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The dark matter problem

Compelling evidence for
dark matter on various
cosmological scales



The dark matter problem

One model fits all the observations...

Dark Matter

...but raises some fundamental questions:
What is dark matter?
What is dark energy?

Dark Energy

Source: © European Space Agency / Planck
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After 80 years...

MSSM R-parity

NMSSM

Supersymmetry

Non-baryonic
Height of acoustic peaks in the CMB
Power spectrum of density fluctuations
Primordial nucleosynthesis

Cold (non-relativistic)
Structure formation

Interacts via gravity and (maybe)

some sub-weak scale force
STILL HERE!

Stable (or extremely long-lived)

Little Higgs

QCD Axions

T. Tait Axion-like Particles Lietest Higgs
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The nature of dark matter

Once there was only the WIMP miracle...

Now WIMP only one out of a range of
theoretical motivated dark matter

candidates with wide range of mass and
cross section

20 June 2018
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Scattering (direct searches)
N

|
Annihilation (indirect searches)
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Direct dark matter detection

Basic idea Most common scenario
Dark matter is made of particles Dark matter particles scatter off nuclei:
which interact with Standard Model particles . elastically

* coherently: ~ A?

* (spin-independent)
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Dark matter in the Milky Way

DISTRIBUTION OF DARK MATTER IN NGC 3198
200 ——T

WIMP Wind
—
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Standard assumptions:

* Maxwellian velocity distribution

* asymptotic velocity of 220 km/s

» galactic escape velocity of 544 km/s

* |ocal dark matter density of 0.3 GeV/cm3
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Experimental challenges

Dark matter recoil spectrum: CaWO, target, ideal detector
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Experimental challenges

Dark matter recoil spectrum: CaWO, target, ideal detector
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Experimental challenges

Dark matter recoil spectrum: CaWO, target, ideal detector
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Experimental challenges

Dark matter recoil spectrum: CaWO, target, ideal detector
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,very rare
! current limit”
0(0.01) counts/tonne day

-Featureless spectrum

.~ Small recoil energies
~ keV range

* XenonlT: arXiv:1805.12562
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Minimising background
* Underground site
» Shielding/vetoing
* Radon mitigation
e Purity of materials
e Material handling

* Event-by-event
discrimination

Water/plastic+scintillator

Low radioactivity materials
for detector hardware
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cross section

n

background free

Minimising background

For a discovery:
understand residual background

A

L]
L]
L4
L4
L4

background
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Direct dark
matter searches

An incomplete compilation

20 June 2018
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The CRESST collaboration
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L’Aquila

CRESST
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The experimental setup

liquid nitrogen

_- liquid helium
-
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il

/ _ internal polyethylene

AE‘L _ detector modules
£ mounted in carousel

——— external lead

=~ external copper

™ muon veto

[ l\\\ external polyethylene
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The CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

Direct detection of dark matter particles via their scattering off target nuclei

Scintillating CaWO, crystals as target

Target crystals operated as
cryogenic calorimeters (~15mK)

Separate cryogenic light detector to
detect the scintillation light signal

©T. Dettlaff/MPP

The dark Universe studied from deep underground: Exploring the low-mass frontier

Federica Petricca, MPP Munich 20

20 June 2018



Cryogenic calorimeter

heat bath = 10 mK

Heat link & °
g
()]
o
Thermometer -
((b]
|_
Absorber ——
|
Particle t Time
interaction AT = AE/C
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Resistance [mQ]

Transition edge sensor

O(100) -

Energy deposition in absorber

—

AR

AT

~keV

Temperature rise in TES
.-...uK
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20

Resistance change
~mQ

Temperature [mK]
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Cryogenic detector

heat bath = 10 mK .
Phonon signal (290 %)
(almost) independent of particle type

precise measurement of the deposited energy

Heat link
TES
CaWO, crystal —— Scintillation light (few %)
" particle-type dependent
_ Particle t > LIGHT QUENCHING
interaction

23
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Detector module

4 )

20 June 2018

\ / Simultaneous signals
from the transition edge sensors (TESs)
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Event discrimination
ely

Light Yield= Light signal
Phonon signal

Characteristic of the event type

Light Yield

Excellent discrimination between
potential signal events (nuclear
recoils) and dominant radioactive
background (electron recoils)

£ 0

0 4|O 50 l(l)() 150
Energy (keV)
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Event discrimination

Light Yield= Light signal
Phonon signal

Characteristic of the event type

Light Yield

o
| e
1] S —— W

..................

