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The Mystery of Dark Matter (DM)
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* Gravitational evidence for DM

 Direct detection: elastic scattering on
matter
— Nuclear Recoil (NR)

* No DM detected - probing lower masses
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Gravitational evidence for DM

Direct detection: elastic scattering on
matter
— Nuclear Recoil (NR)

No DM detected - probing lower masses

Background : Coherent Elastic neutrino
Nucleus Scattering (CEVNS) :



CEVNS process

e Suggested by Freedman in 1973 and detected
by COHERENT in 2017

e CEVNS cross section enhanced for low energy

neutrino: coherent regime

— Low momentum transfer

— Sub-keV NR

A scattered
0 neutrino

nuclear
recoil
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5 recoils
scintillation
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Qw = N — Z(1 — 4sin*0y) ~ N




CEVNS process

e Suggested by Freedman in 1973 and detected do GQ M E
by COHERENT in 2017 T ZFRT 092 1 2R ) o N2
W max
. dE R 41 R
e CEVNS cross section enhanced for low energy
neutrino: coherent regime
e Probe SM and BSM physics through spectral
distortions Qw = N — Z(1 — 4sin®0y) =~ N
A Scaﬁered 10° Beyond the standard model N\
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CEVNS detection at reactor

Reactor — strong source of low energy
neutrino (<10 MeV)

CEVNS rate : few events per day !

Challenges for CEVNS spectrum
measurement:

* Background mitigation _
This
talk !

* Low energy threshold

* Precise energy calibration

CEvNS rate [evt/kg/day/keV]
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Beyond the standard model

Standard model only |
Magnetic moment,u,=1e-10ug .
Scalar,gs=4e-06,ms=1MeV |
Vector,gy=4e-06,m=1MeV
Tensor,gr=4e-06,mr=1MeV
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On going experiments in France
© NUCLEUS — Chooz nuclear power plant (DF)

Target : CawO, Signal : 3 events/week in [10,100] eV Target : Germanium Signal : 50 events/week in [50 eV,1 keV]
with a 10g target with a 750g target

Compressor




Outline

Il. Cyogenic detector for sub-keV NR
detection
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Detection of low energy NR

Channels of energy deposition :

Heat : carry most of the energy

Phonon detector

Sensitive to heat channel
1 peV to create thermal phonon

Good candidate for low NR detection

Nuclear recoil (NR)
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Principle of a calorimeter

400 Amplitude < Energy
,P“w“ < ozs-
* NR induce heat measured by 300 ' g
phonon collection - J £
B < 015-
i . —T— >
100 a7 / AT
. TES operated at normal-supra s 0 |
e 13 14 15 16 ! . ‘ .
tranSItlon (15 mK) T [mK] - - ’ N Time (ms)
V Ability to achieve < 10 eV energy Thermometer
resolution - desirable for (TES) 4

CEVNS detection !

Nuclear Recoil -

phon
NUCLEUS: CaWO, 1 \
== Complex to operate ” i' ] A/VQ
B i T 12



lonization detectors

Nuclear recoil (NR)
lonization yields :

B ‘ 15 eV | e-h pair
...
e
l ..... lonization
A
: o @ 1‘ KN

_ e-h pair
lonization detector Phonons
- Sensitive to charge channel v
- Limited sensitivity to NR L ' | L ' |
Heat Current
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lonization detectors

Electronic Recoil (ER)
(background)

o lonization yields :
l '.,. 3 eV ] e-h pair

: l‘ ‘y ¢ “

e-h pair
lonization detector Phonons
- Sensitive to charge channel v v v v v

- Limited sensitivity to NR \ | 1 J

- Allow to detect ER background
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Heat - ionization d

R CcBGHET-

Recoil energy dissipated in heat and
lonization channels

Simultaneous ionization + heat
measurement with a Germanium detector

Thermometer : Neutron Transmuted
Doped Germanium

etector

Ge-NTD

thermistor

Phonons




Heat - ionization detector

lonization yields depends on recoil type (NR, ER)

- NRJ/ER discrimination for background rejection

Particle identification :

Electronic recolil : Y, (3, X-ray calibration
source

CEVNS signal or neutron
Heat-only : background

lon energy [keVee]

10 keV
calibration line

Heat energy [keVee]

J Low Temp Phys 211 (2023), 398
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Outline

lll. Calibration with the CRAB method
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Motivations

* Standards calibrations : Electronic Recoill
- Xrays source, LED
- Issues : No mono-energetic source of NR

— Detector response differents from NR to ER

=)y EXxtrapolation of ER calibration
for sub-keV NR not reliable !

