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Evidence for Dark Matter

Velocity dispersion & Coma cluster
Galactic rotation curve

Gravitational lensing and Bullet Cluster
Cosmic Microwave Background
Structure formation

And others..

Observations
from starlight

Expected from
the visible disk
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Evidence for Dark Matter

Known information:

1. stable (long life-time)

2. interacting gravitationally 26.8%
3. non interacting em Dark Matter

4. cold, i.e. not relativistic 68 3% PN Ordinary
5. average energy density Dark Energy Matter
6.

nearby energy density

G[s]
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Models and candidates

MSSM R-parity NMSSM

violating

Supersymmetry

P

R-parity
Conserving

Solitonic DM
Quark
Nuggets

®
QCD Axions
Axion-like Particles
Littlest Higgs

Dark Photon

Light

Force Carriers

Extra Dimensions

Sterile Neutrinos Warped Extra

Dimensions

Little Higgs

-

From T. Tait
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Detection of DM particles

e Colliders —_—
Basic assumption: DM patrticles are naturally

e Indirect search
e Direct search produced during interaction of particles beams
NB: collider searches cannot prove dark matter

Basic assumption: Annihilation or decay products
of DM particles result in detectable species,
especially gamma rays, neutrinos and antimatter

particles

Basic assumption: DM patrticles interact
weakly via elastic and inelastic scattering
with atomic nuclei or with electrons in the

detector material

=
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Standard DM halo

Existence of a halo surrounding galaxies confirmed by galaxy
rotation curve observations

Dark Matter halo

= Halo model = key point for DM searches

Standard halo model

Spherical halo with Maxwell-Boltzmann velocity distribution Visible galaxy
truncated at the escape velocity of the galaxy ~ 533 km/s

Local DM density: ~0.3 GeV/cm?

December

pEPY

e Annual modulation
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Elastic Dark Matter rate

Scattering targets
per unit mass
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Experimental approaches for direct detection

Incoming particle with v/c~10-2 = DM mass in [1-100] GeV < NR energy from 100 to 0.1 keV

Solid-state cryogenic detectors

Noble liquids detectors
Room temperature scintillating detectors
Room temperature ionisation detectors

B
Ll

Heat bath |

—— > Thermal link
—3 Thermometer

Semiconductor

Super-heated liquid detectors s absoer  (SUPErCDMS,
Directional detectors EDELWEISS) or
Scintillating
(CRESST)
High-purity Nal crystals (DAMA, ANAIS, _
COSINE-100, SABRE, COSINUS) ophase TPC -
DAMA/LIBRA annual modulation at 12.9¢ C.L. : Anede
24 kel . S2 )G'It] LE':H
E; = M.T-!;u::[. :'II:IIILE — — ]!l.l;!l!:TI“ll:lll-lt\.:ml Wiiky < Xenon G_t';'x;
L AAPURAAA A A " (LUX, sersive I | ! L[
E i PandaX, volume 3 _-_—__P_P__,d.-v
# XENON)
e (49) or Argon
v (DarkSide) "™~ |—|
S |
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State of the art

cross section [pb]

Standard scenario: WIMPS+elastic scattering+standard halo

103 T 10733

10° 1073 §

10 107% 5

1 1073 &

w

10-* 10737 %

102 10-3 O
1073 10739
1074 10740
10° : 10~4!
DarkSide (S2) —  * .
1076 : 10742
1077 10-%
108 10~
1079 10745
107L0 10746
107Ll 10747
10712 10748
107L? 10749
10_L4 10—50

10712 x 107! 1 2 3 456 10 20 30 102 2 x 102 10 2 x 10° 10*
DM mass [GeV /c?] |—|
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Inelastic Dark Matter framework

X, 7y
Dark Matter scatters off nuclei into an
d ~ O 100 keV) excited state with mass splitting
broadly in the hundreds of keV range
X,

In the final state after the interaction the mass of the outcoming
particle is different with respect to the one of the incoming particle
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Inelastic Dark Matter framework

Fundamental assumption: The inelastic interaction is obtained via a vertex of the

type X,X,B where ¥, is the primary DM agent, ¥, is the

DM excited state and B is a new mediator so that the
elastic scattering is not possible.

