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Coherent Elastic Neutrino-Nucleus Scattering (CEVNS)

In-coming Neutral current interaction
neutrino Y v — flavor independent do Glg QZFZ( 2) Z N1 E. )
_— - m ) _—
No energy threshold dE, 4m % 1 Er max
70 Sub-keV nuclear recoils

Cross-section proportional to N2
— 1000x larger than IBD

F J. Billard - BSM-N kshop 2022
= some kg/g-scale detectors rom J. Biliar u workshop
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Study CEVNS from reactor (anti-)neutrinos

v, flux [10" stem2.MeV|

Coherent Elastic Neutrino-Nucleus Scattering
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Preliminary
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Vv, flux at VNS
—— - Cross-section: CaWO, (a.u.)

— — - Cross-section: AL,O, (a.u.)
—— CEVNS rate: CaWO, -
—— CEvNSrate: Al,O,
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Nuclear reactors: intense sources of v,

E, < 10 MeV - fully coherent regime
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= Low thresholds detectors and low
background counting rate required

NUCLEUS @Chooz

Differential CEVNS rate expected for @, = 1.7 x 102 v, /s
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CEvVNS, what for?

1- Probe for Standard Model 3- For Dark matter experiments:

LEPTONS
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Reactor CEVNS experiments

Target detectors:

Ge — ionization
(threshold: 1keV,,)

Significant overburden = 24 m.w.e.

@Brokdorf reactor (KBR) (Germany)

Outer Shielding

Borated Polyethylene
25 cm radiopure Pb
Muon Veto

Stainless Steel

Background measurement

Overall background su
via mgand

ression
shield

cts/1.5keV, /d/kg

- —no shield
F —passive shield
o assqve shield + muon yeto

10—1 T Wt T
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50 100 150 200 250 300 350 400
energy/kevee

total bkg suppression (w/o PSD): >104 x
remaining bkg rate in ROI: O(10) cts/d/kg

i.e. (0.3,1.0) keV_ee

From W. Maneschg (Magnificent CEvYNS, March 2023)




Reactor CEVNS experiments

- m mm mm mm my,

RIC&GHE:

= @ILL-H7 nuclear reactor site (Grenoble)

S caaad

A Coherent Neutrino Scattering Program

Significant overburden = 15 m.w.e.

Target detectors:

Ge (& Si ?)

— ionization and heat
(target RMS: 20 eV,,, 10eV,,)

ee’

Inner Shielding:

30 cm PE/Cu

15 cm Pb/Cu
Cryogenic Muon Veto
Mu-Metal

Outer Shielding

35cm PE
20 cm Pb
Muon Veto
Soft Iron

(known) Background prediction

Background rates estimation

== CEvNS signal
Reactogenic n
Reactogenic y
Cosmogenic : external u

Cosmogenic : internal untagged u

Total rate (evts/d/kg)

jury
o
1

5_
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Nuclear recoils

Electronic recoils

Recoil type rate | Cosmogenic | Reactogenic Total
Rer (evts/d/kg) | 9.5+05 | 23.0+1.6 |325+1.7
Rng (evts/d/kg) | 8.4+0.4 1.02:0.2 9.4+05

From G. Chemin and J. Billard (Magnificent CE¥NS, March 2023)




Reactor CEVNS experiments

@Chooz power plant (France, Givet)

C le uS May-2023, blank assembly at TUM Shallow overburden = 3 m.w.e.

EXPERIMENT

O

and small foot print required: a few m?

(known) Background prediction

Background contribution CaWo, array
Rates in kg d! (Preliminary) | 10-100ev | 100ev-1keV = 1keV-10keV
Ambient gammas 0.5%92 4.1%17 92+7
Atmospheric muons 1.2393 27113 9.3+1.9
Atmospheric neutrons ~9 ~24 ~ 90
Total ~ 11 ~ 30 ~ 190
CEVNS signal ~ 30 ~9 —
Inner Shielding: : :
o - ~ ) Estimated background rate in ROI (10 eV — 100 eV)
[ Target detectors: ! * InnerVeto Thistalk g 400 shielding ~ 120 ev/kg/d/keV
I CawO0, & Al,0; : * ChrescnEElEers 20 cm Borated PE
| > heat | " aemBi + 5cmPb
| (target thr = 20 eV, ) | e 20cm Borated PE/Cu | Muon Veto
e 5cm Pb/Cu

* Cryogenic Muon Veto



Development of a germanium cryogenic veto

. 6 HPGe crystals

4m-coverage active veto

. Fast detector response

. Anti-coincidence with bolometric detectors

*  O(10keV) threshold = Good gamma (and moderate
e  Compactness neutron and muon) veto

