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e Coherent Elastic v Nucleus Scattering (CEUNS, pronounced ‘sevens’) is sensitive to all three flavors
e CEUNS happens when the transferred momentum corresponds to a wavelength (4 ~ 1/Ap) of a similar size to the nucleus.

e CEUNS cross-section: 3-4 OM higher than inverse beta decay (IBD) or v, — e
e Standard Model process
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An Act of Hubris

PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974

Coherent effects of a weak neutral éurrent

Daniel Z. Freedmanf
National Accelerator Laboratory, Batavia, Illinois 60510

and Institute for Theoreticah Physics, State University of New York, Stony Brook, New York 11790
(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as ¢ + A —¢ + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10738 ¢m? on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A —v + A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

Our suggestion may be an act of hubris, because
the inevitable constraints of interaction rate, res-

olution, and background'pose grave experimental
difficulties for elastic neutrino-nucleus scattering.

We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiments.

Challenges: low energy threshold and low backgrounds
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CEvVNS as a Probe for Many

e Particle physics
» Weak mixing angle at low momentum transfer
» Neutrino non-standard interaction (NSI)
> Neutrino magnetic moment

e Astrophysics

> New approaches to detect solar neutrinos and supernova neutrinos
> |rreducible backgrounds for dark matter search (“neutrino fog”)

e Nuclear physics
> Nuclear form factor

 Reactor physics
» Minimization for reactor neutrino detector
» Reactor safeguard
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RELICS Program

e REactor neutrino Llquid xenon Coherent Scattering (RELICS) program is a staged program, with the goal of
deploying detectors at the Sanmen nuclear plant in Taizhou, Zhejiang.

e Reactor: 3.4GW, 22m baseline

e Primary scientific goal: measure CEUNS in xenon using reactor v
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RELSC'S

Time Projection Chamber (TPC)
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e 3D position reconstruction e Particle interaction identification
» Energy reconstruction > Electronic recoil (ER)

> Nuclear recoil (NR)

Jinggiang Ye (CUHK-Shenzhen) CosPA 2026 July 6th, 2026



Lo
REL3CS

time
GXe +
& Eccrcr 52 S2

N % N
LXe drift time §
(depth) o

E. E S1

s 27

£

particle

5.0 7.5 10.0 12.5 15.0 17.5 20.0

Time [us]

e S2 only analysis: abandon week S1 signal to lower threshold
» Energy threshold: O(1) ke Vg -> Sub ke Vg

e Position reconstruction: 3D (xyz) -> 2D (xy)
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RELSC'S

RELICS Program

2024 2026 Now
RELICS Prototype: RELICS-10: RELICS-50:
» No Shielding e Solid Shielding » Water Shielding
e LXe Mass ~ 0.55kg * LXe Mass ~ 10kg e LXe Mass ~ 50kg
e PMT Number: 14 * PMT Number ~ 38 e PMT Number ~ 128
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RELICS Prototype

Motion Feedthrough

Outer vessel of cryostat

Inner vessel of cryostat

RELICS Prototype:

Suspending Panel e No Shleldlng

e Ar and Kr calibrations
e | Xe Mass ~ 0.55kg

e PMT Number ~ 14

Level Meter

Top PMT Array
Anode

Gate

Shaping Rings
Cathode

Bottom Screen
Bottom PMT Array

Diving Bell
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Single Electron Gain
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Purification
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e Low impurity level required for sub-keV nuclear recolil detection (large electron lifetime)

e Purification models constructed and validated by manipulating operations of RELICS prototype

e Getter removal efficiency evaluated to be ~98%

e PTFE outgassing rate reduced by a factor of 5 by baking for 2 weeks (and then exposed for 2 days)
e The predicted electron lifetime in RELICS-10 and RELICS-50 > 1 ms based on the purification model

* Further increase by baking detector materials |
arXiv: 2604.12572
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Dual Readout
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WRELZCS

RELICS-10

D 14cm
RELICS-10:
e Solid Shielding
e Reactor Neutrino
H 16cm . 99% Muon Veto
e | Xe Mass ~ 10kg
e PMT Number ~ 38
Solid
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RELICS-50

e Use S2-only analysis to achieve an energy threshold to 4 e- (~0.6 keV) with a high efficiency
e Use both water shielding and plastic scintillator for shielding to reduce cosmic backgrounds.

RELICS

Jinggiang Ye (CUHK-Shenzhen)

Diving bell

Top PMT array

Copper field
shaping-rings

Bottom PMT
array
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Total: 62 kg xenon
Active: 44 kg

Lo
REL3CS

e TPC: 24 cm (H) x 28 cm (D)

PMT Number: 128 (64+64)

Region of interest (ROI):
e (120, 300) PE

e (4,10) e-

e« (0.6, 1.4) keVyg
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Name Events / (32kg-year)
Signal CEVNS 4640 —— CEvNS
Delayed electrons 1325 — g;“tmn
Cosmic-ray neutron 340 —— Delayed electrons
Background|  Muon-induced neutron 2 —
ER 21
Total 1688

y
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PRD 110, 072011 (2024)
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Physics Potential for CELNS Search

REL2CS

Weak mixing angle Neutrino non-standard interaction (NSI)
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« Assumed exposure: 32 kg - year
e Systematic uncertainty (from charge yield) dominates over
statistical uncertainty (expected more than 4000 CELNS events)
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Reactor Axion-like Particles RELSC'S

Dent et al., PRL 124, 211804 (2020)

Reactor axion-like particles (ALPs): possible due to copious photons from the fission processes.
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RELICS Sensitivity
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e With 20 kg-year exposure, RELICS is expected to put competitive constraints on axion couplings.
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Summary

The staged RELICS program aims to measure CEUNS with reactor neutrinos using LXe TPC

Energy threshold is 0.6 ke Vg using S2-ony method, and single-electron detectability was demonstrated by
RELICS prototype.