Basic consequences: X2

>

The initial kinetic energy of [x, +nuclear sys.] must be
greater than o for the scattering to take place B

Minimum required energy for inelastic DM-nuclear collisions
implies a minimum recoil energy in the detector

Available kinematic phase space is reduced and
the rate is suppressed X1
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Inelastic Dark Matter framework

L

Inelastic DM proposed more than 20 years ago

L

IDM remain a very interesting hypothesis to be probed as its spectrum is
completely different with respect to the standard one

1} Bramante et al. studied the iDM expected signal for several experiments with
different target material and CRESST resulted to be the most suitable to explore
the iDM scenario with high mass splittings (>350 keV) thanks to the presence of

Tungsten in its target

L » J.Bramante, P. J. Fox, G. D. Kribs and A. Martin, Inelastic frontier: Discoverin
g dark matter at high recoil energy, Phys. Rev. D94 (2016) 115026, [1608.02662].
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Inelastic Dark Matter framework

Expected maximum
incoming terrestrial dark
matter speed ~780 km/s

Maximum recoil energy windows
used by the relative experiments
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The shaded region is the available range of recoil energies on a nuclear target for
a given DM mass splitting and incoming DM speed in the laboratory frame
= CRESST experiment has access to higher mass splittings
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Inelastic Dark Matter framework

Expected rate for dark matter nucleon scattering per kg per day and per keV of nuclear recoil energy,
assuming a DM-nucleon cross-section 0,=10%°cm?, a DM mass of 1 TeV and a target made purely of 8W or

dR/dEr keV-'day' kg' (0n/10-40 cm2)

Xenon Expleriments . . 1 CRESST II_ .
182X e target & X 184 target
mx=1TeV (EJ 1‘(&. my=1TeV
Ol 3 Suppressed rate of iDM
' E
108p ! > :
S T | & o
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mn Phys. Rev. D 94, 115026 (2016)
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Inelastic Dark Matter framework
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J. Bramante, P. J. Fox, G. D. Kribs and A. Martin, Inelastic frontier: Discoverin

g dark matter at high recoil energy, Phys. Rev. D94 (2016) 115026, [1608.02662].

Present energy regions compared
with inelastic DM hp, i.e. higher recaoil
energies included in the analysis

Experiment
PICO
LUX
PandaX

CRESST

Exp. (t-days)
1.3
14
33

0.052

Refs.

Phys. Rev. D93 (2016) 052014

Phys. Rev. Lett. 116 (2016) 161301

Phys. Rev. Lett. 117 (2016) 121303

Eur. Phys. J. C76 (2016) 25

Limits obtained with data from the table and
assuming integrated luminosities, event rates,
and nuclear masses.

I
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The CRESST experiment

e CRESST is a cryogenic experiment for direct detection of DM.
e Detector target = CaWO, crystals
e Characterized by:

o Low energy threshold

o (Good energy resolution

o Particle identification thanks to 2 channel readout

Now optimized for low mass DM detection.

My work focused on another key feature of the CRESST experiment: its target.
Thanks to Tungsten CRESST is the experiment with the heaviest target element
currently employed in dark matter searches.

CRESST is the most suited experiment to probe the iDM frontier,
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The CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

3

Ital.y l. Q LN GS

CRESST is a direct DM search experiment located at
Laboratori Nazionali del Gran Sasso (LNGS, Italy)

e Rock overburden ~1400m in all directions (3800 m.w.e.)
e Muon flux reduced of a factor 10-¢

4
1400 m

: i (8800 mete r//of
L} water éguivalent)
' CRESST

Cryogenic Rare Event Search with
Superconducting Thermometers

- »
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Background and shielding

> Polyethylene shield (2 layer)
for neutrons’ thermalisation

> Lead shield
for beta/gamma(/alpha) radiation
219Pp isotope not stable
production of radiation until 2°Pb is reached

> Copper shield
extremely clean material
for betas and gammas from lead shield

> Muon veto

T T T T T A A S T

Es

lﬂlil!l--ll

> Radon box

214pg 210pg

184 s 138d
4Bi VB o« 20Bi VB o«
19.8 min 5.01d

20pp LB 26Pb

223y Stable

Miriam Olmi - Exploring the Inelastic Dark Matter frontier with the CRESST experiment [ 20




CRSST cryostat

Working temperature ~10mK

> Dilution refrigerator based on the
; mixture of 3He and “He

> LNitrogen vapor and LHelium tanks

> Additional lead to shield the
detector from the dilution
refrigerator

> Air dampers to attenuate external

vibrations
. . —— EModuls
> 5 thermal shield at decreasing | s
temperatures o
> “Cold finger”: copper rod 1.5 m long
> Carousel with detector modules |—|
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Cryogenic detector

Heat bath

» Thermal link
> Thermometer

—> Absorber

Heat capacity above transition
of the thermometer:
C,=AT+BT?