Preliminary | | Preliminary
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% ~ —— — QV active + 5-cm Pb Shielding _9104 E—X’ --------------- --------------- --------------- --------------- , N : Fu” CUtS
§ 106 | Sttt R e S © = H : :
S = : : S ; E
€ L : : S : :
B P == $10° "l A R
i ’ = = ; : : : :
5 cov & Ft
10 = iyl 1 102 J _i_f]:l-Ll_m R l ........
08 . : : : : : . ‘JT T T[ Tl 1 JTHJ
| o o e e e e e e e 5-cm B Hi mmim: T T| i
& *f::-f*“""*"‘***““*’““““‘"""*“““"“*“ thick Pb o (NN
"I o e don |J : "lpﬂ layer E
e -H- +-|- +—H I-h-| H~ e H C ;
111 !I-:'l-:'.'lj I 11 :.l-: | 1111 I 1111 [ 1111 i 1 Iﬂl 1 I 111 H‘[T":.'!.h -'.IIJh.l- ‘y 1 L1l I |4 AR L 1 1 L I Ll
0 1 3 4 5 8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
dep eV dep % eV
Ambient gamma contribution to the residual background Muon-induced contribution to the residual background in CawO,
in CaWQ, crystals with different shielding configurations crystals with different active vetoes (simulation without the B,C layer)

Chloé Goupy Cryogenic veto system — BSMNu — May 24t 2023



Prototyping a germanium cryogenic veto for CEVNS

Experimental setup: Simulation of the setup

2 HPGe crystals (ionization channel) = a) and ¢) Data described by 3 components at surface:

+ 1 Li,WO, crystal in the center (heat channel (NTD),
“target detector”) - b) - Environmental Gammas

From cosmic rays:
- Neutrons
- Muons

-~ — _

(™)
Measurements with and without:
* 5-cm thick lead shielding, Lab
* Neutron source (?°2Cf) Iréne Joliot-Curie

* Gamma source (232Th) L.abzolra}oi_rede Physique
es Z INTINIS



Prototyping a germanium cryogenic veto for CEVNS

Analysis method

1- Top electrode — Bot electrode = Pulses
2- Bin-to-bin differentiation
— identify pulses rise time
+ flatten the baseline
+ deal with pile-up
3- Apply threshold
4- Calculate pulse amplitude

Preliminary

Efficiency [%]

S SN0 N RO VN SO = BOTGe-5keVthreshold

- P s TOPGe - 10keV threshold

e *l 11 1 I 11 1 1 I 11 1 1 I 11 1 | I 11 1 1 I 1 1 1 |I ||||||||||||
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100—-vee .__.,..t ______ .-, _______ . ________ - ...... .?___----.% ....... .?-_-----.g ........

Reconstructed energy [keVee]

Preliminary
> A0 Tin =
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= High reconstruction efficiency close to the threshold, handle the pile-up



Prototyping a germanium cryogenic veto for CEVNS

Differential Rate (.s".kg " keV™)
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Slope linked to the sensitivity:

measured sensitivity =949 nV/keV (BOT)
=651 nV/keV (TOP)

Difference in sensitivities due to the electrode

|
|
|
|
I
|
With a gain = 1000 on the Ge: I
|
|
|
|
geometries (planar and ID electrodes) :




Prototyping a germanium cryogenic veto for CEVNS

Fit of the signal component fluxes on the data :

* Good understanding of

our data and the signal
component
* Simple analysis of the
germanium detectors
* Correct simulation of
the expected events

Preliminary

Fluxes (/cm?/s)

Background contribution

This work

Reference values

(1.79+£0.02) x 1072
3.126 £0.005
(1.3740.27) x 1072

Atmospheric muons
Environmental gammas
Atmospheric neutrons

(1.90+0.12) x 1072 from [1]
3240.3*
1.34 x 1072 from [2]

Table 1: Fitted values for the integrated fluxes of each background contribution.
The errors given are fit errors calculated only from statistic errors.
* Measured value in the lab with a high purity germanium spectrometer.

[1] Tang, et al. Physical Review, 2006

[2] Gordon, et al Nuclear Science, 2005

Differential Rate (.d".kg".keV"')

Residuals [%,

-100

Deposited energy in Ge crystal

10°

10*

10°

T \Illllll’ TTTTT

T ||H|II|

107"

T \III|T|'| T |III|H| T \.lllllll

III|III

— Data
Simu p
Simu y
Simu n

— Simu tot

1 Muon Peak
i lew MM

e g

{0 o d o | g | VO e g ) ot | v )

1072
100

[
o

n S
[=X=)

|
H
o

LLLY LU ALY LY JLLLW LN LY LY LN L

Iy |
OO BN
[el=X=]=]

(=)

476 18 20
Reconstructed energy [MeV]

012

Differential Rate (.d".kg™".keV™")

Residuals [%

10°

10*

10°

10?

