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Evidence for dark matter (DM)

Does the Universe contain non-baryonic DM?

Total matter Baryonic matter
density parameter density parameter

1. How many baryons are in the Universe?

* Big Bang Nucleosynthesis (BBN)
« Recombination era - Cosmic microwave background (CMB)
* Astronomical measurements




Evidence for dark matter (DM)

2. Does the Universe contain non-baryonic DM?

* Cosmic Microwave Background (CMB)
» Large scale structure formation




Does the Universe contain non-baryonic DM?

Evidence from CMB

CMB — Black body — 1(0,¢

Observable: angular power spectrum
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Does the Universe contain non-baryonic DM?

Evidence from CMB

N. Aghanim et al. Planck 2018 results. VI. Cosmological parameters. 2018.
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Does the Universe contain non-baryonic DM?

Evidence from large scale structure formation

Mon. Not. Roy. Astron. Soc., 398:1150, 2009.
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The large-scale structure of the Universe. Nature, 440:1137, 2006




Evidence for dark matter (DM)

2. Does the Universe contain non-baryonic DM?

Evidence for DM at astrophysical scale

 Gravitational lensing

e (Galactic rotation curves
G S




G S

Does the Universe contain non-baryonic DM?

Evidence from gravitational lensing, e.g. Bullet cluster

Annual Review of Astronomy and Astrophysics, 48:87{125, 2010}
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Does the Universe contain non-baryonic DM?

Evidence from spiral galaxy velocity rotation curves

UGC02885 (1, 0.96, 1.02)

NGC6195 (1, 1.0, 1.04)
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NGC5371 (1, 0.75, 0.99)
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The Astronomical Journal,

152(6):157, 2016




Alternative to DM
Example: MoND

M. Milgrom. A Modification of the Newtonian dynamics as a possible
alternative to the hidden mass hypothesis. Astrophys. J., 270:365-370, 1983.

Phenomenological modification of Newtonian dynamics which reproduces experimental
rotation curves

g =8N if g>a

a .
g=ev, i g<aq

gmr=mV(2; —>V(2;=gr=,/gNaOr=\/GNMaO=const

No fundamental theory of modified gravity have been found yet which
can explain all the gravitational observations at the same time
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Missing mass problem

Dark matter

Particle * MAcroscopic Compact Halo Objects (MACHOs)
- Primordial Black Holes (PBH)

Ruled out as the main component of DM
Phys. Rev. Lett., 121(14):141101, 2018.
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- Sterile neutrino - WIMP
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V. Zema, Master thesis, University of
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Selected dark matter particle models

WIMP definition as a thermal
relic can be extended to sub-

: : GeV dark matter particles
e e

Sterile neutrino .
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Fermionic particle

Right handed massive neutrino
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model if involved in the neutrino mass term
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direct detection

Detection techniques

indirect detection
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production at accelerators
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Detection techniques

indirect detection

(direct detection)

production at accelerators
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DM mass density distribution

DM velocity distribution
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Generalities of dark matter direct detection

DM mass density distribution

The most accurate DM-halo mass density profile is the spherically symmetric Einasto profile

[ = ) . g .
a Jaan Einasto. On the construction of a composite model for the galaxy
2 r and on the determination of the system of galactic parameters. Trudy
ID(I") — ,0_2 exp { —— R SN 1 S Astrozicheskogo Instituta Alma-Ata, 5:87-100, 1965.
a 7"_2 Houjun Mo, Frank Van den Bosch, and Simon White. Galaxy formation
_ % e,

and evolution. Galaxy formation and evolution. Cambridge University
Press, 2010.

DM velocity distribution
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Generalities of dark matter direct detection

DM mass density distribution

The most accurate DM-halo mass density profile is the spherically symmetric Einasto profile
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a Jaan Einasto. On the construction of a composite model for the galaxy
2 r and on the determination of the system of galactic parameters. Trudy
ID(I") — ,0_2 exp { —— R SN 1 S Astrozicheskogo Instituta Alma-Ata, 5:87-100, 1965.
a 7"_2 Houjun Mo, Frank Van den Bosch, and Simon White. Galaxy formation
_ % e,

and evolution. Galaxy formation and evolution. Cambridge University
Press, 2010.

DM velocity distribution

Simulations show that the Maxwell-Boltzmann distribution function is the most accurate velocity distribution
in the Solar neighbourhood when also the role of baryons is included in the simulations

Nassim Bozorgnia and Gianfranco Bertone. Implications of hydrodynamical
simulations for the interpretation of direct dark matter searches. Int. J. Mod.
Phys., A32(21):1730016, 2017.
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DM is on average at rest in the galactic reference frame Phys., A32(21)11 7508
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Generalities of dark matter direct detection

Two observables:

1. Energy spectrum R=Np¢o o
2. Annually modulating energy spectrum «—
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Generalities of dark matter direct detection
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1. Energy spectrum R =@¢ g 0
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Generalities of dark matter direct detection

d
Two observables: /
1. Energy spectrum R =0 0
/
dR @ | v)?et+vcgiz£ | <Vesc

d_ER B @‘@ VS|V,

do
) _(ERa vdet)
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Generalities of dark matter direct detection
J
Two observables: o
1. Energy spectrum R @@‘@ 0
T/

det l
dR @ | v)(e +V§gt | <Vese
— A

dEp @’@ V|,

do
[
dvj‘” | v)c;’et |f(V§;€t + Vi,jt) d?R(ER, Vdet )
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Generalities of dark matter direct detection
. J
Two observables: e
1. Energy spectrum R @@‘@ o
T/

det l
dR @ | v)(e +vcgigt | <Vese
— A

d_ER B @‘@ VS|V,

do
_(ER’ vdet)

det | yd det gal
avget|vier| f(veet + v
dEg

a’et)

l

( 3/2
1 _1 —(Vdet—vdeﬁ)z/v2 det det gal
N — frad dety e Wz T Vea) Vo for |vger —vaer | < &
f(vga)zf(vet_ve)_< Nese <7TV2> 8d
X X gal 0
LO, otherwise

Samuel K. Lee, Mariangela Lisanti, and Benjamin R. Safdi. Dark-Matter
Harmonics Beyond Annual Modulation. JCAP, 1311:033, 2013.