/ '\ AT, =
Electronic Lattice
contribution contribution

A

S
$ sF
B C
ZF
3
- A
0 W
: 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 l 1 1 L 1 I 1 1
0 100 200 300 400 500 600
Time [ms]
.| Collection efficiency of phonons
AE, oc@AECryS produced in the crystal
I Cth c:th

(0]
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CRESST detector: working principle

E—
Phonon Detector (PD) ’—\/J Reflective and scintillating foil
= precise energy measurement o ;'_'Or:{nprﬁ)vet _scmt#!a_tlon
e >90% total energy Ight coflection emciency
e Additional active veto

e Particle independent

active housing
y
Light Detector (LD) Rejection of events c_Iu_e
to an eventual superficial
contamination

= particle discrimination

e Few % total energy ﬁ
e Particle dependent
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CRESST detector

Reflecting and scintillating foil

Phonon Detector (PD)
Cryogenic calorimeter
M ~ 300 gr of CawO,

Light Detector (LD)
Sapphire wafer coated with
thin layer of Silicon

Both equipped with
special thermometers
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Transition Edge Sensor

Thin layer of Tungsten working in its transition between the super- and the normal-conducting phase.

T.W ~15mK

Additional structures:

T.'"® = [15;30] mK
’ - Aluminum pads to maximize

T oF collection efficiency
8 g = Heater to set the working
@ 70§ i point of each sensor
2 soF
o C
60:—
so— AR :
40 E— . Thermal link to
— [ . Heater the heat bath
= d N
0 AE ~ keV % -
20;— .: I. AT AT ~ “K AIL:)r;ESum
10%_ o AR ~ mQ
1 | 111 1 | | | 111 1 11 1 | 1111 [ | | | 111 1
82 5 22.6 22.7 22.8 22.9 23 23.1 23.2 23.3
Temperature [mK]
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Transition Edge Sensor

©
o

\

80

~ TESread-out circuit —
MWW —

70

Resistence [mQ]

60

50
Short linear range — ®

SQuID
20

AN — o

v e b b e L by L u
92‘5 22.6 22.7 22.8 22.9 23 231 23.2 23.3
Temperature [mK]

I!:Il!ll!]l!ll[ll

TES working point monitoring

Reference
voltage V, V<V

Reference
voltage V,,

Reference
voltage V, )
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Particle identification & Background discrimination

AmBe source

Light Yield

Energy in the LD

Light Yield = Energy in the PD
0|||‘1(‘JO‘ 200\ ‘SC‘)O‘ II4(‘)0‘ ‘500
Energy (keV)
Inelastic scattering of neutrons off Tungsten nuclei
. . e Precise values of QFs obtained
OF(E, ) = Light produced by X when depositing E, with dedicated measurements
" Light produced by y when depositing E,,, ® Observed variations ~O(10%)

between different crystals
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IDM search with CRESST

e Thanks to Tungsten CRESST
can probe larger mass
splittings

e Due to the suppressed rate of
the iDM a larger exposure is
preferable

CRESST-II
2013-2015
M_..~300 gr

crys

CRESST-Il more suited to explore the iDM

CRESSTHIII
2016-today
M_..~24 gr

crys

frontiers due to the larger mass

- Higher exposure
= Wider linear range
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CRESST-IIl detectors overview

/

Standard design

VK31 (307 gr) VK34 (304 gr)

VK32 (308 gr) Verena (306 gr)

VK33 (310 gr) Daisy (307 gr)

/ Small TES carrier

Anja (308 gr) Zora (302 gr)

Lise (306 gr)  Wibke (308 gr)

\\

2K

Std. design

Different detector designs
Different crystal radiopurity
Different TES performances
(working point and linear region)

[ Sticks design TUMA40 (248 gr) ]

Beaker design Carrier design

VK28 (194 gr) TUM38 (299 gr)
VK27 (197 gr) TUM29 (299 gr)

\Frederika (266 gr) j/
e —— —
Carrier design Stick design Beaker_design

very different detector responses to study and
= analyse individually to find the detector modules
with the best performances for the iDM search |_|
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Raw data analysis
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Event types