18



Motivations

* Standards calibrations : Electronic Recoill
- Xrays source, LED
- Issues : No mono-energetic source of NR

— Detector response differents from NR to ER

e Goal: induce low energy NR
to mimic signal
— calibrate detector response
to NR

* CRAB : Calibrated Recaoill for
Accurate Bolometry

=) Extrapolation of ER calibration
for sub-keV NR not reliable !
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CRAB method

Radiative thermal neutron capture: y + NR
NR fixed energy : ; _ & - Calibration peaks <1 keV in CaWO,, Al,O,, Ge and Si

NR™ 2M

@“7\6"3@
A& * Pure NR
K@‘QA\VT‘ * Sub-keV range
n + % — @ » Uniformly distributed in
thermal the detector
Y
2 é@(‘;@* L. Thulliez et al 2021 JINST 16 P07032
/ S
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Promising target for CRAB : CaWO,

* 3 main natural isotopes of W : 80w, 182\ and 183w :
- peaks at 81, 112 and 160 eV

* Multi-Y : induce continuum of nuclear recoil

* Intense peak at 112 eV « easy » to detect

Simulation
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Experimental validation on CaWO,

252Cf neutron source next to the
NUCLEUS cryostat in Munich

Bluefors 252CCf source
| cryostat 3 ;{g in moderator
el |

Counts /4 eV

* 112 eV peak detected at 2.9 o
* CRAB works'!
* High background level !

45k ———— Data
e Complete Model
40 ——— Simulated CRAB events
35 ~———— Simulated fast n background
————— Model of measured external background

30F
25F
20
15
10F

5F === Y

0: 1 | | | n

100

150 200 250
Energy (eV)

- Phys. Rev. Lett. 130, 211802

~300

22



Phase Il : Toward high precision

CRAB at atominstitut in Vienna
Research reactor, P ~ 250 kW

Collimated and pure thermal n beam

[ )
Vienna

"TRIGA Mark-Il reactor in Vienna "
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Outline

IV. Presentation of CRAB phase Il
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Experimental setup : The neutron beam

Reflective Graphite crystal
mounted on hexapod

2" graphite
crystal mounted
on hexapod '/

Primary beam-. _

Neutron

beam port shielding
1+t graphite N :
crystal i Electronics /
DAQ rack

Dilution Gas handling system

refrigerator \
Beam dump. 3

\  Cryogenic Sandbox “FT5
detector i

Secondary Gamma \
beam detectors \

L 2D neutron detector

TRIGA Mark-Il reactor

Measured flux :
¢ = 469 * 47 nicm?/s

2D neutron detector
(®He filled wire chamber)

Collimated
beam
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Gas Handling
System

Gas Ha
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Experimental setup : The Y-detectors

Single : 10 eV resolution

Y-detectors x10°
> 4
Lk
S35
D|.Iut|on Gas handllng system § 3
refrigerator % F
Beam dump_ \ X E2.5F
~ \  Cryogenic 3 F
detector 0 2=
150
1=
0.5,
. R I PR B B e il —
2" graphite 80 100 120 140 160 180 200
crystal mounted Energy [eV]
on hexapod <_ C0|nc .
@ 500r
s C Coincidence spectra
o
' ' ‘ G 400l E,€ [4.7, 5.5] MeV
: : 2D neutron detector N + —— Er =80.7£04 eV
1 1 T N _
' ' shielding 300 S Em =8l4eV
1 1 C 7,
1 1 -
1 1 : .
: : Iegmphite >~ Electronics / o
1 " crystal Z
1 ; 1 DAQ rack -
I I 100{—
1 1 TRIGA Mark-Il reactor N
1 1
:~1006VNR : o) ST RN AR R

o 4 120 140

160
Energy(eV)

Cryodetector  Tag NR in Time, Energy and Direction 27



Results in CaWwO,

CaWO,, 56h beam time

¢ Data

- ==+ Trigger threshold = 31 eV
[ Simulation x 1

PRELIMINARY

* Excellent agreement with simulated
spectrum !

4 w
———

w
1

» Peak position shifted to the theoretical value
corrected due to energy stored in crystal
defects

0.6 % statistical
precision on
peak position !

