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Coherent elastic neutrino nucleus scattering
(CEVNS)

no coherence v - standard model interaction, flavor blind, no energy threshold
(V' guaranteedy « predicted in 1974: D.Z. Freedmann enys. rev. o (1974) 5

!!!! 9 neutrino energy
Y o _

© & = 1Ly (N = (1 — 4sin®0y) 2)* B} (1 + cos 0)F (Q?)
coherence o y nucleus nuclear form factor
; S — CEVNG F(Q)-1forQ*°- 0O
e L R -1

A(mom. transfer Q) > size of atom
=> g ~ (#scatter targets)?

— upper limit on neutrino energy:

Cross-section (107 em?)
=]

E <50 MeV (for medium A)

Ci ||||||||||||-":; bepsalonna g lonaalong 11
5 10 15 20 25 30 as 40 45 50 55
Neutrino Energy (MeV)

D. Akimov et al., Science 10.1126/science.aaoc0990, 2017
Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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natural and reactor neutrinos

=10*
'> |
S10°
- i Cosmological v
5100 T
i larv

,'.‘-.‘"‘IO‘2

[V

Shipernova burst (19874)

Q108
/ Reactor anti-v

ackground from old supernovae

= 5
=10

10 |

-V

10 Terrestrial art'

1012 : Atmospheric v

107t v from [AGN

1 0720 :

102 : Cosmegenic

| \Y
|

10¢ 107 1 10° 10 100 107 10 10'®
peV  meV eV keV e GeV TeV PeV EeV
Neutrino energy

Katz, Ulrich F., and Ch Spiering.
Progress in Particle and Nuclear Physics 67.3 (2012): 651-704.

Neutrino sources for CEVNS

accelerator neutrinos
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D. Akimov et al., Science 10.1126/science.aao0990, 2017

radioactive decay, solar neutrinos, supernovea, nuclear reactor, spallation source

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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l How to detect CEVNS
<Neutrino SOD
<Detectors> close to strong neutrino source:

h A uclear nuclear reactor: O(10%°) per s per GW
¢0 I::eg ((::eross section _ / recoils spallation source: O(10"™) per s
- K g red d noise (1.4MeV, 1GeV proton energy)
. kg-sized detectors ,

and below ) >

energy/keV —

reactor spallation source ;
> Background
signature:

recoil of nucleus
- low energy

(=]
]

U Y

neutrino sources at Earth’s surface +
source = neutron source

maximum recoil energy [keV]

—Si
T 2L —Ar threshold - site background characterization
» max — .
10 mn(N +2Z) % @ - g/b> — shield, background measurements
T R R R u
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(*) https://en.wikipedia.org/wiki/Cosmic_ray#/media/File:Atmospheric_Collision.svg
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l Motivation

 stellar collapse:
99% energy
released in neutrinos
— burst modeling
— detect on Earth

Efremenko, Yu, and William Raphael Hix.

JPCS,MQI. 173. No. 1. IOP Publishing, 2009.
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Credit: TeraScale Supernova Initiative
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arXiv:2203.05914 [physics.ins-det]

10! 10° 10! 107

DM mass [GeV /2]

* “neutrino floor/fog” in dark matter
experiments: signature like dark matter
-~ same detector response

SNS

Solar

XenonNT 2.7 0

COHERENT s
. [ (ML 2022 Phys. Rev. Lett. 133, 191002 (2024)
1 Ce n24
YRR e PandaX 2.6 o
- | Phys. Rev. Lett. 133, 191001 (2024)
XENON
|_¢J;_| Xe, 2024 (This Work)
Il | Xe, 2021
= ;I_Idl—}‘} I — I;l_I[.]I—H.B I I Ii.{i—ﬁl?
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Flux-weighted ocgunsg [cm?]