ROl : region of interest
for dark matter search

O 4|O 5|O l(l)O 150
Energy (keV)
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Quenching factor measurement

@ accelerator of Maier-Leibnitz-Laboratorium = 0.4 ot - ;xeé»tﬁt(correlated)-
: : : 20
| I 1-dim fits (20)

| CaWO,single L L s C s R S

cryogenic detector module 0.12
Si light detector —_|

QF

0.06

liquid-scintillator 0.02
neutron-detector array

crystal : : : s :
\ : : : : :
\W4
———————

% 100 200 300 400 500 600
Precise determination of QFs for O, Ca & W @mK temperatures E_(keV)

Values (in ROI)

e 0:(11.2+0.5)%

e Ca:(5.94+0.49)%

e W:(1.72+£0.21)% EPJ C (2014) 74:2957
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CRESST-II results

Crystal: Lise - background level =8.5 counts/(keV kg day)
Threshold: 307eV

Resolution: 0=62eV at zero energy

1 —— CRESST-I 2015

-------- CRESST-ll Comm. 2012
~ee CDEX 2014
CDMS-Si 2013

[ CoGeNT 2013
........ EDELWEISS 2012

—— LUX 2013

—— CRESST-112014
[ CRESST-112012 (20)
—- - CDMSlite 2015
SuperCDMS 2014
—— DAMIC 2012

-------- DarkSide-50 2015
—— XENON100 2012
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World-leading below 1.7GeV/c?
Exploring new parameter space down
to 0.5GeV/c?

Hunting light dark matter requires a
low threshold!
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Number of Counts Above Threshold (1/(pb kg d))
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:\= —H
Detector layout optimized for low-mass dark matter 4 e
Radical reduction of dimension

T

CRESST-IIl low-threshold detectors

CaWO sticks with
holding clamps (with TES)

-
-

Cuboid crystals of (20x20x10)mm?3 (=24g)

o

Self grown crystals =3 counts/(keV kg day) l |
Threshold design goal 100 eV threshold -~
Fully scintillating housing Veto surface

Instrumen_ted sticks } related background - | - _,,/

©T. Dettlaff/MPP ©A. Eckert/MPP
The dark Universe studied from deep underground: Explormg the low-mass frontier
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(with TES)

Reflecting and

CawO, target crystal

scintillating housing

Light detector
(with TES)

©A. Eckert/MPP
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Data taking from July 2016 to February 2018

©R. Strauss/MPP
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Optimum filter s

. . . . . F g
Pulse-height evaluation with optimum filter 2 100k g
£ 05k
1054
. . g . . Templ Ise. [
The Gatti-Manfredi filter is an optimum emplate pu 561;
filter which maximizes the ratio ; ;‘,’.«/
between the amplitude of the treated Baseline 107
pulse and the noise RMS o
101 k- rrpd ; ) |
10 1 02 1 02 Frequency}ﬂj]

Time [ms] . . Time [ms] .
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Optimum fi Ite [ e

>J;‘103
Pulse-height evaluation with optimum filter o) —
£ 105
1054
The Gatti-Manfredi filter is an optimum Template pulsegz
filter which maximizes the ratio i s
between the amplitude of the treated Baseline 107
pulse and the noise RMS ]‘;
e HH]O | HH‘I‘OZ - ““1‘(1)2 Frequency 34]
Typical improvement in resolution by using the optimum filter: factor 2-3

Time [ms Time [ms]
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Optimum thresholds

New frontier in direct dark matter detection

140 Threshold
120 Det B I
— 100 Design goal _____ I
>
2,
80 - .
% Det D Det E
7 60F ] .
§= IDet J
= 40f i
%2;%2&:'26_:::::::IDetA |
0 ‘ J qu Temp Phys (2q18). https://doi.qrg/lO.1007/510?09-018—1948—6
A B D E J
Detector
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5 detectors reach/exceed
the CRESST-III design goal
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Detector A

\ /

-~ =
Data taking period for this analysis: 10/2016 - 05/2017
Non-blind data (dynamically growing): 20% randomly selected
Target crystal mass: 24g
Gross exposure (before cuts): 2.39 kg days
Analysis threshold: 100 eV

The dark Universe studied from deep underground: Exploring the low-mass frontier
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Det A - 100 eV pulses

Raw signals: no filtering, fitting etc.