An event in CRESST consists of 2 coincident signals: Phonon + Light z ‘-é :ﬁgﬁt”m
Both channels are always acquired regardless of which one triggered < |
e Control pulses: large heater pulses needed to monitor the TES -
working point
e Test Pulses (TP): heater pulses with small and varying amplitudes to export
the calibration in the whole data set
e Empty baselines: acquired with artificial trigger and needed for a precise
measurement of the noise
e Particle pulses:  real trigger events due to particle interactions in the
detector |-|
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Data sets

~20 days Energy calibration with the 122 keV y-line

~5 days Both channels expressed in keV,_,

Long physics run whose data are
used for the iDM analysis (data
quality cuts & high level analysis)

y calibration with 5’Co data

Study of the response of every

Background dataset individual detector module to
neutron-induced nuclear recoils
Neutron calibration data for a precise determination of

QFs as they can vary between
different crystals ~O(10%)

-
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Analysis chain

1) Raw parameters evaluation
2) Truncated fit procedure
3) Correction of time-dependent effects

4) Energy conversion

common to all the data of the three data sets
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Stability and Rate Cut

— Stability Cut

To remove events in which the TES is out of
its correct working point.
Done with Control pulses distribution.

counts

10°

L
5.8 6
Control pulse heiaht (V)

250

200

counts / 10 minutes

150

100

50

P IR !
1374.3

PN R WA T N N ST T A EUT ST T 1 NN N
1374.4 1374.5 1374.6 13747 o 5 10 15 20
CpuTimeSec 10 (s)

To remove high trigger rate
periods (electronics and
environmental disturbances,
microphonics..)

Rate Cut ——
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Gamma calibration data

1. Raw parameter estimation
a. Template creation (average pulse) —

A\ 4

First rough data quality selection

—_

T 1T I T 1 T | T 1 ‘ T T | L ] LI

Amplitude (V)

0.8
300
0.6

200

0.4

S \M}Km ‘ 0.2

1 1.2
PulseHeight (V)

100

\1\\‘1[1!‘[1!\[\!\!‘I\I\|\]\

"

*lIllIlllllllllllllllllllllllllllIll

50 100 150 200 250 300 350
Time (ms)
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Gamma calibration data

1. Raw parameter estimation
2. Truncated fit procedure —

v
First fit with no truncation: Second fit with truncation:
0.1k - . S 12} — Regular Plot
2 N g L — Fit Baseline
x| - 3 10 — Fit Pulse
0.08 B 1 IS L
i = ! < [ \
L 0.041 ! +
L ~ : 8_
006f [ | [ Reconstructed pulse
i ! 6l
0.04F i
. a Saturated pulse
002} i
2r
il ] ol b e e e
0 1 2 3 4 5 6 i
/ Fitted Amplitude (V) 0 L | | | | | |
. . . 0 50 100 150 200 250 300
Linear response Truncation Limit Time (ms)
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Gamma calibration data

1. Raw parameter estimation

2. Truncated fit procedure

3. Correction of time-dependent effects
4. Energy conversion—

" C
§1000 — Particle events
o
r Test Pulses events
800 —
600 —
400 —
200—
oty L1 . A\Mlﬁ‘&AJ’
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Fitted Amplitude (V)
First calibration in TPs

counts

Conversion factor from TPs to Energy

1800

1600

1400

1200

1000

800

600

400

200

0

*Co (122 keV)

*’Co (136 keV)
wJL.H.

|
50 100 150 200
Energy (keV)
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Background data

Total exposure ~160 kg day for each detector module
To avoid any unwanted bias a blind analysis is performed.
|.  All the selections are developed using only 20% of the full dataset randomly selected
(training set)

Il. Then they are applied, with no modification, to the full data set

Training set
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Background data Module TUM40

1.