Truncated Standard Halo Model (SHM)
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Generalities of dark matter direct detection
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Two observables:
Earth
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Generalities of dark matter direct detection

|
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Halo anisotropy: gravitational focusing

Time of the year of maximum differential rate

| DITo [} S S |
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= T
- i
PLd
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»,
~~..
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_________

June 1+ | ‘__"""'T"
June | 100 200 300 400
Vmin (km/s)

G S Samuel K. Lee, Mariangela Lisanti, Annika H. G. Peter, and Benjamin R. Safdi. Effect of Gravitational Focusing on Annual
Modulation in Dark-Matter Direct-Detection Experiments. Phys. Rev. Lett., 112(1):011301, 2014.
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Generalities of dark matter direct detection

x| Mo
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Convention: spin independent (Sl) and spin dependent (SD) interactions:

dog, B 2 my ~ P
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Generalities of dark matter direct detection

—_— |ﬂ |2
X
]ER NR

Convention: spin independent (Sl) and spin dependent (SD) interactions:

dog,

@Sl — )?)(N N point like and NR approximation d_ER
_ S—

Osp = 27" x¥Ny,r°N dog,

dE,

g=0

q=0

2 my

— (Z f,+ (A= Z)f,)?

Gi

5,(0
" ar + e A

If the nucleus cannot be considered as point like, nuclear form factors must be included

do B do
dEp  dEg | _,

- F(g)

Conventionally, Helm form factor for Sl interactions (see Lewin & Smith, 1996)
Axial structure function for SD interactions (see Engel, Pittel & Vogel, 1992)

G S
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Generalities of dark matter direct detection

https://supercdms.slac.stanford.edu/dark-matter-limit-plotter
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Generalities of dark matter direct detection

cleon dgg [pb]

The case of DAMA/LIBRA
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Total exposure (ton x yr): 2.17
Statistical significance: 12.00
Period (yr):  0.9987 4+ 0.0008
Phase (days): 145+ 5
Amplitude ([day kg keV]™1):  0.0096 & 0.0008

R. Bernabei et al. First Model Independent Results from DAMA/LIBRA-PhaseZ2. Universe, 4(11):116, 2018
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DM direct detection EFT: two applications

Non-relativistic effective field theory (NREFT)

G S

do W |2
— X
dE, NR

4 N

A. Liam Fitzpatrick, Wick Haxton, Emanuel Katz,
Nicholas Lubbers, and Yiming Xu. The Effective Field

Theory of Dark Matter Direct Detection. JCAP,
1302:004, 2013.

JiJi Fan, Matthew Reece, and Lian-Tao Wang. Non-
relativistic effective theory of dark matter direct
detection. JCAP, 11:042, 2010.
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Non-relativistic effective field theory (NREFT) A. Liam Fitzpatrick, Wick Haxton, Emanuel Katz

Nicholas Lubbers, and Yiming Xu. The Effective Field

Theory of Dark Matter Direct Detection. JCAP,
1302:004, 2013.

JiJi Fan, Matthew Reece, and Lian-Tao Wang. Non-
relativistic effective theory of dark matter direct
detection. JCAP, 11:042, 2010.

NREFT application, limitations and subsequent developments

1. The exclusion of light mesons from the theory, motivated by g < 200 MeV

2. The use of the shell model for the calculation of the nuclear structure functions

3. From the application point of view, the tendency to use single building blocks to derive

experimental constraints or phenomenological conclusions, neglecting the matching with the UV-
energy-scale.
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1. Annual modulation depends on DM interactions
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- Sebastian Baum, Katherine Freese, and Chris Kelso. Dark Matter implications
of DAMA/LIBRA-phase2 results. Phys. Lett. B, 789:262{269, 2019

- Sunghyun Kang, Stefano Scopel, Gaurav Tomar, and Jong-Hyun Yoon.
DAMA/LIBRA-phase2 in WIMP effective models. JCAP, 1807(07):016, 2018
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1. Annual modulation in NREFT
Motivations

1. Annual modulation depends on DM interactions

2. Non-standard EFT interactions fit better the latest DAMA results

- Sebastian Baum, Katherine Freese, and Chris Kelso. Dark Matter implications
of DAMA/LIBRA-phase2 results. Phys. Lett. B, 789:262{269, 2019

- Sunghyun Kang, Stefano Scopel, Gaurav Tomar, and Jong-Hyun Yoon.
DAMA/LIBRA-phase2 in WIMP effective models. JCAP, 1807(07):016, 2018

3. Non-standard EFT interactions might in principle give rise to new, observable phenomena
(target dependence)

- Eugenio Del Nobile, Graciela B. Gelmini, and Samuel J. Witte. Target

dependence of the annual modulation in direct dark matter searches. Phys.
Rev. D, 91(12):121302, 2015

- Eugenio Del Nobile, Graciela B. Gelmini, and Samuel J. Witte. Prospects

for detection of target-dependent annual modulation in direct dark matter
searches. JCAP, 1602(02):009, 2016.
Goal

Systematic study of the annual modulation properties in NREFT which can
help characterising and discriminating the DM signal

S
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Theoretical framework

key point: all the timing information is contained in the relative velocity, v(t)

l

The relative velocity appears in the differential rate
In the velocity distribution and in the cross-section

dR P do(v
— = def(v) oW
dER mme dER

Four categories of building-blocks
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Theoretical framework
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1. Annual modulation in NREFT

dR =
d_E(Vmin, t) X [A(me) ﬂ(vmin’ t) + B(Vmin) n(vmin’ t)]

Magnetic Dipole Dark Matter (MDDM)
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Eugenio Del Nobile, Graciela B. Gelmini, and Samuel J. Witte. Target
dependence of the annual modulation in direct dark matter searches. Phys.
Rev. D, 91(12):121302, 2015
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Results: Amplitude of modulation

1. Annual modulation in NREFT
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2. Search for dark matter with polarised nuclei

Motivations

Chi-Ting Chiang, Marc Kamionkowski, and Gordan Z. Krnjaic. Dark Matter Detection with Polarized Detectors.
Phys. Dark Univ., 1:109-115, 2012.