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu



Motivation

* N? behaviour of cross section
* non-standard neutrino
interactions (NSI)

0.5

arXiv:2501.17843

90% CL

Vq Vo g2 M’[%[/ l'u..-
edV- T €e=0.01 - 820 GeV 05
= R mm CONUS
% % €= 0.001 2.6 TeV — (‘E:HE;:-ZNT
(A’Z) (A,Z) _1|||||||||||||||||
-1 0.5 0 0.5
10 T (-_'“.”'_'.
g
8 * light scaler or vector
- mediators:
0 Z prime )
sensitivity
1 0 | 02 (4,2) TN (4,2)
m, (MeV) PRD 109, 092005 (2024)

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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Beyond the standard model

* Weinberg angle at low energies

= Corona, M. Atzori, et al. Physical Review D 107.5 (2023): 053001.
= | | | |
do E X COHERENT
70 (N — (1 — 4sin®0y) Z)? = 1077 BNL-E734y o =
o : LS '\::? 3
= W Super-K ]
0.242 - § @ Dresden-| BXMASS
0.240} 9 10_”]:— MUNU KamlLandm -
This Work o CON US&TF){DN-D ]
0.238 L I \ gn L GEMMA g This Work This ork é"f‘\'"zt'}:‘"‘“r""i
Qb =S Bl 2y w2f |
§D.235— Thi K o 1071 t ;I'ms Work_
= is work: = 3 This Work i (LZ)
0.234] APV(Cs) APV (CEVNS) E (LZ) g)n scalz d XENONNT ]
COHERENT Csl > 1 eep unaerground |
0.232} CSRe ) Z Ve Vi Ve Veff
) :
0.230! PVDIS sic ] Neutrino Type
0.00T 0010 0100 Q[é V'] ~d0 o0 oo * magnetic moment and milli charge
e . . .
Phys. Rev. D 110, 033005 (2024) * nuclear safeguarding (non-proliferation)
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l CEVNS around the world
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g&
l((CQ@@% s experiment
o

" Spallation neutron source at Oak Ridge, US:
H @ * Pion-decay at rest source
"- CONCRETE AND GRAVEL - ° pu|sed beam with 60 Hz
= | : « ~10* protons on target per d,

- '; up to 1.7 MeV thermal power

H2
c0|-| Ar-750 NalveTe NUTNOT  Ge-Mini _= ' D. Aklmov et al., Science 10.1126/science.aa00990. 2017
- background suppresion:

< 'lgl ! g =
103-10*

multitude of detector technologies | E
and target materials —§
~N? dependence of cross section 01000 2000 3000 4000 5000 6000 7000 3000 9(;0010;: 0BT - o S0z a0

time from POT onset (ns) neutrino energy (MeV)
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energy

E_ tl me — Prompt v, —E

B — Delayed v, and v,

a.u.

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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Adamski, S., et al., arXiv:2406.13806 (2024).
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Figure courtesy of K. Scholberg

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu

D. Aklmov et aI Phys Rev Lett 129 081801 2022
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scintillating crystals light

COHERENT Csl:
First ever
observation of
CEVNS in a
detector!

D. Akimov et al.,
Science

10.1126/science
.aa00990, 2017

Csl (final):11.6 o
LAr (1% data set): 3.5 0
Ge (1% data set): 3.9 011 /g



threshold/ mass/kg Significance

keVnr Increase fiducial mass:
Csl 5 14.6 11.6 0 24 kg - 476 kg
~500 charged-current i &
Ge 6.7 11.1 390

(per SNS year)

@ F 40K 77K
- o® %de !
e %0 e i M, |
WE ey 10%
[ ’ i e,
80— - r s -
= | = —
i
|

3
= % ! _
“t”gnged Csl £ a5 4 * more exposure ,~_ T
a 0.5 keV g * lower threshold o0k
- UoKeV 40— | Gy | o5 in analysisto ., i i
inreach = " [aariiy oo <25keV _ . e
20':" g | '-_. 3 nrEEEs. L/[ more exposure only
i am >0 / | | | | |
PHYS. REV. D 109, 092005 (2024) 10 Temperature () 1% D20 1‘yr 2>‘/r 3§’f 4 yr 5 yr
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CEvVNS and beyond