N

Counts / (hour - 2.5 eV)

(o]
L

0 20 40 60 80 100 120 140 160 180 200 220 240
Energy (eV)



e CRAB in Ge: nuclear-recoil lines

Extension to Germanium

in the sub-keV energy range

 Precise determination of
nuclear-recoil ionization yields

* Excellent energy resolution

highly desirable
Isotope | Primary E. | Recoils | Mean recoil Fit | Selection cut
Isotope (MeV) (eV) (eV) (eV) (MeV)
“AGe 6.252 280.2
e 6.117 205.7
e 6.506 303.2 291.0 | 298.7 +1.6 16.0,6.5]
NGe 6.707 344.0
"Ge 6.916 363.5 354.4 | 352.0 £3.8 6.7.7.0]
DGe T.A16 416.2 416.2 | 4182 +2.9 [7.3,7.6]
“Ge 8.732 561.2 561.2 | 561.1 +4.3 8.6,8.8]

=
N

[
o

Counts/capture/eV

o]

()]

x107
B 0Ge
il nGe Ge
il Ge
= 074G e
L BGe
- My
I | 1 I 1 ||| I ‘]"lI'IJIIl

150 200 250 300 350 400 450 500 550 600

Energy [eV]
NG %
Y
300-600 eV
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Extracting peak with Y

400

200

Coincidence spectra
E,E [5.5, 6.5] MeV

—_—F, = 29474066V

Simulation
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Probe of Ge guenching factor

* Quenching factor : Q = Eion/Erecoi

* Preparation of a double readout
heat/ionization Germanium detector from
TESSERACT - Implementation in the

CRAB setup in 2027

Germanium

Lindhard Model, k= 0.16 (CONUS+)
Fef (Dresden-1IT)

Thermal Capture

0.57

- $

Other Measurements
CONUS+ (PTB)

Quenching Factor, Q(ER)

jl 3
E\ﬁ‘ﬁ!”

: i“'!!

107! 10°
Recoil Energy, ER [keV]

10

0.04

0.02

0.00

(8%

DR
< Q
—
Quenching Factor Steepness, «

F—0.06 "

|
o
o
73]

|
o
-
o

Li, Y., Herrera, G. & Huber, P. New physics versus quenching
factors in Coherent Neutrino Scattering. J. High Energ. Phys.

2025, 22 (2025)
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Thank you for your attention !
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Back up
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Sensitivity to new physics

* Test SM at low energy

* CEVNS sensitive to weak charge

- Probe GW at low momentum transfer

* New physics :

-Anormal neutrino magnetic moment
— Enhance cross section for low recoils

-New neutrino-quarks coupling
— Spectrum normalization

-New light mediator
— Spectrum distortions

do
dEn

Qw =

CEvNS rate [evt/kg/day/keV]

G2 M E
_ G g (- B
R

N

10®

10(1.

103_

10}‘_

101_

— Z(1 — 4sin*0y)

Beyond the standard model

—— Standard model only

—— Magnetic moment,u,=1e-10ug

—— Scalar.gs=4e 06,ms=1MeV |

— Vector,gy=4e-06,my=1MeVvV |
Tensor.gr=4e-06,mr=1MeV |

102 10! 10° 10!

Recoil energy Eg [keV] Credits : J .Colas
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Calorimeter model

T(t) = 6(1) [An (— - —) A (— _ —)] eat bathW T,

S Ga

o Thermometer
Fast decay time : 7, = Ge electrons Te, Ce .
< Gch Gep
Thermometer G,
o phonons % G
Slow decay time: 5, = =%
Gec Crystal T C
phonons e e

Rise time : T



Planar electrodes :

"\;—V.a.a—:ﬁ::-

Fully Inter-Digitized
(FID) electrodes :

Electrode geometries

=

Veto volume

iC D C D CD C
I

1
:ABABABA

o 0 r W

Veto volume

A,C : veto electrodes

V Fiducial volume : 97 %

X

No surface events
rejection

Surface events
rejection

Fiducial volume : 60 %
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Calibration methods

— Energy spectra
= Double Gaussian Fit

Ay =3815+435cts
p1 =459.79 + 0.68 mV
a =671 £ 0.58 mV
Ay =526 £ 1.95c1s

fi2 = 513.86 & 3.00 mV
m=775+£298mV
Bkg = 3.18 + 0.44 cts
ri=1.04

* Copper cosmogenic activation
- Lines at 8.05 and 8.9 keV

0.400 0425 0450 0475 0500 0.525 0.550
OF amplitude (V)