"If WIMPs are fermions and participate in parity-violating interactions with ordinary matter, then the
recoil-direction and recoil-energy distributions of nuclei in detectors will depend on the orientation
of the initial nuclear spin with respect to the velocity of the detector through the Galactic halo."

d
d_“=A+B(v-sT)+B' (V' - Sy7)

Egr

G S
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2. Search for dark matter with polarised nuclei

Motivations

Chi-Ting Chiang, Marc Kamionkowski, and Gordan Z. Krnjaic. Dark Matter Detection with Polarized Detectors.
Phys. Dark Univ., 1:109-115, 2012.

"If WIMPs are fermions and participate in parity-violating interactions with ordinary matter, then the
recoil-direction and recoil-energy distributions of nuclei in detectors will depend on the orientation
of the initial nuclear spin with respect to the velocity of the detector through the Galactic halo."

Goal

Extend previous work to spin-1 dark matter particles using EFTs in order to
highlight methods to identify the dark matter spin in case of positive signal

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with polarised targets.
JCAP, 11:018, 2018.

G S
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2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Theoretlcal framework polarised targets. JCAP, 11:018, 2018

Observable: double differential rate
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Effective Lagrangian for fermionic DM
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R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Theoretlcal framework polarised targets. JCAP, 11:018, 2018

Observable: double differential rate
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2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Resu Its polarised targets. JCAP, 11:018, 2018

Observable: double differential rate
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Transition amplitude for fermionic DM

)P = (16m§ ) [(A2 + 31)2)+

m,
AB 1—— +2BD+CD {1+ — +

mr

m,
AB 2BD+CD<1——>

mr

32




DM direct detection EFT: two applications

2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Resu Its polarised targets. JCAP, 11:018, 2018

Observable: double differential rate

gal
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2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Resu Its polarised targets. JCAP, 11:018, 2018

Further observable: Purely polarisation dependent part of the differential scattering rate
dAR 1 (dR(SN) dR(—SN)>

dE,dQ ~ 2 \ dEdQ  dEpdQ
Spin% Spin 1
Q 71-_ | | -
N . .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
COSQY COsSQY
EE | |
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dAR/dQdERlkg *day 'keV tsr!]

G S m, = mp = mg = 100 GeV
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2. Search for dark matter with polarised nuclei

R. Catena, K. Fridell, and V. Zema. Direct detection of fermionic and vector dark matter with

Resu Its polarised targets. JCAP, 11:018, 2018

Differential rate

0.03 Spin % Spin 1
| —1/|ARy o[ (d| ARy jo| /dER) —1/|ARy|(d|AR,|/dER)
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m, = mp = mg = 100 GeV
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DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

INFN

LNGS

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Gran Sasso
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Cryogenic Rare Event Search with Superconducting Thermometers
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DM search with the CRESST experiment

CRESST-III; the detectors

Cryogenic Rare Event Search with Superconducting Thermometers

- CaWO; scintillating crystal
- Cryogenic temperature ~0O(10 mK)
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DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III; the detectors

- CaWO; scintillating crystal
- Cryogenic temperature ~0O(10 mK)

Both the energy converted in heat (phonons) and the
energy converted in scintillation light are detected

"Silicon on Sapphire (SOS)+TES is the
light detector

C‘aWO4+TE‘S is the phonon detector
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DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: working principle
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Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: particle discrimination
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Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: particle discrimination
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DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: particle discrimination

Light pulse energy

Light Yield (LY) =
Phonon pulse energy
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Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: particle discrimination
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The events in the LY vs Energy plane distribute along horizontal bands
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Cryogenic Rare Event Search with Superconducting Thermometers

CRESST-III: particle discrimination

Light pulse energy

Light Yield (LY) =
Phonon pulse energy

The events in the LY vs Energy plane distribute along horizontal bands

ely

The ratio LY(X)/LY(e™) is the Quenching
Factor of the particle X (QF).

Light Yield

The QF is smaller as heavier is X.

£ O 8

0 40 50 | 100 | 150
Energy (keV)

R. Strauss et al., Energy-Dependent Light Quenching in CaWO4
Crystals at mK Temperatures, Eur.Phys.J.C 74 (2014) 7, 2957
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DM search with the experiment

1. Spin-dependent search in 7Li target

Motivation: Lithium target nucleus

1. One of the lightest targets
Spin matrix elements (S, ,) # 0

Neutron capture °Li + n —» a +> H + 4.78 MeV

sotope 2 Abundance Jf ()  (Sw)  Ref for (Sy)  gofuem g Vi, o o Ciog Heten
°Li 3 0-0759(4) 1+ 0.464(3) 0.464(3) [198] ———9 hyperspherical harmonic basis. 4 2020
7Li 3 0.9241(4) 3/2— 0.497 0.004 [229, 230] — V. A. Bednyakov and F. Simkovic. Nuclear spin structure

in dark matter search: The Zero momentum transfer limit.
Phys. Part. Nucl., 36:131-152, 2005. [Fiz. Elem. Chast.
Atom. Yadra36,257(2005)].

Goal
Demonstrate the advantage of Li-based target materials for the DM search

A.H. Abdelhameed et al. First results on sub-GeV spin-dependent dark
G S matter interactions with 7Li. Eur. Phys. J. C, 79(7):630, 2019
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1. Spin-dependent search in 7Li target

Motivation: Lithium target nucleus

1. One of the lightest targets
Spin matrix elements (S, ,) # 0

Neutron capture °Li + n —» a +> H + 4.78 MeV

sotope 2 _Abundance Jf  (Sp)  {Sw)  Ref for {Sy) ~ Gouameen teenes Vi, s cags Cen e
°Li 3 0-0759(4) 1+ 0.464(3) 0.464(3) [198] ———9 hyperspherical harmonic basis. 4 2020
7Li 3 0.9241(4) 3/2— 0.497 0.004 [229, 230] — V. A. Bednyakov and F. Simkovic. Nuclear spin structure

in dark matter search: The Zero momentum transfer limit.
Phys. Part. Nucl., 36:131-152, 2005. [Fiz. Elem. Chast.
Atom. Yadra36,257(2005)].