D,O at neutrino alley:

* Cherenkov heavy water:
charged-current deuteron scattering
— well known cross section

* neutrino flux uncertainty reduction:
~10% - 2-3% (5 SNS years)

CEvnS on lighter isotopes: Na, Ne
NalvETe: Nal scintillating crystals
- total mass 3.4t,
& 1.46t deployed (3 modules)
=3 NEON:
/ reuse CENNS-10 cryostat

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu

~3
(C Q@@@‘EMQNS
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Inelastics and charged-current:
— region of interest:
several MeV and above
* NalvE, Neutrino Cubes, NuThor,
more isotopes and statistics to come!
NalvE: 5.80 charged-current on iodine
(41% of MARLEY prediction)

4+ Data 1 P.An, etal.,
—— Total prediction 1 PRL. 131, 221801
— Steady-state bkg (2023)
10k — BRN bkg =
—— Na+Fe CC bkg
'?| CC 1o

127 CC - MARLEY

2
L LU I

Counts / ps

(10 — 55 MeV)

2
AR L
|

0 '2"‘)1'”&‘ ‘E‘!|I|1013/28
Event time (us)



Reactor neutrino experiments

Reactor neutrinos Accelerator neutrinos

anti electron muon, anti
neutrinos muon and
from beta electron
decays = - - neutrinos
coherency energy (MeV)
o Figure courtesy of A. Bonhomme
% 102 — SNS,20m reactor = SNS
- reactor, S'QGWm’ 17m
© _
S 17 energy <12 MeV = 10-53 MeV
B 104k -
£ Rl upper end form factor 1 . <115
S 10-5? 2?8'38 gf+ interest gOTAE-RENT flux O(107) O(10™)
10°F | | ar?e;ly;ri]sl per s per GW per s (1.4MeV, 1GeV proton energy)
o'k i | threshold background | outages off-beam
E — - 2 -4 2 -4y % 3 -4
I R T R supression  10°—-10" | (10* - 10%)*(10™ - 107)
200 400 600 800 1000 1200 1400 1600 1800 2000 (shield) (shield)*(beam-corr.)
energy/eVee
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l Reactor experiment CEVNS results

ratio to standard model

10

COvUS+

o
1

|
2021

|
2022

|
2023

|
2024

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu

2025

Ge HPGe
Si CCDs
Xe two-phase

// TN .
. nu/cleus
N4
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Atucha-l RIc@cHET.-

v CONUS-100

Ve RECODE/
ON RELICS
scintillation light 15/ 28
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CONUS/CONUS+

Brokdorf reactor KBR (2018-2022):

= -

7 "»_‘I" T : L
light-water reactor,
max. 3.9 GW, 17 m to core

Leibstadt reactor KKL (2023-...)

-
-

CONUS+

reactor -
core

boiling water reactor,
max. 3.6 GW, 20.7 m to core

HPGe spectrometer:

CP5-plus

4 x1kg @

&

Brokdorf reactor KBR (2018-2022):
« Pulser resolution: 60-75 eVee

e Final run: x 2 SM with 210 eVee threshold

Leibstadt reactor KKL (2023-....):
* detector upgrade
— pulser resolution: 50 eV_

— energy threshold: 160-180 eV __

(*)https://www.deutschlandfunk.de/vor-dem-aus-umstrittenes-akw-brokdorf-geht-fuer-immer-
vom-netz-dIf-effl6a7e-100.html
(**)https://de.wikipedia.org/wiki/Kernkraftwerk_Leibstadt#/media/Datei:AKW_Leibstadt1.jpg
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Preamplifier

