] to evaluate nucleation efficiency curves
for fluorine and carbon recoils. We adopt the standard
halo parametrization [22], with the following parame-
ters: ρD=0.3 GeV c−2 cm−3, vesc = 544 km/s, vEarth

= 232 km/s, and vo = 220 km/s. We use the effec-
tive field theory treatment and nuclear form factors de-
scribed in Refs. [23–26] 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. [23], and for SD interactions, we use the sum of
the Σ′ and Σ′′ terms from the same table. To implement
these interactions and form factors, we use the publicly
available dmdd code package [26, 27]. The calculated
limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross-sections, with no background subtraction, as
a function of WIMP mass, are shown in Fig. 3 and 4.
These limits are currently the world-leading constraints
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 re-
sults.
Constraints on the effective spin-dependent WIMP-

neutron and WIMP-proton couplings an and ap are cal-
culated according to the method proposed in Ref. [28].
The expectation values for the proton and neutron spins
for the 19F nucleus are taken from Ref. [23]. The allowed
region in the an − ap plane is shown for a 50 GeV c−2

WIMP in Fig. 5. We find that PICO-60 C3F8 improves
the constraints on an and ap, in complementarity with
other dark matter search experiments that are more sen-
sitive to the WIMP-neutron coupling.
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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) [34], 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 τ 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).
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FIG. 4. The 90% C.L. limit on the SI WIMP-nucleon 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], LUX (yellow) [44], PandaX-II (cyan) [45],
CRESST-II (magenta) [46], and CDMS-lite (black) [47].
While we choose to highlight this result, LUX sets the
strongest limits on WIMP masses greater than 6 GeV/c2. Ad-
ditional limits, not shown for clarity, are set by PICASSO [14],
XENON100 [41], DarkSide-50 [48], SuperCDMS [49], CDMS-
II [50], and Edelweiss-III [51].
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arXiv: 1702.07666

1 June Rencontres	de	Blois	2017 11

Spin	dependent	proton

JOP:	Conf Ser 384	(2012)	012020

Spin Dependent Proton

Aspiration: Leadership in direct detection dark matter
Execution within G2 program, R&D beyond G2
DOE lead laboratory for future dark matter experiments

Beyond G2:
To neutrino floor:

PICO-60 C3F8 (new!)
arxiv.org/pdf/1702.07666

PICO-500

March 1, 2017 1HEP Budget Briefing

Spin-Dependent Region

Xe Tech Limited by
Neutrino Background

Demonstrate Feasibility
with PICO-40 (10% scale)
New Single-fluid Design

with Engineering by PNNL
à LDRD

Potential to Extend Far Past
Xenon Neutrino Floor with

Capability to Interchange Target

Unique Sensitivity
Background Understood

and Mitigated
(forensic assays @ PNNL)

à Background-free
WIMP-search Exposure

DAMA/LIBRA:	some	novel	
alchemy	– Sodium	(Na),	or	
Na	+	I	?

Upgraded	detector	will	soon	
release	data	set,	roughly	
doubles	exposure

Iodine	in	Target Fluorine	in	Target
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Single Phase: XMASS
- Located in the Kamioka Underground 

Observatory, Japan.  Detector refurbished in 2013 
to reduce radioactive background from PMTs.

- Total detector mass 800 kg xenon
- “self-shielding” from gammas.  WIMPs and 

neutrons evenly distributed throughout volume.
- Water tank acts as an active muon veto.

12

See Talk:  
Katsuki Hiraide

- Observed no modulation from 
Analysis preformed with data 
taken from 11/2013 - 3/2015.