Energy shared between PD and LD — 2 channels anticorrelated — y-lines in LY:E plot tilted

2. Precise energy reconstruction= energy in PD + energy in LD

3. Correcting the y-lines tilt improve the energy resolution

—_
h*]
=T .{W‘l .|n‘|u|-,,-|/-|.-4|-|--‘.KL--\ T l =T

.:‘1_.1”{“.-4. '+*']‘f"‘“".""* v | AF .,{..-.l T 1, FT= ‘l T I =T

0.8 0.8
5
0.6F~ 0.6
0.4 0.4
i 1 1 | I | ‘ 1 1 ! ‘ i 1 1 | | 1 | | 1 | | | 1 | | | 1 | |
0 60 80 100 0 20 40 60 80 100
Phonon energy (keV) Energy (keV)

11 keV vy line fitted with:
LY =1-(E,-E)/n

N
E[l-n(l-w)lEp |
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counts

S

Background data Module TUM40

1. Energy shared between PD and LD — 2 channels anticorrelated — y-lines in LY:E plot tilted

2. Precise energy reconstruction= energy in PD + energy in LD

3. Correcting the y-lines tilt improve the energy resolution

60

counts

8.0 keV (CuK)) 11.27 keV (L1)

10.74 keV (L2)

50

w
o

2.6 keV (M1) «

30

20

\[\I‘HH[HH‘HH[HH‘HH‘\

-
o

o

Né

JS BTSSR TG i W i Y L L L i | . mzwﬂﬂwmm HJWW'MHJWW““W

20
Phonon Energy (keV) Energy (keV)

182W(p’a)179Ta — _ _
b E=[1-n(1-LY)]E, |_|
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Neutron calibration data Module Verena

Before data quality cuts After data quality cuts

100

a, . . ..t I -

-

0.5

0 S S S S B R 0 S AR SRR SRR | P
0 100 200 300 400 500 0 100 200 300 400

500
Phonon Energy (keV) Energy (keV)

The neutron recoil events are not removed by the applied selection despite
they have been defined on a dataset with very few neutron recoil event

(0]
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Cut Efficiency Module TUM29

0.9

- - . - o g 8 4 & g « g & @8 @ L]

0.8

Efficiency

0.7
0.6
0.5

0.4
Defined as the survival

probability of the signal
events at a fixed 0.2
simulated energy

0.3 . . Stability + Rate Cut

‘ Muon coincid. + TriggerDelay

0.1 . . Data Quality

-4\H‘III\‘\HI‘\II\‘HII‘IIH‘HII‘IIH‘\HI‘

107 1

10
Simulated energy (keV)

Empty baseline
+

Simulated pulse = Scaled pulse / To simulate nuclear recoils off Tungsten
template
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Band fit
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Band f|t Module Verena
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Band fit of NCal+Bck: problems Module Verena

NR bands highly populated + general higher statistics help the fit convergence
BUT
210Po NR + inelastic scattering of neutrons off Tungsten nuclei are not recognised by the fit

Light Yield

The fitted Oxygen band is
too high trying to “cover”
the 2°Po NR events

Light Yield

Ll L |
100 150

T S
200

Ll
250

Ll |
300

e L L
350 400 450 500
Energy (keV)

The fitted Gamma line is too low
N trying to “cover” the inelastic
scattering of neutrons off Tungsten

Ll e Ly
200

I |
250

|
300

e Lo L
350

Ll
400

450 500
Energy (keV)
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Band fit results

Module Verena

Light Yield

NCal + Bck data
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Energy (keV)

Light Yield

Bck data
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450 500
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Exclusion limit
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Results

e [n total 16 detector modules have been analysed
e Asubset of 9 modules has been selected for the inelastic analysis
based on background, noise, and live-time

e Exposure for a single module ~160 kg day
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Results

210Po recoils from surface radon contamination

Suprounding material Target crystal

205p},
a. ot
- Q> < —» | E, 2103keVv

E, <103 keV

dep

E,.,~ 103 keV

LY:E scatter plot of module Zora

Light Yield

[V NI BT AR SRS S SR R S R Lo

50 100 150 200 250 300 350 400 450 500
Energy (keV)

20po — 2P (103keV) + a (5.3MeV)
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Results

Light Yield

m“ T \qu\\\\ T H\":..

LY:E scatter plot of module Zora

0 -
1000 }| 1®W target = -0.2
mx=1TeV Pt
500L= - - - 04
."0' {0 ( “~~ﬁ.5 ..:"f'?&,til:. 1 1 1 \100\ 1 1 \150\ 1 1 \200\ 1 1 \250\ L 1 \300\ L L I350\ L L \400\ L L \450I L \500
< 100K ’ “ ~ :‘"--f}’: Energy (keV)
% 50 I‘ ~~"-. < I’?-Q_ORGV - N . . . >
I P o - = Range adopted for the exclusion limit
s\‘ ""'-\6‘_-2200,‘
[asd - -4 Gy
L .~ B
10 - “""'-..,__‘
5} 22100 key : .
Probed kinematic phase space
5=0keV
%00 300 400 500 600 700 800 200
v (km/s) |_|
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Results