10

-100

o
T[T T T T T

Preliminary

[IIHIIII T HIIIII] TTIT

T IIIIHII T HII]I]l

lH[IITl]

I i

ST keV' 1460.96 ke (40K)

2614.5 keV (205TI)

WW"WWW qw
lﬁ’f'(L,ﬂfm,F'\;x“t,n“,,m,.t it ||f\m,u-

{ L] ol [

1 1 1 1 1

o

05 1 15 2 25 3 35 4
Reconstructed energy [MeV]

Article in preparation




Prototyping a germanium cryogenic veto for CEVNS

Coincidences and veto in the data

Time reconstruction of the Li, WO, events Tioniz = US
g 22— Preliminary Theat =~ ms
Eto 22% of rejected events
1=
0.52— E \ h Preliminary — LWO
o 810 E — LWO rejected
oS > Gamma rays not in
_11‘_3_,’\~J € rejected spectrum
-15 Q
Covv by vy | | P || | Ly by vy O
0 0.5 1 1.5 2 25 3 3.5 4 4.5 T[s? 102 -
_ Event proximity with one of the Ge crystals - Neutron capture
7'F . T T T B peak in Lig
g F Preliminary P LWO™ ! Closest Veto )
c [ P B Muons highly
s ; 10 |- rejected
°F . vetoed = J\L ‘IH |
10° = i events o ~OF ‘
E : : o) \\© |
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Prototyping a germanium cryogenic veto for CEVNS

Comparison with the simulation

* Really good agreement
between veto rejection
obtained in the data
and in the simulation

Rejection power by the Ge veto in the Li,WO,

Energy Range

Preliminary

No shielding

With shielding

Data

Simulation

Data

Simulation

[0.05;20] MeV

[0.05;3] MeV

[
[

3;10] MeV
10;20] MeV

22.0+0.5%
20.4+0.5%
93.1+3.4%
784+3.3%

224+04%
220+£0.4%
84.2+0.9%
81.7£1.3%

30.8+0.5%
26.3+0.5%
93.2+2.0%
80.2+2.1%

30.1+£0.7%
28.8+0.8%
84.4+2.0%
81.3£2.2%
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Article in preparation




Towards a 41 veto for NUCLEUS

With a 4m, 2cm-thick system: rejection efficiency estimated at 95%
= Development of this veto for NUCLEUS

Rectangular crystals (7 x 2.5 x 5 cm, 500g)

Electrode evaporation and tests @lJCLab

. > 30 nm of a-Ge:H
— 200 nm Al electrode



Towards a 41 veto for NUCLEUS

Rate [cps]

Test of the cylindric crystals @1JCLab

1072

1073

—

o

N
C"|||||

Preliminary

Rate [cps]

2615 keV (208T])

v 511 keV
ot 610 keV (214Bi)

g 1461 keV (4°K)

- 1764 keV (214Bi)
1072 =
107 =

- Rate [10keV-25MeV]: 14.05 cps

i Accessible threshold = 5 keV
1074 =

E 1 I 1 1 I 1 I 1 1 1 1

0

1 1 1 T
0.5 1

1.5

2 2.5
Reconstructed Energy

20
Reconstructed Energy

25

To be continued at 1JCLab
in Actuator Cryostat




Towards a 41 veto for NUCLEUS

In the NUCLEUS cryostat for the commissioning:

— — oy
S _— 3 1 ot i

e First light in March 2023

_____ * Base temperature (7mK) achieved

Next steps:

* Long time measurement

* Background spectrum

* Final acquisition scheme

* Runin anti-coincidence with the
NUCLEUS target detectors




Towards a 41 veto for NUCLEUS

Scaling up and role in the future commissioning plan
Copper cage

Cryogenic detectors

Cryogenic Outer Veto (COV)

(Additional Cu shielding) Cables

Role in the coming commissioning |
e Target detector for the Muon Veto :
efficiency measurement ,
e Shielding efficiency measurement |
* First operation in anti-coincidence :
with the target detectors ]

Chloé Goupy Cryogenic veto system — BSMNu — May 24t 2023



From blank assembly towards on-site installation

May 2023 Beginning 2024

Blank Assembly & commissioning On-site installation

Undergroundlra!b altllTIUM ' k' e — Mechanical integration tests

— Calibrations at keV energies and below:
- LED
- XRF
- Neutrons with CRAB

— Detector performances
— Background studies at sub-keV (EXCESS)

Full COV installation
— Background measurement in the UGL
— Shielding efficiency characterization

2024

NUCLEUS-10g physics run
Phase 1: observe CEVNS

time
1 [‘1"'.“ ] 103
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https://nucleus-experiment.org



https://nucleus-experiment.org/

Development of a cryogenic veto

cleus system for CEvNS detection
PAPERIMENT in the scope of the NUCLEUS experiment

Back-up slides



CEvVNS, what for?