Xe

water

X [cm]

y 
[c

m
]

Ambient J and n: pure water tank, �~10 meter

XMASS 800kg Jing LIU @ TAUP2011 24

Pure water tank (large enough for 26 ton LXe)

equipped with 20 inch PMTs on the wall as 

• active muon veto and 

• passive ambient J and n shielding

20 inch PMTs

W
a

t
e

r
 t

a
n

k
s

LXe sphere

10
7 

neutrons, simulation

J << J from PMT, n<<10
-4

/d/kg

10 m10.5 m

8 GeV/c2, 2x10-40cm2 
7 GeV/c2, 2x10-40cm2 
Model Independent 

arXiv:1511.04807
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Canfranc Gran Sasso & Australia
Yangyang

Worldwide NaI Efforts

13

SABRE 
113 kg array,  

Gran Sasso & Australia

COSINE-100 
106 kg array, Yangyang

ANAIS  
113 kg array, Canfranc

See Talk:  
Jay Hyun Jo 
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Spin Independent Landscape

14
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2-Phase Xenon Experiments

15

Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010

- Ratio of S2/S1 gives 
particle type. 

- Time between S2 and S1 
gives the depth. 

- xy-position reconstructed 
from phototube hit 
pattern.
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XENON1T - LUX - PandaX-II

16

dark matter search

dark matter search

NR calibration 
252Cf

ER calibration 
60Co & 137Cstritiated methane 

DD neutrons
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PANDAX-II

17

See Talk:  
Mengjiao Xiao

6

FIG. 4. Position distribution of events that pass all selection
cuts (gray points), and those below the NR median (outside
FV: red points; inside FV: green stars), with FV cuts indi-
cated as the black dashed box. The red points clustered at
the top, bottom and upper right corner correspond to events
in these locations losing electrons on the electrodes or PTFE
wall, leading to a suppression of S2. The severe loss of S2 close
to the bottom wall leads to a significant event ine�ciency in-
dicated by the lack of events in the lower right corner in the
figure.
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FIG. 5. The distribution of log10(S2/S1) versus S1 for dark
matter search data. The median of the NR calibration band
is indicated as the red curve. The dashed magenta curve is
the equivalent 100 PE cut on S2. The solid magenta and
blue curves are the 99.99% and 33.3% NR acceptance curves,
respectively. The grey dashed curves are the equal energy
curves with NR energy indicated in the figures. The two data
points located below the NR median curve are highlighted in
green stars.

on the original NEST prediction is weakened by about a
factor of 2 in the high mass region but approaches a factor
of 1.2 at low mass (⇠10 GeV/c2). The lowest cross sec-
tion limit obtained is 2.97⇥10�45 cm2 at a WIMP mass of
44.7 GeV/c2, which represents an improvement of more
than a factor of three from PandaX-I, and even more in
the low WIMP mass region. The major improvements
include the exposure (a factor of ⇠1.35), the photon de-

tection (PDE 11.7% vs. 9.6%), the S2 selection cut (9.4
e vs 19.7 e, although in PandaX-II a significant depth de-
pendent e�ciency variation is present due to the electron
lifetime), the S1 window ([3, 45] vs. [2, 30] PE), and the
expected background (3.2 vs. 6.9 events). The cross sec-
tion limit at WIMP mass of 10, 100, and 300 GeV/c2 are
8.43⇥10�44, 4.34⇥10�45, and 1.13⇥10�44 cm2, respec-
tively. At low WIMP mass region down to 5 GeV/c2,
our exclusion limit is competitive with SuperCDMS [27].
At high WIMP mass region, our results are within a fac-
tor of ⇠1.5 to the final 225-day XENON100 results [3],
although with only 19.1 days of live-time. However, our
results do not quite scale with the LUX results (with a
factor of 2.4 of exposure) [5] primarily due to the high
krypton background.
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FIG. 6. The 90% C.L. upper limit for the spin-independent
isoscalar WIMP-nucleon cross section from the PandaX-II
commissioning run (red). A selected set of recent world re-
sults are plotted for comparison: PandaX-I final results [10]
(magenta), XENON100 225 day results [3] (black), LUX 2015
results [5](blue), SuperCDMS 2014 [27](orange), and Dark-
Side 2015 [28] results (brown). The ±1� and 2� sensitivity
bands are shown in green and yellow, respectively.

