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Coherent Neutrino Scattering @Nuclear Reactor

< 7 Nuclear reactors: intense sources of v,

E, < 10 MeV - fully coherent regime

Neutral current interaction

— flavor independent ‘

Not yet observed at Nuclear Reactor
sub-keV nuclear recoils —»

Prospect: BSM physics at low-E frontier

Cross-section proportional to N2 —— Towards detector miniaturisation
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The NUCLEUS collaboration

This is NUCLEUS: m -

* 64 members

* Spokesperson: R. Strauss (TUM) : :

* Highly motivated PhD students eDF | N F N
* Young-ish PIs

e Active senior scientists

Strong funding:
* ERC StG as central and

“initiating” funding 9 ’
*  SFB1258 in Munich/Vienna (DFG) <!/
» l I IF *  Origins Cluster Munich (DFG) INSTﬁ‘EoﬂEﬂ!:mYSICS

TU“»
(Q\/ﬁ'ﬁ{!\lﬁs o Da*k”at‘x LP*JO * CEA/P2IO France
: Messengers Physique des 2 Infinis et des Origine

¢ INFN Commissione 2
e FWF Austria

MAX-PLANCK-INSTITUT
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NUCLEUS in a Nutshell

Chooz

The cryogenic target

y
detectors (10g) i ,

: - s i (Ardennes)
— i ;
- O d

Active and passive
cryogenic shields

Chooz B nuclear power plant:
Thermal power of 2 x 4.25 GW4,

Experimental site: the “VNS”

~ 102m and 72m from the two
reactor cores

24 m?room in the basement

Active and passive
overburden of 3 water meters equivalent

external shields
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NUCLEUS Cryo-detector Target: 10g-scale!

Absorber crystal + Transition Edge Sensor (TES)

NUCLEUS-10g Cryogenic Detector

Superconducting transition curve

- 5mm

Multitarget approach: : j o
2x (@ gt celoctos G T
10 gram scale
Particl PN P . B.aseli.ne resolution: 5-10 eV range
ntstaction > Production > TES heating = T R ey 10 ms

Slow decay time: ~30 ms
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The 41t Cryo-detector Vetos

Inner cryo-veto
* Instrumented holder (Si)
 TES readout (phonons)
* Sub-keV threshold
* Veto against

- Stress induced events

- Surface contamination Flaps for
mechanical
Point-like contact with absorber to support of crystal

ensure low phonon dispersion matrices

Outer cryo-veto
 HPGe detector (inonization)
6 x2.5cm thick HPGe

« <10 keV threshold
« Surrounding the inner cryo-veto (4m)

* Veto against:
- External gammas
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Muon Veto System

Cryogenic
Muon Veto

Lead

Cryo & external muon vetos Borated

Polyethylene

5 cm thick plastic scintillator bars
 Readout: WLS-fibers coupled to SiPMs
(high uniformity)

 4m coverage

« External veto boxes (around shielding)

« Chimney veto (inside cryostat)
« >99% geometrical efficiency
 Expected u-rate: 325 Hz (<10% dead time)

Mon Veb deployment
at TUM
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"~ Chimney & External Passive Shieldings

Muon Veto [ l

|
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Chlmney shielding

Inside the cryostat
(chimney solide angle coverage)
» Lead, copper, polyethylene, B,C
 Thermalized to 0.8K in 10 days borated
Polyethylene

Lead

Cryogenic
Muon Veto

Copper

External shielding

* Lead and polyethylene
« 2-shell structure for easy access to internal sensors

Boron « Attenuate
Carbide « External gammas
* Neutrons (u induced)

Lead
Polyethylene
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NUCLEUS Timeline

2022 End 2023 X
Blank Assembly & commissioning On-site installation
el b&g Chooz Nuclear Power Plant

Mechanical integration tests
Calibrations at keV energies and below
Detector performance demonstration
Background studies at sub-keV

2024 2025 I
time [y, 10
NUCLEUS-10g physics run Towards NUCLEUS-1kg ]
Phase 1: first physics with CEDNS Phase 2: precision physics with CEDPNS 5
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NUCLEUS Setup: Design Render (2022)

SFB 1258 | Neutrinos
Dark Matter

Messengers
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NUCLEUS Setup: Commissioning (2023)

Rack for spring [
vibration decoupling ¥ |
| Gas handling

Dry dilution

refrigerator [
Data Acquisition

Muon veto &

passive shielding

Cryostat control

rail system
for shielding
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NUCLEUS Low Energy Calibration