Differential cross section

do G2 E Gr: Fermi constant
F n2p2c,2 r
dE = 4 QuwF<(q“)m(Z,N)(1 - L ) Q,, = N — Z(1 — 4sin?0y,) ~ N: Nuclear weak charge
r m rmax F: Nuclear form factor, depends on g*

q: Momentum transfer

m(Z, N): Total mass of the nucleus

E,: nuclear recoil energy

Ermax = 2EZ/(m(Z, N) + 2E,): maximal recoil energy

Non-standard interactions

o~|Z(g} + 2e8Y + €2Y) + N(g¥ + 4V + 28%)]2

1
gh =+ > — 2 sin?0y



Prototyping a germanium veto

Analysis details



Energy resolution

o/E [%]

Energy resolution
3.5

Energy resolution in the simulation
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Accidental events in veto

Differential Rate (.s".kg".keV™)

Spectrum with veto, no correction Higher rejection if no accidental correction is
Spectrum with veto, with correction applied = Not the true coincidence rate.

—
<

- correction important in the gamma range
- less important at higher energy (> 5 MeV)

—_
o
0
=

—_
o
b

1074

5 6
Energy [MeV]

o
-
N
w
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COV prototype simulation

Multi-steps fitting procedure



Multi-steps fitting procedure

Principle
4 Data = A
reconstructed 4 Model = )
energy scaled
spectra simulations
2
L 2 \( Ddet ) \Mdet )/
Minimize X = - 5 n > Sum over three detectors
det. O-Ddet O-Mdet
Stat. errors only
Y (- )
Mger = ¢u X S,u,det
1 ¢n X Sn,det From Mc
simulations
+\¢y) X\Sy,det ) (fixed)
Fitted
parameters
Chloé Goupy Cryogenic veto system — BSMNu — May 24t 2023



Multi-steps fitting procedure

Step 1 : Muons

Calibrated and time normalized data

Bot Ge

Top Ge

LWO

ntial Rate (.d™kg"keV)

s : :.“ W
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Multi-steps fitting procedure

Pu

Differential Rate (.d™.kg"keV")

Step 2 : Neutron from Li capture peak
Calibrated and time normalized data

~10°

Simulation muons
scaled with ¢,

Bot Ge

Top Ge

++++ H++
HH *ﬂ gﬁ HH H,t +H+

i

t 1 ﬁ u 1

LWO

HH HJr +H++

iy Wi

i

20
Reconstructed energy [MeV]

W

16 18 0
icted energy [MeV]

Simulation neutron (shifted)
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£ E
£
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LWO

\ 4

0.14
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0.1
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0.04

0.02
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=
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Multi-steps fitting procedure

Step 3 : Gammas
Calibrated and time normalized data

o100
S E Top Ge
=
Bot Ge
= f
2 f ~ E
s S F
%1035 2 F
ey LWO
o E = -
£ L 10
a " E' E
100 e L
E 2103? - W
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Simulation Gammas

7 L Top Ge
AN Bot Ge

¢u Simulation muons
scaled with ¢,

Hits

LWO

¢” Simulation neutrons I
scaled with ¢,

(i

%, vev)

35 4
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A 4
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Differential Rate (.s".kg".kev")

by

Fit Gammas — 0.1-4MeV T

covit

1
107 e
— Bot Ge
2 ..“-k"'-'hq_,—___ -
10 —n
.." "-.-4" . “ . .
1078 T T et ...:.,.,t . -
{"r
4 '1 mﬁ“ﬂ“ﬂ gt THE g
10 b it t{ +’r++ f+ ’f’r’fﬂ 'rH ++ m fﬂﬂ ;[
" 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " "
0.5 1 1.5 2 2.5
Reconstructed energy [MeV]
cov2
=
— Top Ge
102 — -
Seezezmemezzz
-kr—-::
’::~. 3 *
-3 30 2 2t e e T
10 sty ,t" :
+ t :+{ '+ ﬂ
t t
10 i T *++++H “+H++ ++” ++++++ ﬂ"# p +,, ++++ ﬂ#’r H
1 1 1 1 " 1 " " " " 1 " I
0 0.5 1 1.5 2 25

Reconstruc’ted energy [MeV]

NTD

NTD

ey, -~ .;:,

* -,ﬁtwm
"*HI Hﬂ:’"i i
'Tﬁi *HHH' tH# Hﬂ{ { ;,’f,{{’p[ #1 +H’r 1

i 1’r+r1]‘ﬁ¢ﬂ H‘T

PR U EE U A I S S E U S S S RS |
1 15 2 25

35 ’ y
Reconstructed energy [MeV]



Multi-steps fitting procedure

Step 4 : Am241

Calibrated and time normalized data
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Fit results — Bot Ge

Bot Ge (COV1) - 0-20MeV
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Fit results - Top Ge
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Fit results - LWO
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