VII. CONCLUSIONS AND OUTLOOK

In conclusion, we report the WIMP search results us-
ing the commissioning data of the PandaX-II experiment
with an exposure of 306⇥19.1 kg-day. No dark matter
candidates were identified above background and 90%
upper limit is set on the spin-independent elastic WIMP-
nucleon cross section with a lowest excluded value of
2.97⇥10�45 cm2 at a WIMP mass of 44.7 GeV/c2, a sig-
nificant step-forward from PandaX-I. After a brief main-
tenance period to distill krypton from xenon, the experi-
ment is expected to resume physics data taking in spring
2016, and soon to explore previously unattainable WIMP
parameter space.

Gray: all 
Red:  below NR median 
Green: below NR median & in FV

- ~306 kg-days total exposure 
- 2.5×10-3/keVee/kg/d, dominated by 85Kr. 
- 2 events observed on 3.2 background events expected.

Phys. Rev. D 93, 122009 (2016)
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XENON1T

- Achieved lowest background rates: 
- measured:  (1.93±0.25) ×10–4 events/kg/day/keVee  
- MC prediction:  (2.3±0.2) ×10–4 events/kg/day/keVee 

18

See Talk:  
Sara Diglio
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Low Mass Dark Matter

19

EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT

QCD axions w/o 
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Neil Weiner, Rencontres de Blois 2017
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Low Mass Dark Matter
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CRESST-III detectors 

M. Mancuso 13

Introduction Conclusions

Scintillating 24 g CaWO4 crystals as target
•Cryogenic detector T0≈10mK
•W-TES sensor for T read-out

T0

CaWO4

χ

Light detector SOS
•Cryogenic detector T0≈10mK
•W-TES sensor for T read-out

T0

The CRESST experiment going 
to low mass DM search

CRESST-III detectors 
explained

Performance 
of CRESST-III

29th Rencontres de Blois

CRESST III

21

See Talk:  
Michael Willers

- Scintillating 24 g CaWO4 crystals as target collect 
both phonon and scintillating signals. 

- Tungsten TES reads out phonon signal 

- Light absorber (Si on sapphire) collects 
scintillation signal.
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CRESST-III detectors 

M. Mancuso 13

Introduction Conclusions

Scintillating 24 g CaWO4 crystals as target
•Cryogenic detector T0≈10mK
•W-TES sensor for T read-out

T0

CaWO4

χ

Light detector SOS
•Cryogenic detector T0≈10mK
•W-TES sensor for T read-out

T0

The CRESST experiment going 
to low mass DM search

CRESST-III detectors 
explained

Performance 
of CRESST-III

29th Rencontres de Blois

CRESST III
- Scintillating 24 g CaWO4 crystals as target collect 
both phonon and scintillating signals. 

- Tungsten TES reads out phonon signal 

- Light absorber (Si on sapphire) collects 
scintillation signal.

22

See Talk:  
Michael Willers
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CDMSlite/SuperCDMS HV

23

CDMSLite'
•  Can'explore'low'mass'WIMPs'via'

alternative'running'mode'

•  CDMSLite'utilizes'Luke'phonons'

•  Standard'detectors'are'biased'at'+/L'2V'

•  Eluke'='Ne/h'x'eVb'

•  Luke'energy'scales'as'bias'voltage'and'

noise'remains'constant'until'breakdown'

- Neganov-Luke amplification used to 
obtain low thresholds with high-
resolution

- Ionization only, uses phonon 
instrumentation to measure ionization

- No event-by- event discrimination of 
nuclear recoils

- Drifting electrons across a potential (V) 
generates a large number of phonons 
(Luke phonons).  

total phonon  
energy primary recoil 

energy

Luke phonon  
energy

Et = Er +NeheVb

23
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CDMSlite Run 2 Results

24

4

comparing the start time and the amplitude of the fast
component of the outer and inner sensors. This radial
parameter is shown as a function of energy in Fig. 2,
where the densely populated band at higher parameter
values corresponds to events in the outer part of the de-
tector. A nonuniform field in this region draws charge
carriers to the sidewall of the detector, preventing them
from traversing the full potential. This produces a re-
duced Neganov-Luke amplification and distorts the en-
ergy spectrum. The radial cut removes more than 90%
of these events, along with a small contribution of low-
energy surface events originating on the detector hous-
ing, down to low energies while maintaining a reasonable
fraction of the exposure for inner events. The few remain-
ing reduced-energy events contribute to the background
at lower energy. In the second run period, a cluster of
background events appeared below ⇠250 eVee and was
located in the outer part of the detector near one of the
connectors. This, together with di↵erences in the oper-
ating conditions between the two run periods, motivated
a tighter cut in the second period. The fiducial-volume
cut significantly reduced the background rate compared
to the first CDMSlite run.