Event 3468837 -- Tue 30-May-2017 03:26:51.472 (CES| [ A-PH Event 4011753 -- Mon 3-Jul-2017 22:13:40.764 (CEST)
£6.025 =
i 50.03F
s F s Il A-PH
20021 D025
= F T F
Bois <002
0.01 0.015—
0.005— 0.01F
of- 0.005
-0.005— (1]
001 -0.005
-0.015— -0.01 ;—
-002 __I L1 1 I 11 1 1 I 11 1 | | I I | I T I | I T I L1 1 1 I 1 -0015 : 1 L1 | L1 1 1 | 1 L1 1 | 1 1 L1 | L1 1 1 I | I I | I | I I | I 1
-100 0 100 200 300 400 500 -100 0 100 200 300 400 500
Time [ms] Time [ms]

100eV pulses are no challenge for amplitude determination
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Det A —100eV threshold analysis

Selection criteria

Objective

Keep only events where a correct determination of the amplitude (- energy) is guaranteed
Unbiased (blind) analysis

1.  Design cuts on non-blind training set (=20%, excluded from DM data set)

2.  Apply without change to blind DM data set

Rate: noise conditions

Stability: Detector(s) in operating point

Data quality: Non-standard pulse shapes (e.g. i-Stick events and pileup)

Coincidences: with p-veto and i-Sticks only (to be expanded to “with other detector modules")



Det A —100eV threshold analysis

Efficiency of selection criteria

Rate, Stability:
92.5% survival = 2.21 kg days net exposure

The dark Universe studied from deep underground: Exploring the low-mass frontier

20 June 2018 Federica Petricca, MPP Munich
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Det A —100eV threshold analysis

Efficiency of selection criteria

Rate, Stability:
92.5% survival = 2.21 kg days net exposure |

Survival Probability of Nuclear Recoil Events After Cuts
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Det A —100eV threshold analysis

Neutron calibration

Light Yield
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Det A —100eV threshold analysis

Dark matter data

%
! - -
. o e/Y Unblinded:
- Det A
E>100eV
Still blinded:
Det # A
E<100eV
.............................................. O
| | |
30 40 50

Energy [keV]
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Det A —100eV threshold analysis

Dark matter data — Energy spectrum
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3.5 counts / (keV kg day)
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Energy [keV]
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Det A —100eV threshold analysis

Dark matter data — Energy spectrum
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Det A —100eV threshold analysis

Dark matter data — Acceptance region
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Acceptance region fixed
before unblinding
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Counts

Det A —100eV threshold analysis

Dark matter data — Accepted events

E g 4
~ 3 E —— All Events
35__ 03.5:—
- . —— Events in ROI
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20— S .
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Det A —100eV threshold analysis

Dark matter data — Accepted events
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Counts

Det A —100eV threshold analysis

Dark matter data — Accepted events
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From accepted events to dark matter limits
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Det A —100eV threshold analysis

One order of magnitude

improvement at 0.5 GeV/c?

Dark Matter Particle-Nucleon Cross Section (pb)

Results
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Det A —100eV threshold analysis

Non-flat background
at 100eV

Dark Matter Particle-Nucleon Cross Section (pb)

Results
10% I I — = 10_34(.'\
= — CRESST-II 2017 (prelim) —— CRESST-12016 = c
= N R CDEX 2014 — . - CDMSlite 2015 - S
= 3 3 i CDMS-Si 2013 SuperCDMS 2014 —
10 i CoGeNT 2013 ——— DAMIC 2016 | 10—35 c
= A \ S [ EDELWEISS-1 2016 wesvens DarkSide-50 2015 = O
— ;\ 95 --------- DarkSide 2018 - noQue. (tbp) ===== DarkSide 2018 - binom. (tbp} —] '.6'
— AAPAS W T L LUX 2016 combined ——— NEWS-G 2018 — O
1= \ — — PandaX-ll 2016 R XENON100 Low-Mass 2016(__| 10—36 2
= Yo\ 3 \ PICO-60 C,Fq 2016 = g
: AN | 7 o
1 L NI : 370
107 ' = * N B = 10 c
= I AR = o
= 3 \\ : — 0]
- AT N T G
=) : -38 S
= \\ — 3 %
— - ©
-3 kK -39 =
10 = \ R = 10 =
= i o
— E M el —
% [)
-4 | 440 2
107 £ = 10°%
S E I R RN - = =
Sk s
10° 10 s
= (]
107 T ' 107
0.2 0304 1 2 3 4 56 78910 20