Extended Likelihood for D detectors

D N D
£ (@ |2 = e O] [Hmmm] it ot (© Z[/ pu(x | ©) dX]
=1

d=1

All parameters = interesting par. + nuisance par. ——> 0 = (Gx’mx’ 6,0)

Significance of the limit

In (£(0,.0 | my, 6,%)) =In (L(5,0) my.6,%)) = -

Profiled values Best fit values |_|
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Results

10

cross section (pb)

10712

1072

107°

e E I E =TT I (amua i Py i B e B = 3 BT TrTT I T T E T T i T T I T T E T T T T T T T
= = [o% = H H H H H —
E 1TeV mass - — H 10TeV mass .
[ |- Anja —— Bramante et al. 7] S 1Q k| 0 Anja —— Bramante et al. "
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C xﬁgl s \Z/:)(;S / — g { b VK34 e ZOra /
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I / ] 101 £ / . =
E / ] 10—2 : =
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Results - comparison with other target elements

g 1 0:3 : [ l T E I | l [ l T E [ | l T [ L 3 1 03 : ! E LI R I L i L A E L I " I L L
E’ 1 02 ...... 1TeV mass g 1 02 10TeV mass
"§ 10 ...... —+— W - Bramante et al. —+— Xe - Bramante et al. § 10 = W - Bramante et al. == Xe - Bramante et al.
g 1 IIIIII —— | - Bramante et al. |:| This work / g f = | - Bramante et al. |:| This work E
1] ” ] E — 1
510k - 5 // =
_2 Ay 107" - E
10 o e ; yd =
103 //7/ / 5 10,2§ /////i et =
1 075 / // 1 0—4 E / / 7
/ -
107 — o / =
: o
10°® /
10°
1 0—10 bkl | () Lol Lol bl Lolood 1.l [ [ | [ | L1l [ [ | [l
0 50 100 150 200 250 300 350 400 100 150 200 250 300 350 400
mass splitting (keV) mass splitting (keV)
Estimated by Bramante et al. with following data: CRESST-II (W), PICO-60 (I),
Phys. Rev. D 94, 115026 (2016) LUX and PandaX 2016 (Xe) |_|
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Results - comparison with other target elements

310:3
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= Almost 2 orders of magnitude improvement with respect to Tungsten limit by Bramante

Almost 1 order of magnitude improvement with respect to lodine limit by Bramante h
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Conclusions

e Thanks to Tungsten CRESST detectors have been demonstrated to be very suitable for
IDM search

e The exclusion limits for a DM mass of 1 TeV and 10 TeV and with a & going from 0 to 400
keV have been obtained with a total exposure of ~ 900 kg day

e The resulting limits are the best limits ever obtained within this framework with Tungsten as
target material

e [For 0>100 keV the obtained limits exceeds the limit for Tungsten estimated by Bramante et
al. with CRESST-Il data

e Almost 2 orders of magnitude improvement at d=400 keV with respect to the Tungsten limit
estimated by Bramante et al.

e Almost 1 order of magnitude improvement at =300 keV with respect to the lodine limit

estimated by Bramante et al.
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Outlook

Improvement of the sensitivity for iDM signals:
e Increase of the exposure including more detectors in the analysis
e Improve the energy spectra description
o Peaks in the dark bands
o  219Pg recoil events

o Inelastic scattering of neutrons off Tungsten

Finally to better estimate systematic uncertainties a MC simulation is needed.

Paper with this analysis is in preparation.
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Evidence for Dark Matter

| CMB anisotropy

Angular distribution
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Models and Candidates

MSSM R-parity NMSSM

violating

Supersymmetry

N

3 T

R-parity
Conserving

Light \ Extra Dimensions
Force Carriers

Sterile Neutrinos -

QCD Axions
Axion-like Particles

Dark Photon

Solitonic DM

Quark
Nuggets

Warped Extra
Dimensions

T-odd DM

Little Higgs

Littlest Higgs

-

From T. Tait
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Inelastic Dark Matter Scattering

8_(U2+U2’+2 V Ve COS 9)/1}8 d()' On mN

f(v,ve) = N(Uo,Uesc) dER - ’U2 2/%1

Vring = ! (ER N 5)
min i 10
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Experimental approaches for direct detection