Pumping port
Stainless steel flange

~CP5 Controller

Copper cryostat J
CP5 cable 3.5m

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu



arXiv:2501.05206

l CONUS+ background & shleld

nnnnnnn

) T ‘ =
= . measurement ] S
\\ containment g — bkg (sum of all contributions) COI'IUS'2 1 cé: 7 K K L
3 — p-induced in shield (with p-veto) T - —Data C2
3 10 — metastable Ge states ] o 4 K-Shell
E KBRY =
—_ - — cosmogenic . ® — Background model
% — 2%y (shield + cryostat) ] 5 5
- — Rn detector chamber 8 |
- =
1t L W by - b
| | ;
L-Shell
» 2 “Geﬂ'Ge
10
|
il A P L Y P o A e e LY L t ol o0y P P M
2 4 6 8 10 12 14 2000 4000 6000 8000 10000 12000 14000

lonization energy [eV]

Eur. Phys. J. C 83, 195 (2023)  energy/keV,,

Background model: KKL based on KBR

e cosmic ray induced backgrounds: ~70-95%
 radioactive material contaminations, airborne radon
* reactor-correlated background negligible

| borated PE (dedicated measurement campaign arXiv:2412.13707)

B plastic scintillator

PAUL SCHERRER INSTITUT 18 / 28
Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu : PTB :




Background spectrum

% 1011§

CONUS-3

Counts /d/keV

Y b +
'H*?“'I.'I L I"'ili"i'i T

-
o
o

L [RLRRL BRAALL IR AL UL I B

-1 §| L1l ‘ [ ‘ [ ‘:I L1l | Llad | [ | | ] | | ‘ Lo ‘ [
107650 100 '150 200 250 300 350 400 450 500
Eur.Phys.J.C 84 (2024) 12, 1265  Energy [eV_]

Nov 2023: start reactor ON, May 2024 first reactor OFF

Excess events [kg” (10 eV)]]
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-20

l First detection of CEVNS at reactor site

after subtraction of background model

............

[[[IIE[II|III|\II

C3 C5C2

= Data

|| signal prediction
ON: 327 kgd
OFF: 60 kgd

150

L L 1 1 L L
200 250 300

lonization energy [eV]

350
arXiv:2501.05206

Total active mass: (2.83+-0.02) kg
Signal events data: 395+-106
Signal predicted: 347+-59

ratio: 1.14+-0.36

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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Towards a precision CEVNS detection (;()\,Usa,é

\ |
_ 100 Pyp=3.5GW at d=20m
- Get all the neutrinos! 507, cficioncy G 1006V
arxiv:2501.05206 : ; 5 Etne = 3-FWHMuiser
g il 12 g\ :
o En=160eV | = &0 s
= Tt & =k
Y06 5 e\ &
205/ 8 § = i
E 2
%0.4 6 § s‘é‘ wn
2031 ., 8 § 40 gt %
g R S
g s A
£0.11 ‘ 2 g 20) -
50'0 . | | - ; I | = " 0
3 4 5 6 7 8 9 10 1
neutrino energy E, [MeV] I
100 200 300 400 500
* more exposure already collected Threshold energy Eqp, [eV] JHEP 08 (2024), 171
* more mass with inverted coaxial detectors
(2.4 kg), detector swap Nov. 2024 much more mass - CONUS100
20/ 28

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu



Munlch Aprll 2024

[ |
L MAX-PLANCK- |NST|TUT
C Le U S A
i S B HEPHY
: ach : INSTITUTE OF HIGH ENERGY PHYSICS
EXPERIMENT
W LMU __j
[ ORIGINS 5551255 | 1o
E Excellence Cluster Dark Matter “j
! | Messengers . 5‘"‘"""““"_""" Caunel Prysique 3a5 2 Infinis at des Originas

21/ 28

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu



l NUCLEUS

Adapted from E. Bossio, Magnificent CEVNS workshop Valencia,

Inner veto: https://indico.global/event/6083/timetable/#20240612.detailed
: . / Chooz B nuclear power plant:
Si wafers with TES —s~ | { Crvogenic target e RYSEIETE ot o pe

4 detectors (109):
]_/ CaWO4 and Al203

S e
TIom @i

2cm

muon veto ¢ T

The “Very Near Site” (VNS):
® 102 m and 72 m from the two
reactor cores

Neutrino flux ~ 1.7 102 v/s/cm?2
® 24 m2 basement room,
overburden of 3 m.w.e.