Theoretical framework: conventional SD interactions

dR [ dR : 2my [GeV] <JT+1> U
dEg - dER m, [GeV] 3Jr Hpin

GeV cm]

cm3 s

A.H. Abdelhameed et al. First results on sub-GeV spin-dependent dark
G S matter interactions with 7Li. Eur. Phys. J. C, 79(7):630, 2019
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1. Spin-dependent search in 7Li target

Results

T T T T T 1 10'26 - —_ | i i i 1 _10'21(\7-\
3 == CRESST-Li2019 = =1 Borexino 2019 N 'D : B CRESST-Li2019 mm= = CRESST-III 2019
[=% .27 & Qe —] E
~ B . 10 O ~ mm= »  CDMSlite 2017 s EDELWEISS-Surf Migdal 2019 Q
=) w== = CDMSlite 2017 mm Collar 2018 N— Q ________________________________________________________ | 10_ 23 p—a
7 =% -28 =) [ =] EDELWEISS-Surf 2019 = [ UX 2016 — [a)
o) === EDELWEISS-Surf 2019 === LUX 2016 10 © & © Ot UUURRRUURRRRROE SRR ] 2R
b = = =1 PandaX-112017 m—— XENONIt 2019 1 b
j = = = PandaX-112017 m— XENONIt 2019 10_ 29 __ 10_ 25
- - - -30 h—
10
N 10— 27
10 =z
Z 10- 32 O 10- 29
O -3 o
10 _
5 34 I_ 10 !
~ T
D— 10- 35 I—LI 10- 33
- 36
.......................................................................................................... 10 ]
10°%
10- 37
o 10-7
39
10 10°%
10°%
10
Dark Matter Particle Mass (GeV/c?) Dark Matter Particle Mass (GeV/c?)

2 Small cubic Li2MoO4 (1 cm side)

2 Above ground laboratory

2 Effective time of 9.68 hours

2 Energy threshold of 0.932 + 0.012 keV

A.H. Abdelhameed et al. First results on sub-GeV spin-dependent dark
G S matter interactions with 7Li. Eur. Phys. J. C, 79(7):630, 2019
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DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

Motivation: CRESST-Ill data release

% 103 = T T I I I I I I I I I I I I I ‘ I I I ‘ I I I | I I I =
a — . All events 7
) - ]
o B |
a . Accepted events
c - _
S
o
& 102 — —
10 E
i3 IMJ[H
- 1

10 12 14 16
Energy (keV)

0 2 4 6 8

2. Annual modulation phenomenology in CRESST-II

A.H. Abdelhameed et al. First results from the CRESST-IIl low-mass dark
matter program. Phys. Rev. D, 100(10):102002, 2019
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o 2. Annual modulation ph logy in CRESST-III
Motivation: CRESST-IIl data release nnual modulation phenomenology in

A.H. Abdelhameed et al. First results from the CRESST-IIl low-mass dark
matter program. Phys. Rev. D, 100(10):102002, 2019

% 103 - I I I I I I I I I I I I I I I ‘ I I I ‘ I I I | I I I E
Q = . All events . ;—_’
g 1 =
e | i
a . Accepted events 3!
c - _
5
o
©10° - =
10 E
B 7] -0.53
1= :
- | :
1 0 1 2 1 4 1 6 _1 W | | | | | | ‘ | | | | | | | | | | | | | | | ‘ | | | ‘ | | |

0 2 4 6 8

1
Energy (keV) 2 4 ® 8 10 12 En;:"gy (keV)G
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Cryogenic Rare Event Search with Superconducting Thermometers

Motivation: CRESST-Ill data release

% 103 = T T T T T T T T T T T T T T ‘ T T T ‘ T T T | T T T =
Q - . All events .
o - ]
<% n _
a . Accepted events
c ~ _
=
o
& 102 — —
10 E
'E M‘[ﬂ
- 1

10 12 14 16
Energy (keV)

0 2 4 6 8

2. Annual modulation phenomenology in CRESST-II

A.H. Abdelhameed et al. First results from the CRESST-IIl low-mass dark
matter program. Phys. Rev. D, 100(10):102002, 2019

Light Yield

10 12 14 16
Energy (keV)

Does time information help DM signal identification,
when a background similar to the excess observed in CRESST-III is present?

S
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2. Annual modulation phenomenology in CRESST-II

Statistical theory

1. The problem of signal discovery

2. The problem of model selection

46
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Cryogenic Rare Event Search with Superconducting Thermometers

2. Annual modulation phenomenology in CRESST-II

Statistical theory

1. The problem of signal discovery

%b %b+s

S

47


https://xdb.lbl.gov/Section1/Sec_1-3.html
https://xdb.lbl.gov/Section1/Sec_1-3.html

DM search with the CRESST experiment

Cryogenic Rare Event Search with Superconducting Thermometers

2. Annual modulation phenomenology in CRESST-II

Statistical theory

1. The problem of signal discovery
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2. Annual modulation phenomenology in CRESST-II

Statistical theory

1. The problem of signal discovery
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Statistical theory 2. Annual modulation phenomenology in CRESST-III

1. The problem of signal discovery

%b\ %b-l\
L(H | b) L(H | b+ s) L(H .| D) L(H | b+ 5)
P L(H | D) _ oy L(H s 1 D)
’e "\ 2@, 15+ b) s = S\ 2y, s+ 0)
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Statistical theory 2. Annual modulation phenomenology in CRESST-III

1. The problem of signal discovery

%b \ %b-l\
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Statistical theory 2. Annual modulation phenomenology in CRESST-III

1. The problem of signal discovery
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2. Annual modulation phenomenology in CRESST-II

Statistical theory

1. The problem of signal discovery

- ; | 5 < L(F | D) )
o _ ’ = — (0]
e Neyman-Pearson’s lemma q 8 LI |s+ D)
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Statistical theory 2. Annual modulation phenomenology in CRESST-III

1. The problem of signal discovery

The N P | 21 ( =AYaL) >

° - ’ = — o

e Neyman-Pearson’s lemma q 8 P(H s+ b)
. _ L9 b))

* The profile-likelihood method q=—2log

L( | jis + b))
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L. 2. A I dulation phenomenology in CRESST-III
Statistical theory nhual modulation p gy |

1. The problem of signal discovery

The N P | 21 ( =AYaL) >

° - ’ = — o

e Neyman-Pearson’s lemma q 8 P(H s+ b)
. L9 b))

* The profile-likelihood method q=—2log

L( | jis + b))