Incoming particle with v/c~10-2 = DM mass in [100-1] GeV < NR energy in [0.1-100] keV

e Solid-state cryogenic detectors

e Noble liquids detectors

e Room temperature scintillating
detectors

/

silicon charged-coupled
devices(CCDs) (DAMIC)
spherical proportional
counters filled with noble
gas (NEWS-G)

coha 'G'tl3| st-:y\:- g

e Room temperature ionisation detectors
e Super-heated liquid detectors Low Mass DM
° Directioﬁgl detectors ) :
devices with
gas detectors Fath threshold fixed
(DRIFT, WIMP wind by P and T hyglr%‘gic 1";;00(: :
DMTPC, ==/ \ o
MIMAC, — 20w Tuned energy
NEWAGE) or | region (and bck) e
fine-grained fuget ner || for DM search [
nuclear i . :
emulsions confirmation of the Galactic origin 15°C 150 g
(NEWSdm) of a signal + probe of the region J

| below the neutrino floor

\_/

G S

10°

10*

10°

H 10

10'

10°

~" E Field [V/m]
10°
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Detection of DM particles

— Basic assumption: DM particle are naturally
produced during interaction of particle beams
NB: collider searches cannot prove dark matter

e Colliders
e [ndirect search
e Direct search

Search of annihilation or decay products of DM
Basic hypothesis: DM particles interacts particles resulting in detectable species, especially

(weakly) via elastic and inelastic gamma rays, neutrinos and antimatter particles
scattering with atomic nuclei or with

. . dR do
electrons in the detector material — = nyx Ny v f (5, 56) B with o = E;nZN
dER dM S dER g
— dR Umazx do_
December - - - 3 . 1 Ermy
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do/dEp, (keV kg 'day™) (5,/10"*%cm?)

-

Elastic scattering of DM

dR
dEr dM

=nx Nr

v f(

—

U? Ue)

my=1TeV

— Tungsten
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— Oxygen

— Sum

do
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CRESST cryostat

Working temperature ~10mK

> Dilution refrigerator circulating a
mixture of 2 isotopes: *He and “He

Temperature [K]

> LNitrogen vapor and LHelium tanks

O
> Mixing chamber 5 — % z
y _ = =li=
Eoshidden > Additional lead to shield the - | = -
oo \ detector from the dilution = = =
" " = . refrigerator = -
ACS < *He concetrati@ / jz‘” z:
T~ > Air dampers to attenuate external - ]
, . T vibrations = | B
, Due to different concentration e S| e
I 3He crosses phase boundary ! : : =T <[ ho
I . I > 5 thermal shield at decreasing == B v
,  cooling down the system 1 temperatures = B
_ DIOT DT _TDLD
> “Cold finger”: copper rod 1.5 m long
G S h
S
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Run33 detector designs

e — e —— el — —
Std. design Carrier design Stick Beaker_
design design
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Correction of time-dependent effects

Fitted amplitude (V)

Heater pulses of small
and varying amplitudes
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Energy calibration

Injected Test Pulse Amplitude (V)

~ H S
- Conversion factor 01 =
L ; ; H _ o
[ 7 ] L
3 1600
25— == 500
2 1 400
15— - 300
1 —1 200
0.5 —1100
0 = L1 ‘ N l \ ‘ | ] 0
0] 1 2 3 4 5 6
Fitted Amplitude (V) |_|
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Data quality cuts

Amplitude [V]

Amplitude [V]
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q Superconducting Quantum Interference Devices

Very sensitive magnetometer used to measure extremely subtle magnetic fields,

based on superconducting loops containing Josephson junctions
(a) O Voltage ®) (b)

superconducting rings can

enclose magnetic flux only in A one flux
. . voltage

multiples of a universal constant change quantum

called the flux quantum,

®,=h/2e=2.07x101> Wb

Voltage

v

/ | —> | ¥
. L Current - Current 1 ux signal
| i ux signa
High sensitivity! .‘ S

Josephson Flux
Magnetic field

junction
— TES read-out circuit —
MWWy —
Flux locked in one loop by a feedback circuit.
Tes . % G % If the signal grows too fast the SQUID change
o loop and therefore the baseline level is different
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— Particle tracks in a cloud chamber —

Particle identification

Light produced by X when depositing E

dep

QFX(Edep) = . .
Light produced by y when depositing E

dep

e/y band with slope set -
to 1 by construction o0

Beta particle / Electron  Alpha particle

-

Saturation of the
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Carrier cut