Dark Matter Particle Mass (GeV/c?)

The dark Universe studied from deep underground: Exploring the low-mass frontier

20 June 2018

Federica Petricca, MPP Munich

52



Det A —100eV threshold analysis

Results

— 2 = 1034
-8_ 10 = —— ] 2017[(prelim.|) R AT 3 10 NE
Rew — === CDEX 2014 — . = CDMSlite 2015 — o
c = 3 ? 3 ! CDMS-Si 2013 SuperCDMS 2014 — ~
i 10 = f CoGeNT 2013 ——— DAMIC 2016 — 10—35 CC)
O = EAY, e DarkSide-50 2015 = =
NOﬂ-ﬂat baCkground 8 — ;\ - == DarkSide 2018 - binom. (tbp} | O
n — ¥ —— NEWS-G 2018 — a6 $

0 1 = e XENON100 Low-Mass 2018'_5 10”
at 100eV 3 = =. - g
&) - 7 2
_ » 370
g 1 O ! = = 1 O 37 u
[0} — H = o
o - - kS
> 02 i R -
% 10 . 51072
S — — L)
— [ 4 B S
S 10° oS
T - = &
2 = — 5
g 10—4; i 10—40%
< - S - 4= =
g 107° ; e D ,_; 10741 '(%

1078 B AN \I \ i 1042
0.2 0304 1 2 3 4 5678910 20

Dark Matter Particle Mass (GeV/c?)
The dark Universe studied from deep underground: Exploring the low-mass frontier

Federica Petricca, MPP Munich 53

20 June 2018



20 June 2018

Conclusions

The dark Universe studied from deep underground: Exploring the low-mass frontier
Federica Petricca, MPP Munich

54



This is just the beginning

First CRESST-IIl run 07/2016 - 02/2018:
Analysis ongoing

3 times lower optimum threshold for detector A
3 other detectors with thresholds << 100eV
3 times more statistics 2 deeper understanding of

backgrounds
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Upgraded detector modules
with dedicated hardware
changes to understand
backgrounds

Key innovation

. Active magnetic field
Additional upgrade ,mpensation with three

pair of coils for x,y & z-axes

50 ] 5018 The dark Universe studied from deep underground: Exploring the low-mass frontier
une Federica Petricca, MPP Munich
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Waiting for dark matter

The cryostat is cold
First pulses measured

Commissioning phase

A -‘(z\. t\\ wi\
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«s« New challenges! ——
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Backup slides to follow
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Dark Matter Particle-Nucleon Cross Section (pb)
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Wide range and up- -to-date
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From arXiv: 1805.12562

Rate XenonlT

TABLE I: Best-fit expected event rates with 278.8 days live-
time in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t

core mass, fpr the full (cS1, CSQb) ROI and, f'or illustration, 278.8 days *13¢t / 3.56 counts
in the NR signal reference region. The table lists each back-

ground (BG) component separately and in2total, the observed = 101day5 t/ count
ot e it 200 Gy WP i 0,01 counts/day
Mass 1.3t 1.3t 09t 0.65 t

(cS1, cS2y) Full Reference Reference Reference

ER 627+18 1.62+0.30 1.12+0.21 0.6040.13

neutron 1.43+0.66 0.77£0.35 0.41£0.19 0.1440.07

CEvNS 0.05+0.01 0.0340.01 0.02 0.01

AC 0.4718:35  0.10X5:85  0.061005  0.047503

Surface 106+8 4.8440.40 0.02 0.01

Total BG 735420 7.36+0.61 1.62+0.28 0.8040.14

WIMPhest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2
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