2. The problem of model discrimination

L(H |5y + b))
L(H o\ s, + b))
LT | 50+ b(9))
L | 54+ b(0))

qo = —2 log
* The profile-likelihood method

q,=—2log

G S
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Statistical theory 2. Annual modulation phenomenology in CRESST-III

1. The problem of signal discovery

The N P | 21 ( =AYaL) >

° - ’ = — o

e Neyman-Pearson’s lemma q 8 P(H s+ b)
. _ L9 b))

* The profile-likelihood method q=—2log

L( | jis + b))

2. The problem of model discrimination

L(FH | s+ b))

PL(H,|s, + b()) So — Sl-model
LK, s0+b@) s — MDDM-model
L(H |5, + b))

qo = —2 log
* The profile-likelihood method

q,=—2log

G S
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Background simulation

dN,

dE

energy spectrum (3.63 kg x day)

2. Annual modulation phenomenology in CRESST-II

= po+p, E+ p, e7EPs + N,, Gauss(E, E,,, 6y,) + N; Gauss(E, E;, o7)

10° -

10

M-shell

Hafnium binding energies

L-shell

2.6 keV 11.3 keV

Mg L,
L]l A HuﬂuﬂLr

h
Entries 1260
Mean 2.466
Std Dev 4.328

1

i

o

R. Strauss et al., Beta/gamma and
alpha backgrounds in CRESST-II
Phase 2 JCAP06(2015)030

14 16

E [keV]

2019 D. Schmiedmayer

Master thesis
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2. Annual modulation phenomenology in CRESST-II

Signal simulation

1. Problem of signal discovery

Benchmarks

ol DAMA/LIBRA best
1 PoS, ICHEP2018:353, 2019.

=F

50




DM search with the experiment

: : : 2. Annual modulation phenomenology in CRESST-III
Signal simulation

1. Problem of signal discovery

Benchmarks
, ) _ag , ct DAMA/LIBRA best
m,=11.7 GeV/c?, o) = 2.67-107°°cm? and r = — =—-0.76 fit parameters
1 PoS, ICHEP2018:353, 2019.
m =300 GeV/C?, o =4-10-2cm? and r=<L o1 DarkSide upper limit
“ 0 cf Phys. Rev. Lett., 121(8):081307, 2018.

G S
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: . : 2. Annual modulation phenomenology in CRESST-III
Signal simulation

1. Problem of signal discovery

Benchmarks
) ) _ag ) ct DAMA/LIBRA best
1 PoS, ICHEP2018:353, 2019.
m,=3.00GeV/c2, o/=4-10"cm? and r=—=1 DarkSide upper limit
cf Phys. Rev. Lett., 121(8):081307, 2018.
Differential rate maximization
"_'E 1JU“ :_ E
m, > 3.00 GeV/c’ e E
‘N’rz 4—5 [27Al-m, = 10 GeV ]
. 27 - 1 X
Target: <" Al o :
:— 1 _01
Er <200 eV :
jen E
1D°°:|_...|....|....|....E....|....|....|....|...
50 100 150 2Q0 250 300 350 400
' v_. [km/s]

G S
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: : : 2. Annual modulation phenomenology in CRESST-III
Signal simulation

1. Problem of signal discovery

Benchmarks
ol DAMA/LIBRA best
m,=11.7 GeV/c?, of=2.67-10"8cm? and r= C—; = —0.76 fit parameters
1 PoS, ICHEP2018:353, 2019.
Cn . . .
m,=3.00GeV/c2, o/ =4-10"cm? and r=—=1 DarkSide upper limit
cf Phys. Rev. Lett., 121(8):081307, 2018.
2. Problem of model selection
Cl’l
m, =3.00 GeV/c?, of =4-10"2cm? and r= C—; =1 For the Sl-model
1

G S
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: : : 2. Annual modulation phenomenology in CRESST-III
Signal simulation

1. Problem of signal discovery

Benchmarks
) ) a8 ) c! DAMA/LIBRA best
m,=11.7 GeV/c?, o) = 2.67-10°°cm? and r = — =—0.76 fit parameters
1 PoS, ICHEP2018:353, 2019.
m =300 GeVICY, of =4-102 ¢ and r=SL - DarkSide upper limit
“ 0 cf Phys. Rev. Lett., 121(8):081307, 2018.
2. Problem of model selection
Cl’l
m, =3.00 GeV/c?, of =4-10"2cm? and r= C—; =1 For the SI-model
1
m, = 3.00 GeV/c?, oyp=4.72-10"* cm? corresponding

MDDM benchmark

G S




DM search with the experiment

2. Annual modulation phenomenology in CRESST-III
Results P i

1. Problem of signal discovery

Example for known background

mr time A As N inter p-value 1D p-value 2D

23g 1lyr 10° ~141 103 ~ () ~ ()
/" 104 " /" 0.046 0.045
/" " 10° " /" 0.284 0.247
2x23g " " 283 " 0.161 0.163
3x23g " /" 424 /" 0.055 0.077

In the conditions considered,
the annual modulation search does not improve the significance power
for the signal discovery

G S
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Results

2. Problem of model selection

2. Annual modulation phenomenology in CRESST-II

m, =3.00 GeV/c?, of=4-100%cm? and r=—=1
cf
m, =3.00 GeV/c?, oyp =4.72-107* cm? corresponding MDDM benchmark
My mr  time Ab As N inter p-value 1D p-value 2D
3GeV/c? 23g 1yr 103 ~22  10° 0.467 0.338

" 230 g 2yr 2-10° ~44 ” 0.101 0.145
i 7 5yr 5-10° ~110 7 0.056 (0.02, 0.021) 0.024 (0.025)
o 1 kg " 2-10% ~ 478 7 ~ () ~ ()
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DM search with the experiment