The acceptance for the radial fiducial cut was deter-
mined in two steps. First, the fraction of events that
appear at a reduced energy was determined; this e↵ect
is caused by the electric-field geometry and is therefore
energy-independent. To measure this e↵ect, the radius-
energy plane was divided into sections and a likelihood-
based Monte Carlo simulation was applied to each sec-
tion independently to determine the contribution of two
components: a time-independent background and a con-
tribution from the 71Ge activation lines exponentially de-
caying in time. The known ratio of L- to K-capture rates
was used to separate the L- and K-capture contributions.
The fraction of events with a full Neganov-Luke phonon
signal was determined to be ⇠86%.

Second, the fraction of events with full phonon signal
removed by the radial cut was computed at the capture-
peak locations as the number of events passing the cut
criterion divided by all peak events after background sub-
traction. The background in the inner part of the detec-
tor is negligible compared to the peak rate; in the outer
part the background was calculated from the observed
event rates above and below the peak. To measure e�-
ciencies at lower energies, a pulse-simulation method was
implemented. All events from the L-capture peak were
used to generate nearly noise-free pulses using the ex-
tracted composition of the fast and slow templates. The
noise-free pulses were then scaled to the desired energy
before adding measured noise. This sample of artificial
raw events was analyzed in the same manner as the real
raw data. The e�ciency was measured using the fraction
of artificial events passing the radial cut, taking into ac-
count the background contribution in the original event
sample. The combined fiducial-volume e�ciency was cal-
culated to be ⇠50% with a mild energy dependence as
shown in Fig. 1.

FIG. 3. Spectrum of events passing all selection criteria, cor-
rected for all e�ciencies except the trigger e�ciency. Dashed
lines indicate the prominent features of the 71Ge electron-
capture decay with peaks at 10.37 keV (K-shell), 1.30 keV
(L-shell) and 0.16 keV (M-shell). INSET: Zoom of the low-
est energies that determine the low-mass WIMP sensitivity,
including the L- and M-shell activation peaks. Solid vertical
lines show the 50% trigger-e�ciency points for the two run
periods.

The final spectrum after application of all selection cri-
teria and correcting for all e�ciencies (except the trigger
e�ciency) is shown in Fig. 3. The main features are the
71Ge electron-capture peaks at 10.37, 1.30, and 0.16 keV.
Hints of other peaks can be seen on top of a smooth
background from Compton scattering of higher-energy
gamma rays. Numerical characterizations of the primary
components of the spectrum are listed in Table I.
In CDMSlite mode, the ionization yield cannot be mea-

sured on an event-by-event basis, necessitating a model.
The most common model in the field is that of Lind-
hard [37]:

Y (Enr) =
k g (")

1 + k g (")
, (4)

where g (") = 3"0.15+0.7"0.6+", " = 11.5Enr(keV)Z�7/3,
and Z is the atomic number of the material. For germa-
nium, k = 0.157, but the model is somewhat uncertain
for low recoil energies. This uncertainty was accounted
for by varying k uniformly between k = 0.1 and 0.2,

Energy Resolution Range Average Rate
[keVee] [�/µ,%] [keVee] [keVee kg day]

�1

0.16 11.4±2.8 0.2–1.2 1.09±0.18
1.30 2.36±0.15 1.4–10 1.00±0.06
10.37 0.974±0.009 11–20 0.30±0.03

TABLE I. Left : Resolution of the 71Ge capture peaks. Right :
Average rate between the peaks, after application of all se-
lection criteria, corrected for all e�ciencies except the trigger
e�ciency.
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The Future is Bright!

25
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Break It!Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.