Cryodetector calibration state-of-the-art

%0 - NUCLEUS 2017
Nuclear-recoil signal: Electron-recoil calibration: prototype data

Z 60 - CEvVNS events <100eV keV-scale X-rays from **Fe

L0
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0 1000 2000 3000 4000 5000 6000 7000
TTF Energy [eV]
Limitations
* Detector linearity - Extend electron recoil (ER) calibration down to 700 eV
(new XRF calibration setup)
* Nuclear recoil microphysics — Perform nuclear recoil calibration at 112 eV
(# ER/ NR phonon response) (novel CRAB method, see V. Wagner’s talk)
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Pulsed LED Calibration

- Based on 250 nm LED light LED pulse train on NUCLEUS detector

+ Fiber-coupling to target detectors

e e i B s s A s

* Flashes N x 3.3 us photon bursts — tunable E-deposition

« Photon number fluctuates according to Poisson statistics A W . - }

 Allows for absolute sub-keV electron recoil calibration

! 1 L L s L
-450 o 450 900 1350 1800

(fit of baseline resolution & calibration constant eV/V)
Amplitude histograms

+ Operational calibration system for NUCLEUS B —— '
L. Cardani et al, Supercond. Sci. Technol. 31 (2018), CALDER
e = 2F '1 ]
E e : S18E ‘Calibration -
S :23: s Constant 5405
140 cl4 ° ]
120f || Si2f 307
ok | £ |
AN B S
40F .06 104
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Signal [a.u.] Mean u [a.u.] 0
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Sub-keV X-ray Fluorescence Source

2-stage X-ray fluorescence source (XRF)
» 55Fe source + Cu/PTFE/Glassl/e-filter (2 stages)

Extend electron recoil calibration down to 700 eV
(Ka line of Fluorine at 677 eV detected)

Operational calibration system for NUCLEUS

Run 48 XRF - Cryolab Energy Spectrum (Optimal Filter)
Tl - @ T [ & T T gt & Tt

counts per 25.0 eV

55Mn KB

/"Mn Kpg/5Mn Kp=4 1

« more » transmitted

n 1000 2000 3000 4000 5000 6000 7000 8000 9000
OF Amplitude [eVee - *Mn-K

]

SFB1258 | Neu

rinos
Dark Matter
Messengers
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First v-run at Chooz
in 2024 - 2025

* New facility at the Chooz nuclear power
plant (2 x 4.25 GWh)

* New 24 m?basement room (~3 m.w.e) ready
- Baselines of 72 m and 102 m

+ Antineutrino flux of 1.7x10"2 v/(s cm?)

« v-rate : a few counts per week

* Deployment at Chooz scheduled from 2024

Very NTr Site

» N

|
|
|
] 72m

102m
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Summary & Outlook

The NUCLEUS experiment construction/assembly is almost completed

First physics run (background measurement) at TUM in 2023/2024
e Commissionning of the full NUCLEUS setup

+ Validation of radiogenic background models

« Quantification of Excess rate at shallow depth

Deployment at Chooz scheduled for 2024

First « neutrino » run at Chooz in 2024/2025

« Targeting CEVNS detection with reactor neutrinos

« Challenge: the low-energy "Excess" must be mitigated...
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CRAB:
; Calibrated
‘ Recoils for
Accurate
Holometry

Nuclear de-excitation after thermal neutron capture:

Ground state transition is a two-body process
— mono-energetic recoils ‘ = ‘
nr— M

Excitation
Energy
Target Compound
nucleus nucleus
Ly —_—
A (N -- Initial state
(5-10 MeV)
@ | Levels |
o> . |
5 | Experimental—— !
| Predicted == 1
----------- |
S, — GS.
single-y Ground state

100 eV scale nuclear recoil

L. Thulliez, D. Lhuillier et al JINST 16 (2021) 07, P07032

SFB 1258 | Neutrino:
aaaaaaaaaa
Messengers

T. Lasserre - TAUP 2023 - 29/08/2023

A W
Robust CEVNS Signal Calibration @ 100 eV

“Golden isotope” **W:

high abundance (27%),

high BR to ground state (14%),
recoil line near NUCLEUS ROI

2
6.2 MeV
L= ( S _112ev
2-182-931 MeV
45 ;— ——— Complete Model
40 E_ — Simulated CRAB events
35 = = Simulated fast n background
— Model of measured external background

Counts /4 eV

100 150 200 250 300
Energy (eV)
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