* LED system

Gaussians fit

— Photons injection with fixed energy 20
- Calibration of electronic recoils L
E 100

I ;/\N\

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Mean (V)

15 % dicrepency between the two

: : Optical fiber
calibrations
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LED calibration

* LED system

— Photons injection with fixed energy (A = 255 nm, E = 4.87 eV)

i

2

= <Nph> €ph

o3 = (repn)” (Npn) =(r)u €pn

— Calibration of electronic recoils

Gaussians fit

200 4
150 1
Wy
g
2
5] 100 1
f
50 A ;
0
0.0 ; () 3 0. 4 0.7
Mean (V)
Calibration = (20.539 + 0.530) eV/mV
160 1
140 | *
120 \ . r
100 + } f
< !
T 80

2
O-!
o
S
—p—

40 1 + 5 2
“ c-=rep+05;=0237u+0.212
20 1 “
04 +#
0 100 200 300 400 500 600

# (mV)
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Experimental setup : The cryostat

Wet dilution refrigerator

Dilution Gas handling system

refrigerator '\
Beam dump y

\  Cryogenic
detector

2" graphite
crystal mounted
on hexapod -

Gamma
detectors

2D neutron detector

1* graphite
crystal

>+ Electronics /
DAQ rack

TRIGA Mark-Il reactor

RuOx thermometer

Ohmic stage heater

u

Detector -
. holder
LS mechanics

Experimental volume

@____@

98mm
521mm

Lifting frame

Still pumping port

LHe recovery port

IVC top plate

LHe dewar

1K plate

Still plate

Heat exchangers
MAI))((I(I‘:\)Q chamber

Inner vacuum
chamber (IVC)

Outer vacuum
chamber (OVC)

OVCrelief valve

7

Liquid “He (LHe)

Cryodetector
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CaWaO, : Insight to crystal defect

Impact in CRAB spectrum : Impact in CEVNS/DM spectra :
. i S, LT S S - 4 = 3
» Stored energy in crystal defects Ly ﬁ— Raw . F e
induced by NR C — Corrected 5 | 5
e I ‘{ \ f‘\ 2 i = ]
* July-December 2025 : Probe crystal Sty % 3 b o 1 E
defect creation in CawO, with CRAB I VI = [ ——rawcews 5
- \ ! \ Corrected CEVNS
L \\ SCx 10° = ‘ J
 Lead to spectral distortion that should  Recollenergy(eV) “ I
be taken into account for CEVNS and I
low mass DM spectra 3 T
Nuclear recoil 112 ]
energy eV g —— DM ratio
Average 8.9 S T —epans
energy stored e\l -
in defects I g ‘ ‘
L I 1 I o8 10 10°

Nuclear recoil energy (eV)

Non-linearity

(defect creation
thresholds)

PRD, 2025, 111 (8), pp.085021. 20



AlLO, : Multi-Y cascade’s timing

Multi-Y : NR energy depends on the cascade’s timing

« ALO,: Probe timing effects between Y and displacement cascades

> =
Q
o - 27A|
— -1?
Y, ER
§ mé— 6}/))
3 F 7
0000 % .3_ Q{‘
o 10 7/
\ ’ %
Recon & stop / i
... Recoil & stop _ TN 'W b M
E 10 L l L1l | Ll 1 | 1 Ll I L1 1l | Ll L | L1l I Ll L I 1 Ll | Ll 1
NR,2 200 400 600 800 1000 1200 1400 16E0r?erlg8y9([)e‘\2f(]m

Y, . Phys. Rev. D 108, 072009

Etot = ENR,l + ENR,2 — Additionnal calibration peak at fixed energy
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Blind peak search

* Null hypothesis : bkg
* Alternative hypothesis : bkg+signal

* Test statistic :

t=—92In <%> — 95.7

Ebkg+signal

Peak significances :

-Peak at 196.7 mV :9.2 ¢

-Peak at 107.7mV : 3.6 0

800

600

Counts

400

300

200 1

—— Sliding window fits
— Highest t windows
{ Data

2Y transition
(570 ev,.)

Al CRAB
(1.14 keV_)

-y

50

75 125
Amplitude mV)
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Half-life (s)

10°°

107

10°°

10—13
10777

10

10-5 ;. ..E‘ ‘ -

> Slow
hypothesis

“U In-flight

emission

L

Prompt
.~ hypothesis

—_—
2]
S—

Time from the y emission

1072

10—15

.........

o
R

L .
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10 20 30 40 50

Collision number

60
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