SMSM

χχ

Direct detection

SM

SM χ
χ

Collider

SMχ

Indirect detection

χ SM

Time
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??
DM

SM

SM
Cascading decays according 
to known SM processes

Dark Matter

known particles
long lived known particles

new 
physics

quarks?  leptons? 
gauge bosons?

new 
physics

SM

SM

quarks?  leptons? 
gauge bosons?

known particles

DM

DM

Dark Matter

?

Cascading decays according 
to known SM processes

long lived known particles

Decay

Annihilation
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Gamma Ray

28

- Photons detected via pair production 
in high Z converter material. 

- Cosmic rays are tagged by anti-
coincident detector. 

- Detects energies ∼ 20 MeV to more 
than 300 GeV.

 http://mediaarchive.ksc.nasa.gov/detail.cfm?mediaid=36076

Fermi

See Talks:  
Regina Caputo

http://mediaarchive.ksc.nasa.gov/detail.cfm?mediaid=36076
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Gamma Rays 

29

HESS

Veritas

HAWC

- Flux decreases quickly with energy 
for gamma rays. 

- To reach the highest energy 
gamma rays large area Cherenkov 
detectors are necessary.

- Pros:  point back to source and spectral information. 
- Cons:  backgrounds & attenuation
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Neutrinos

30

IceCube

SuperK

- Pros:  point back to source and 
spectral information, more directly 
comparable to direct detection σs. 

- Cons:  backgrounds & low stats

- Detect neutrinos produced in dark 
matter annihilations in the sun, 
center of Earth or galactic center.

See Talks:  
Ali Kheirandish 
Ina Sarcevic 
Katarzyna Frankiewicz 
Morten Medici
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Cosmic Rays

31

Auger - Pros: spectral information 
and low background for 
antimatter searches. 

- Cons:  diffusion and do 
not point back to sources.

- Detect charged particles 
produced in dark matter 
annihilations and decays in 
the cosmos.
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Current Limits in a Nutshell

- Thermal annihilation cross-section benchmarks 
either rule out or are in tension with dark matter 
with masses below 10 - 100 GeV (depends on 
final state). 

- Decay lifetimes below ~ 1027-28s ruled out for 
most final states and keV - EeV dark matter 
masses;  for MeV-GeV dark matter decaying to 
e+e-  lifetimes can be as short as 1024-25s.

32

Tracey Slatyer, Rencontres de Blois 2017
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- The 3.5 keV Line: 

- First seen in XMM-Newton data at ~4σ level (PRL 113, 251301) 
- Simplest DM solution is 7 keV sterile neutrino, in tension with some 

observations. 
- Possible astrophysics backgrounds:  atomic lines (K,Cl, Ar, ?), charge 

exchange with heavy nuclei and neutral gas.  Future instruments 
(MacroX) may help resolve situation.

Anomalies in a Nutshell

33

- The GeV excess @ Galactic Center: 
- First claimed in 2009 with Fermi data (arXiv:0910.2998) 
- Many studies suggesting O 10-100 GeV DM 
- Tension with non-detection in dwarf galaxies 
- Mounting evidence of large contribution from pulsars (arXiv:1706.01199, 

PRL 116, 051102, arXiv:1412.6099)

https://arxiv.org/abs/0910.2998
https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevLett%252E116%252E051102&v=1761f0aa
https://arxiv.org/abs/1412.6099
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Ting, 8/12/16 CERN Colloquium 

5

describe well solar modulation at rigidities R <⇠ 5GV,
and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.

In FIG. 4 we summarize the result of our fit and show
both the evidence for a DM component in the CR an-
tiproton flux, as well as limits on the DM annihilation
cross-section. The systematic uncertainty on the exclu-
sion limit is shown as an uncertainty band obtained from
the envelope of the various fits presented in FIG. 3. In
our baseline scenario (solid line), we can exclude ther-
mal DM with h�vi ⇡ 3 ⇥ 10�26 cm3s�1 annihilating
into bb̄ for DM masses below about 50GeV and in the
range between approximately 150 and 1500GeV. Even
considering our most conservative propagation scenario,
we achieve strong limits and can exclude thermal DM
below about 50 GeV and in the range between approxi-
mately 150 and 500 GeV. The results for other hadronic
annihilation channels, and for annihilation into ZZ and
W+W� final states are very similar; in the supplemen-
tary material we provide limits for DM annihilation in
into W+W� as a further explicit example.