Results

2. Problem of model selection

2. Annual modulation phenomenology in CRESST-II

m, =3.00 GeV/c?, of =4 1072 cm2 and r=—=1

m, = 3.00 GeV/c?, oy, =4.72-10"* cm? corresponding MDDM benchmark

Additional observation

My mp  time Ap As N inter p-value 1D p-value 2D
3GeV/c? 23g 1yr 103 ~22  10° 0.467 0.338
" 230 g 2yr 2-10° ~44 ” 0.101 0.145
" ” 5yr 5-10% ~ 110 ” 0.056 (0.02, 0.021) 0.024 (0.025)
/" ke 7 2.10* ~478 ” ~ () ~ ()
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DM search with the

experiment

Results

2. Problem of model selection

m, = 3.00 GeV/c?, o’ =4- 1042 cm2

Additional observation

2. Annual modulation phenomenology in CRESST-II

corresponding MDDM benchmark

My mp  time Ap As N inter p-value 1D p-value 2D
3GeV/c? 23g 1yr 103 ~22  10° 0.467 0.338
" 230 g 2yr 2-10° ~44 ” 0.101 ~ 0.145
! K 5yr 5-10% ~ 110 7 0.056 (0.02, 0.021)\ 0.024 (0.025)
4 lkg " 2-10% ~4T8 ” ~ () \ ~ ()
With detector efficiency of 50-70% in each bin /
0.453
0.229) &
0.175
0.129

S
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2. Annual modulation phenomenology in CRESST-III
Results P i

2. Problem of model selection

m, = 3.00 GeV/c?, o’ =4- 1042 cm2

m, =3.00 GeV/c?, oyp =4.72-107* cm? corresponding MDDM benchmark
Additional observation

My mp  time Ap As N inter p-value 1D p-value 2D
3GeV/c? 23g 1yr 103 ~22  10° 0.467 0.338
" 230 g 2yr 2-10° ~44 ” 0.101 ~ 0.145
! K 5yr 5-10° ~110 7 0.056 (0.02, 0.021)\ 0.024 (0.025)
4 lkg " 2-10% ~4T8 ” ~ () \ ~ ()
With detector efficiency of 50-70% in each bin /
0.453
0.229) &
0.175
0.129
lkg 2yr 5103 0.072
S
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

COSINUS

I N F N phenomenology

LNGS

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Gran Sasso
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COSINUS: Cryogenic calorimeter based on Nal crystals

INFN

LNGS

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Gran Sasso

SN

COSINUS

phenomenology

three level building

service
level

cryostat

service
level

low |
L

|

V-‘

C = W

cryostat

=i A
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Scientific motivation COSINUS

phenomenology

Provide a target and model independent cross-check of DAMA/LIBRA results
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COSINUS: Cryogenic calorimeter based on Nal crystals

Scientific motivation

SN

COSINUS

phenomenology

Provide a target and model independent cross-check of DAMA/LIBRA results

Single-channel

DAMA/LIBRA
COSINE-100
ANAIS-112
SABRE
PICO-lon

WORKING PRINCIPLE

Room temperature scintillators
searching for modulation

G S

Dual-channel

- COSINUS

WORKING PRINCIPLE

Cryogenic scintillating calorimeter
which discriminates nuclear recoill
events from (/y-events
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Experimental concept COSINUS

phenomenology

Phonon-channel

» Nal crystal, "Absorber”
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Experimental concept COSINUS

phenomenology

Phonon-channel

» Nal crystal, "Absorber”

> Crystal of harder material (e.g. CdWO,)
which carries the TES, "Carrier"

Light-channel

> Silicon beaker, "Light absorber",
equipped with a TES

56



Experimental concept

G S

COSINUS: Cryogenic calorimeter based on Nal crystals

SN

COSINUS

phenomenology

_ Thermal link
% <
TES

-€— Si beaker as light absorber

=< Nal target crystal

Interface

-—— Carrier crystal (e.g. CAWO,)

é‘\ TES

— Thermal link
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SN

COSINUS

phenomenology

TES transition curve o

Experimental concept
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Experimental concept COSINUS

phenomenology
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Status of prototype development

COSINUS

phenomenology

2nd COSINUS prototype performance

K. Schéffner et al. A Nal-Based Cryogenic Scintillating Calorimeter: Results from a
COSINUS Prototype Detector. J. Low. Temp. Phys., 193(5-6):1174-1181, 2018

Mass: ~ 66 g
Exposure: 1.32 kg days
Crystal dimension: (20 x 20 x 30) mm?
Interface: Epoxy resin
Phonon detector threshold: [8.26 4+ 0.02 (stat.)] keV (opgserine = 1.01 keV)
Light detector threshold: 0.6 keVee (0paseline = 0.015 keV)
Energy detected in light: ~ 13%
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phenomenology

2nd COSINUS prototype performance

K. Schéffner et al. A Nal-Based Cryogenic Scintillating Calorimeter: Results from a
COSINUS Prototype Detector. J. Low. Temp. Phys., 193(5-6):1174-1181, 2018

Mass: ~ 66 g
Exposure: 1.32 kg days
Crystal dimension: (20 x 20 x 30) mm?
Interface: Epoxy resin
Phonon detector threshold: [8.26 4+ 0.02 (stat.)] keV (opgserine = 1.01 keV)
Light detector threshold: 0.6 keVee (0pgsetine = 0.015 keV)
Energy detected in light: ~ 13%

pure Nal (~ 10 % in Tl-doped Nal)
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Status of prototype development
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2nd COSINUS prototype performance

K. Schéffner et al. A Nal-Based Cryogenic Scintillating Calorimeter: Results from a
COSINUS Prototype Detector. J. Low. Temp. Phys., 193(5-6):1174-1181, 2018

Mass: ~ 66 g
Exposure: 1.32 kg days
Crystal dimension: (20 x 20 x 30) mm?
Interface: Epoxy resin
Phonon detector threshold: [8.26 4+ 0.02 (stat.)] keV (opgserine = 1.01 keV)
Light detector threshold: 0.6 keVee (0paseline = 0.015 keV)
Energy detected in light: ~ 13%

Already below the one of DAMA/LIBRA
(~ 1 keV,,)
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Status of prototype development

COSINUS

phenomenology

2nd COSINUS prototype performance

K. Schéffner et al. A Nal-Based Cryogenic Scintillating Calorimeter: Results from a
COSINUS Prototype Detector. J. Low. Temp. Phys., 193(5-6):1174-1181, 2018

Mass: ~ 66 g
Exposure: 1.32 kg days
Crystal dimension: (20 x 20 x 30) mm?
Interface: Epoxy resin
Phonon detector threshold: [8.26 4+ 0.02 (stat.)] keV (opgserine = 1.01 keV)
Light detector threshold: 0.6 keVee (0pasetine = 0.015 keV)
Energy detected in light: ~ 13%

The best recent prototypes arrive at 5 — 6 keV (the phonon detector energy
threshold is not quenched).
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Pulse shape model COSINUS

phenomenology

The general model for TES-based cryogenic detectors was published by Prdbst et al. in 1995 (F. Prébst et al, J.
Low Temp. Phys. 100,69 (1995)).