RMSratio

RMS?2-RMS¢ o

RMSratio = ;

RMS2+RMS¢ .
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factor

E = nE + (1-N)E |= nE,+ (1-n)E,

Always true Due to the calibration procedure
n = scintillation efficiency

Consider a 122 keV incidenty — E = 122 keV
Energy axis calibration — E, = 122 keV . and E, = 122 keV,,

LY=E/E, - E=LYE, = E=nLYE,+(@n)E,=E -nlLlY)E, = E=[1-n{l-LY)E,
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Amplitude [V]

Simulated pulses - Simulted pulses
2 oul —f— Measured pulses
0,06;
0.04
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Miriam Olmi - Exploring the Inelastic Dark Matter frontier with the CRESST experiment [ 75



Trigger threshold

Number of injected pulses of
different amplitude firing the trigger

Number of pulses injected at -
10V and firing the trigger

Each point is Poissonian
and not binomial
distributed

>, F—a— - RE o5
e
L1H]
©
=
L
* data
1P [1yertf XK \
— 3 [HEHLG*'I.E :|+F‘
107" / 12 =0.294834
P=3131102e-02
u=2258102e-03V
inj
6 =5.177937e-04 v,,
| AR
107 1072 107

Injected amplitude (V)

The P parameter accounts for the pedestal
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Band fit

100 200 300 400 500
Energy (keV)

Miriam Olmi - Exploring the Inelastic Dark Matter frontier with the CRESST experiment



LY Bands

()]

-

First approximation 5
Lo (E) = L= Lyexp |~

Ly (B) = L (B (@ + EQua))

E
Pexcess (E; L) — Aexcess exp (— ) .

1

2A6(L‘C€SS p

Non-proportionality effect

To account for ys interaction:
Multiple electrons with energy
smaller than the one of the
incident y are produced

A€£IL'C€58

L (01.0)°

+ ll—l—erf( L oL )]
Aeazcess ZAgascess \/§O_L,e \/iAexcess

First approximation
Lo (B) = (o + Lo ar, - [1+ oo (~£)]

Crystal specific Non-proportionality effect
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— Energy resolution of a single channel

Energy resolution & band width

O.fit(v)

4 N
_ 2
op (B) = \[0hy + 0p1 B B
? Parametrization of the

energy resolution of

N

oy, (L) = \/O-%,O -+ SlL -+ 82L2/

phonon and light detectors

LY band width of the x-th species > O

= o0+ e By o () |

| 79
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Energy spectra

dN, E
=F+PE+F.exp| —— Electron spectrum
dNb’%x _ 0
—n = G(FE,op(F))* [OB%J (E, Es Qg%x)} <Beta—gamma peaks spectrum
EO _
T (E, E,g’%xa Q,Bv,x) — 70 . — E'g%x N QZv:m (E B Eg%x) if Eg“W <E< E/g’%f + Qs
Eﬁ%ﬂcQﬁ%x 0 otherwise

AN, , C. . (E — M,)? - ” t
— X - amma peaks spectrum
dE V2xmop (M,) P 2 (op (M) P P

ANy, o 4 B N
— n,z €X -
dE x €XP Eﬁi{f“y eutron spectrum
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Density functions

Can, . L — L,(E)]
P (E,L) = —5 (E)‘\/g% (z) P (_ 203(E) )

nca p— e —|— —|_ ns
Prcal P Py TP — Neutron signals

scattering off nucleus X

Pock = Pe T Py + Pnb + Py

Wlth pns; pnb’ pX glven by the sum
of the contribution of Oxygen, Neutron background
Calcium and Tungsten scattering off nucleus X

s I
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Band fit of NCal+Bck: problems

NR bands highly populated + general higher statistics help the fit convergence
BUT
Polonium NR + inelastic scattering of neutrons off Tungsten nuclei are not recognised by the fit
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Light Yield

The fitted Oxygen
band is too high
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events
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Band fit results

NCal + Bck data
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Extended Likelihood function

Extended Likelihood < Non-Normalized df

Likelihood < Normalized pdf
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Calculating the exclusion limit
Profiled values of

All parameters = interesting p. + nuisance p. »® = (0, m,, 6,0) / the parameters
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q Migdal effect

X

X-ray P

" Bremsstrahlung

lonization electron

Auger electron

Miriam Olmi - Exploring the Inelastic Dark Matter frontier with the CRESST experiment !E

o