Outer veto:
Ge in ionization

mode o :
dilution refrigerator

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu at <7 mK temperatures 22128



N U C L E U S Transition-edge sensor (TES) Baselilne resqlution at TU Munich:

250
l"Ti\

(- i\dean: 6.08 + 6.07 eVr
Resolution: 6.22 + 0.07 eV

g Cryogenic Detector 2001

NUCLEUS-10
r, )/ eV

150+

Counts

lead 100
borated W
PE 0%
+ squid readout 2 e
Two 3x3 matrices of target = 15 10 5 co s 10 15
detectors OF Amplitude [eV] o
https://indico.global/event/1271/contributions/26671/ 2501.04471 [physics.Ins-dlef]
Target energy threshold: O(10 eV ) with gram-scale mass
- lowest target threshold of all CEVNS experiments with no quenching loss

- understanding of low energy heat channel excess in progress

Status: commissioning at TU Munich and at reactor site
physics data taking end of this year - longterm scale to 10 kg

23/ 28
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l Summary

K. Patton et al.,
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Flux-averaged cross section (10™° cm?)
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N* dependence
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Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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l Summary and outlook

CEvNS=neutrino interacts with the nucleus as a whole, N2 enhancement (42 —“’"‘IK
 first observation 2017 at SNS on Csl by COHERENT, two more detections on Ge and Ar\ (4,
— more exposure, more mass, lower thresholds, lighter isotopes <)
 at lower energies at reactor: first detection in 2024 by CONUS+ with HPGE
— more exposure, more mass
« at very low energies: NUCLEUS aiming at 10 eV threshold with cryogenic bolometers
— currently commissioning at reactor site

=> from O(10 - 100) CEVNS events to O(10 000) and more CEVNS events!

=> A precision detection of CEVNS in the few percent level is in reach!
Lots of interesting physics: supernova, neutrino fog/floor, nuclear form factor, Weinberg angle, NSl,
light mediators, magnetic moment,....

V Vv ion!
v v o, Vv Thank you for your attention! v Y Vv vV

Dr. J. Hakenmuller, Duke University, janina.hakenmuller@duke.edu
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l First detection of CEVNS at reactor site

Excess events [kg "' (10 eV) ]

900
C3 C5 C2
800 H : H
700
600
500
400
300

200

100

0

m Data
pm Lindhard k = 0.162 +0.004
Lindhard + linear
7 Lindhard + cubic
»x Estimation from [17]

Threshold

Bkgld'kg'keV™*

CONUS+ | 160-180 eVee
(>90% trigg. efficiency) | OFF: ~60-75

ON: ~70-80

Dresden-Il | 200 eV

ON: ~2000

(0% trigg. ?a?‘ficiency) OFF: ~500

2 KKL Run-1 uncertainties:
g Prediction uncertainties
— Uncertainty Contribution
= Energ_y threshold 14.1% —p Cf source
- |Quenching Ge 7.3% Callbratlon
: - R O S i il ey m_ , Heactor neutrino fiux 4.070
150 200 o 250 300 350 Cross-section 3.2%
- lonization energy [eV] Active mass Ge 1.1%
arxiv:2501.05206 Trigger efficiency 0.7%
All combined 17%
stron claim of CEv 8 ection at Dresden-Il reactor 27 /28
Dr. J. Hakenmu ergDu%e‘?JI niv e |t Yy, Janin aq1a enmuller gtk do
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