L T,  heatbath
Ceo [ aT
Ce, T, ‘—Pe O f:zigg?;eitzr Ce dt + Gea(Te — Ta) + Geb(Te _ Tb) =P e(t )
G = G \ _ar
ab e . a
i phonons in C, +G,T,-T)+G,(T,—T,) =P,/ )
Gea thermometer | ¢ dt
P,(0) ;
a phonons in
G h absorber
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phenomenology

The general model for TES-based cryogenic detectors was published by Prdbst et al. in 1995 (F. Prébst et al, J.
Low Temp. Phys. 100,69 (1995)).

L T,  heat bath
Gep ( dT
Ce, Te "Ee(—t)' Stlxeeﬁ;gﬁeitgr 4 Ce dze + Go(T, — 1) + Gpp(1, = 1)) = P,1)
Gap % Gep }G phqnons in C, d;;a +G6,,T,-T)+G,(T,—T,) =P/[)
ea thermometer .
% Gy ”x(t) = A X+ f(?)
Car T ‘fa-(ti igggfgesrm | Xe=0) = <§Z>

ATe(t) — H(t)[An (e—t/fn . e—t/rin) +At (e—t/rt . e—t/fn)]

S
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Pulse shape model COSINUS

phenomenology

The general model for TES-based cryogenic detectors was published by Prdbst et al. in 1995 (F. Prébst et al, J.
Low Temp. Phys. 100,69 (1995)).

[ T, heatbath
Geb 4
dT,
Ce, Te ‘_Pe O electrons In Ce dt + Gea(Te _ Ta) + Geb(Te _ Tb) =P e(t)
% o thermometer y o
G, . y
b p G phonons in Ca + Gea(Ta — Te) + Gab(Ta — Tb) — Pa(t)
ea thermometer L dt
G .
% - X(1) = A X+ f(7)
P,(O ; <4 Tb
a phonons in — —
G, L - absorber X(I _ O) — <Tb>

ATe(t) — H(t)[An (e—t/fn . e—t/rin) +At (e—t/rt . e—t/fn)]

Non—thermal Thermal

G S
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Pulse shape model COSINUS

phenomenology

The general model for TES-based cryogenic detectors was published by Prdbst et al. in 1995 (F. Prébst et al, J.
Low Temp. Phys. 100,69 (1995)).

R " ...... s e, Averaged Pulse
: . —— — Sum of Components
. : == Non-Thermal Component |
....................... ......................... ............ Thermal Component

Normalized Amplitude

Residuals

100
Time(ms)

ATe(t) — H(t)[An (e—t/fn _ e—t/rin) +At (e—t/rt _ e—t/fn)]

~

Non—thermal Thermal

G S




COSINUS: Cryogenic calorimeter based on Nal crystals

Motivation: Experimental findings

COSINUS

phenomenology

G. Angloher et al. Results from the first cryogenic Nal detector for the COSINUS project.
JINST, 12(11):P11007, 2017.

08—

Averaged Pulse
Sum of Components

Non-Thermal Component |
Thermal Component

0.8

Averaged Pulse
= == Sum of Components

- Non-Thermal Component
Thermal Component

Normalized Amplitude
Normalized Amplitude

0.6

0.4

0.2

Residuals
Residuals
o

-0.04

100
Time(ms)

100 -20
Time(ms)

COSINUS pulses are not well described by the general model. A good fit of the model to data is achieved if an
empirical additional thermal component is added.

S
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Motivation: Experimental findings COSINUS

phenomenology

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

S

64




COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Motivation: Experimental findings COSINUS

phenomenology

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is

visible.
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SN

Motivation: Experimental findings COSINUS

phenomenology

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is

visible.

Hypotheses

2 Peculiar phonon propagation in Nal with respect to other materials
2 The presence of the carrier cannot be neglected

2 The carrier is not transparent to the Nal scintillation light

S
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Motivation: Experimental findings COSINUS

phenomenology

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

Hypotheses

2 Peculiar phonon propagation in Nal with respect to other materials
Extension of pulse

2 The presence of the carrier cannot be neglected
shape model

2 The carrier is not transparent to the Nal scintillation light

S
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~

Cle y G (T.-T)+ G (T.-T,) =P,

dt

dr,
— + Goo(T, = T) + (T, — T;) =P,

Ca

-
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Proposal: Extended pulse shape model COSINUS
phenomenology

(4T, >

Ce dte + Go(T, = T) + G (T, — Tp) = P (1)
dT, ~

S Cc dtc + Gec(Tc _ Te) + Gac(Tc _ Ta) + (Tc _ Tb)Gcb — Pc(t)
dT, ~

Ca dta + Gac(Ta _ Tc) + Gab(Ta _ Tb) = Pa(t)
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Proposal: Extended pulse shape model COSINUS
T phenomenology
(4T,
Ce dt + Gea(Te _ Tc) + Geb(Te _ Tb) .
ar, "
) Cc dl + GeC(TC - Te) + Gac(TC - Ta) + (TC B Tb)GCb -«&—— Si beaker as light absorber
dr,
Ca At + GClC(TCZ - TC) + Gab(Ta — Tb) - Nal target crystal
\
Interface
- : Carrier crystal (e.g. CAWO,)
T ks
<~ Thermal link
G S
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

COSINUS
phenomenology
dr,
Ce dt + Gea(Te _ Tc) + Geb(Te _ Tb)
dT, g‘;;—/ TES
C. o5+ G (T, — T) + G,(T,— T) + (T, — T))G,,

dT,

Ca

S

Transmission [%]

100
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4 G,o(T, = T) + Go(T, — Ty)

-«&—— Si beaker as light absorber

Nal target crystal

/ Interface

<
<« Carrier crystal (e.g. CAWQO,)