In comparison with the results derived in [49] from
gamma-ray observations of nearby dwarf galaxies, we im-
prove the annihilation cross-section limits by a factor of
⇠ 4 for all DM masses except those around 80 GeV. We
also see from FIG. 4 that, similarly to the DM interpre-
tation of the Galactic center gamma-ray excess, the pre-
ferred region of a DM signal in the antiproton flux is in
tension with the dwarf galaxy constraints. However, this
tension can be relieved with a more conservative estimate
of the DM content of the dwarf galaxies [50]. Also, a
recent analysis using new discovered dwarfs galaxies [51]
actually provides weaker limits, also shown in FIG. 4, fur-
ther relieving the tension.

SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the

annihilation cross-section, h�vi ⇡ 3⇥ 10�26 cm3s�1.

ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.
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More Anomalies in a Nutshell
- AMS Antiprotons 

- Excess ~4.5σ possibly attributed to DM 
(PRL 118, 191102;  PRL 118, 191101) 

- Significant uncertainties: modeling of 
antiproton production cross section, cosmic- 
ray propagation, solar modulation. 

34

- AMS Positrons 

- Large excess of e+ > 10 GeV inconsistent with 
exceptions for secondary e+ from proton 
collisions with interstellar medium. 

- DM interpretation of signature for annihilation 
or decay in tension with other measurements. 

- Potential for large pulsar contribution to signal. 
(arXiv:1702.08436)
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Make It!
Dark matter searches

• Indirect detection: look for SM particles - electrons/positrons, photons, 
neutrinos, protons/antiprotons - produced by DM interactions.

• Direct detection: look for Standard Model particles recoiling from collisions 
with invisible dark matter.

• Colliders: produce DM particles in high-energy collisions and look for missing 
energy (e.g. at the LHC), or search for new light dark-sector particles.

SMSM

χχ

Direct detection

SM

SM χ
χ

Collider

SMχ

Indirect detection

χ SM

Time
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Colliders as DM Hunters
- Focus on WIMP-like particles:  No interactions in the detector 

- Signature is missing transverse momentum in the detector. 

- DM can be produced directly or from cascade decays.

36

Steven Lowette, Rencontres de Blois 2017

See Talk:  
Bhaskar Dutta 



06/20/2017 - WIN 2017  - Jodi Cooley

Searches for Direct DM Production

37

Steven Lowette, Rencontres de Blois 2017

Searches for direct DM production

MonoHiggs

Experimental status

(leptonic)

MonoPhotonMonoJet

MonoW/Z (Hadronic)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms-results.web.cern.ch/cms-results/public-results/publications/

Steven Lowette – Vrije Universiteit Brussel
Rencontres de Blois 2017 – 1 June 2017 Page 17
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Is it possible to compare different techniques?

38

WARNING: 
Interpretations of LHC limits assume 
the coupling of DM and SM through 

a specific portal. Direct detection 
limits do not make a specific portal 

assumption!

Yes, but …
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Comparison?

39

● translation to direct-detection plane

Interpretation

Steven Lowette – Vrije Universiteit Brussel
Rencontres de Blois 2017 – 1 June 2017 Page 38

Steven Lowette, Rencontres de Blois 2017
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Conclusions
- There is a very large world-wide, multi-pronged approach for 

experimentally trying to detect the constituents of dark matter that 
includes direct detection of DM-nucleon scattering, indirectly 
detecting products of annihilation or decay of DM and producing 
DM in a collider. 

- No compelling evidence for the detection of DM currently exists.  
However, there are perhaps tantalizing “hints” from indirect detection 
searches and the DAMA/LIBRA anomaly is not yet fully explained. 

- All three approaches are complementary and are making fast headway 
in exploring new parameter space. 

-  Stay tuned!  Current experiments are producing results at a fast pace 
and larger, more sensitive experiments are soon to come online.

40