\ TES
-~ 000 )
Thermal link

Transmission

— Sapphire

CaF,
—CdWO,
—CaWo,
—Nal emission peak - Nal(Tl) emission peak
:I | | | ! fe | | | I'I"I | | | | | | | | | | | | | | | | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8
A [nm]
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Proposal: Extended pulse shape model COSINUS
phenomenology
(4T, -
Ce dt + Gea(Te _ Tc) + Geb(Te _ Tb) — Pe(t)
Thermal link
dT, ~ g“j— TES
1 C o4 G (T, = T) + G T, — T) + (T, = T)G,, =P S
-«&—— Si beaker as light absorber
dr, N
Ca ” —|— GClC(TCZ —_— TC) —I— Gdb(TCl —_— Tb) = Pa(t) K Nal target crystal
L
Interface
- : Carrier crystal (e.g. CAWO,)
T s

~— .
Thermal link

3 3
Result AT ()= Y Aleh —e ] + ) B [eh'—e )
i=1 =1

Phonons inthe PD  Light in PD
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COSINUS
Why the EPSM could explain COSINUS experimental findings phenomenology

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + A t e—t/r)p]
i=1 i=1

G S
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COSINUS

Why the EPSM could explain COSINUS experimental findings phenomenology

1.

G S

COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be

identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

possible explanation
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COSINUS

Why the EPSM could explain COSINUS experimental findings phenomenology

1.

G S

COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be

identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

possible explanation

Light Detector Phonon Detector
E E
‘ A LY ==~
EP
: Ep
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Why the EPSM could explain COSINUS experimental findings phenomenology

1.

G S

COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be

identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

possible explanation

Light Detector Phonon Detector
Ef
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Why the EPSM could explain COSINUS experimental findings phenomenology

1.
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COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be

identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

possible explanation

Light Detector Phonon Detector
Ef

70




COSINUS: Cryogenic calorimeter based on Nal crystals

SN

COSINUS

Why the EPSM could explain COSINUS experimental findings phenomenology

1.

S

COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

possible explanation

Using this energy reconstruction method
neutrons cannot be discriminated

from [/y-events!

Ia
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COSINUS

Why the EPSM could explain COSINUS experimental findings phenomenology

1.

G S

COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

3 3
ATe(f) = ZAZ [e’Ii ¢ e_t/Tr/z] + l A t e—t/r)p]
i=1 i=1

COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be

identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is
visible.

Proposal: New energy reconstruction method based on EPSM

Light Detector
Ef

Phonon Detector

A
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

COSINUS
Validation of the EPSM with experimental data phenomenoclogy

Implementation by M. Stahlberg

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

G S
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COSINUS
Validation of the EPSM with experimental data phenomenoclogy

Implementation by M. Stahlberg

1. COSINUS pulse shape problem: COSINUS pulses are not well described by the original model. A good fit of
the model to data is achieved if an empirical additional thermal component is added.

Original model

-

Standard event

Amplitude [V]
Amplitude [V]

Standard event

Extended pulse madel, canst. basaline

i| =———— Bolometric pulse model, const. baseline

10°

10°

104

0.02
0.015
0.01

Residual [V]

0.005

-0.005
-0.01
-0.015

Tail well fitted using EPSM
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COSINUS
Validation of the EPSM with experimental data phenomenoclogy

Implementation by M. Stahlberg

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is visible.

Light Amplitude / A_
N
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S &
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O:IIIIIIlllIIIlIIIIllIIIIlIIIIIlIIIIIIIII:x]076

LY with energy reconstructed
with the new integrated
method based on EPSM
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Phonon propagation in Nal
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Large-scale Atomic/Molecular
Massively Parallel Simulator
(LAMMPS)
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Large-scale Atomic/Molecular
Massively Parallel Simulator
(LAMMPS)
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COSINUS: Cryogenic calorimeter based on Nal crystals

Molecular Dynamics Simulations

(intrinsic localised modes)

displacement [0.1 nm]
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S. A. Kiselev and A. J. Sievers. Generation of intrinsic
vibrational gap modes in three-dimensional ionic crystals.

Phys. Rev. B, 55:5755{5758, Mar 1997
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Conclusions

* DM DD effective field theory: two applications
» Annual modulation properties in NREFT
> Theoretical formalism for spin-1 dark matter search using polarised nuclei
e DM search with the CRESST experiment
» Spin-dependent search in 7Li targets
First studies on annual modulation search in CRESST-II
e COSINUS phenomenology

» Elaboration of the extended pulse shape model proposed to explain COSINUS
experimental findings

New approach based on solid state physics for the study of Nal phonon
propagation properties
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On slide 14: Graphic view of our Milky Way Galaxy. Credit: NASA/Adler/U. Chicago/Wesleyan/JPL-Caltech.
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NREFT building blocks
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DM direct detection EFT: two applications

1. Annual modulation in NREFT

Theoretical framework
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DM direct detection EFT: two applications
1. Annual modulation in NREFT

Theoretical framework
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DM direct detection EFT: two applications

1. Annual modulation in NREFT

Results: time of maximal differential rate

Four categories of building-blocks

1 @5 @7 @11

LN

1
. 1 (Av + By? v ) (v — V) —
P2 Vmin Two classes of building blocks
have been identified:
Differential rate maximization 1. the one with "the inversion
. F of phase’
ﬁwuﬂ-_ 2. the one without inversion
- of phase.
qmay L
s Al-m, = 10GeV ] No targt_et c_lependence is
ol present if single operators
e -0, are considered
1FeP
goen
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DM direct detection EFT: two applications
1. Annual modulation in NREFT

Results: target dependence in CRESST for MDDM (Anapole Dark Matter)
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COSINUS: Cryogenic calorimeter based on Nal crystals

SN

Validation of the EPSM with experimental data COSINUS

phenomenology

Implementation by M. Stahlberg

2. COSINUS neutron calibration problem: in all the prototypes except for one, the neutrons cannot be
identified in the LY plot. However, when a sapphire carrier with an NTD is employed, the neutron band is visible.

= All events

s Tagged events

Light Amplitude / NTD Amplitude
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0 02 04 06 08 I 12 14 16 18A_1 NTD Amplitude [V]
LY with energy reconstructed with the Usual LY obtained using the NTD
new integrated method based on EPSM channel. Neutrons are shown in red
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COSINUS: Cryogenic calorimeter based on Nal crystals
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