RELICS-10 construction is ongoing

RELICS-50 expects to observe ~4600 CEVNS events per year with pile-up of delayed electrons as the dominant
background. Expected S/B ratio of ~2.7.

Competitive constraints on axion couplings are also expected in RELICS-50.

2024 2026 Now
RELICS Prototype: RELICS-10: RELICS-50:
* No Shielding e Solid Shielding e Water Shielding
e Ar and Kr Sources e Reactor Neutrino e Reactor Neutrino
e | Xe Mass ~ 0.55kg * 99% Muon Veto 99% Muon Veto

e PMT Number ~ 14 e | Xe Mass ~ 10 kg
e PMT Number ~ 38

L Xe Mass ~ 50 kg
PMT Number ~ 128
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Back up
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Neutrino Energy for CELNS RELZCS
2my.m,
AP = my vy, = ——v, =~ 2P,
mXe + m,,
| 1 164
P < ~ MeV ~ 30 MeV

T Ry, 12-ABfm ~ 13113

AP>  2P; 2x10* MeV?
— — — = 1.5keV
2mXe mXe 1 3 1 GGV

E

I

o £, < O(10) MeV to keep coherence
« £ > O(1) MeV to make detectable energy deposit
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Solar vs. Reactor

Solar B-8 v O ~5x10°/(s - cm?)

Reactor v O ~ 1013 /(s - cm?)
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CEvNS Detection - Accelerator v

REL2CS

COHERENT @SNS

COHERENT, Science 357, 1123 (2017)
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CEvNS Detection - Solar v REL3C'S

XENONRNT, PRL 133, 191002 (2024)
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' ' (This Work)
| | | |
PandaX-4T, PRL 133, 191001 (2024)
‘ \ S 6
B16-GS98 prediction O
."3
<—| XENONIT 2.60 g4
I 90% CL threshold
» 2
<—| PandaX-4T (2023) ks 68% CL threshold
0 | | |
PandaX-4T (paired & US2 combined) 0 5 10 15 20

0 5 1'() 15 20 5 5B neutrino flux [10° cm—2s71]
Solar ®B v flux [x 10%cm—2s~ 1]

e Solar B-8 neutrinos CELVNS were detected in xenon by PandaX and XENON independently in 2024
e Solar flux measurements consistent with SSM and SNO measurements
e First time with neutrinos from natural sources, and first time in xenon.
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CEvNS Detection - Reactor v

Ge CONUS+, Nature 643, 1229-1233 (2025)
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e Reactor v: large flux, low energy, reactor on-off mode
e CONUS+ observed CEUNS in High-Purity Germanium (HPGe) using reactor neutrinos in 2025
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https://www.nature.com/

Reactor v Experiments

Experiment
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Worldwide Efforts for CELNS Search!
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Reactor v

3GW reactor
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e Low energy deposit, no timing info
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Why Xenon?

Selected Properties of Xe

Property Value
Atomic Number (Z) 54
Atomic Weight (A) 131.30
Number of Electrons per Energy Level 2,8,18,18,8
Density (STP) 5.894 g/L
Boiling Point —108.1 °C
Melting Point —111.8 °C
Volume Ratio 519
Concentration 1n Air 0.0000087 % by volume

 Radiopurity

reshold e O(1) keV, sub keV possible

exposure
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DE Background Rejection RELZC'S

§ | i ~11  Summary of Signal Acceptance
i CEVNS signal n B S y of Sig P
- ol I 0.0% 25.0% 50.0% 75.0% 100'%@eptance -
A Hh OO— 0 o 5
—15+ :g‘ 0 : | I . |
\ é al W Pile-up DE
| . ~ 48 i
< O 1 !
z ool o ol 1y - |
e : 0 1 2 3 4 g
o .: : Time|us] I N i i
g k I 0 CEvNS
E% 0.5F [ Pile-up DE
S : I ~19.2 -
= " |' 0.4‘
2 DE background &
£ _gﬁ) _. %0 3r I % 100
z ..' & 0.2F I % 50
s 017 -
= : T S——
T . 00600 0.25  0.50 0.75 1.00 Si | Back g
! 0 P« 5 Score . iIdNa acC foun
L 1] I Selection J rare
Spacetime Correlation Coefficient acce pta nce I’ej e Ct IoN
No Related to last muon? Yes Waveform: |
- S2 Width ~ 86% ~ 94%
Pattern & Correlation: * CEVNS: Gaussian I Pattern &
: : ~ o ~ o
e CEUNS: Closer to single-point events * DE:More dispersea ) Correlation o270 99.997%
 DE: Linked to the preceding muon track Waveform ~ 80% ~90%
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Background Origins for CELNS

Cosmic Reactor

Material Delayed
I Electrons

> / —
A 7 I ; {
8

» Cosmic @ » Reactor Neutron

- Cosmic neutron +  Reactor y - Material y, 3

Geant4 Simulation Data-driven Modeling
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REL2CS

NR Backgrounds

s 7m '
‘ I

.
10° c 18 107
water shielding :
100 r
Tubes 3
S~ 101t _(xenon, cables) %
|>} E: _
"g '>} I —— Cosmic Ray Neutron
T 1072 = 102 - —— Cosmic Muon induced Neutron
g ¥ £l muon veto > 99 % | - CEVNS ROI
L, - A
S 1073 T ~ | 24, !
| —I R { o g -
: T . e 0N ks
107*F Reactor & Envi ¢ : |_1 MIUGIINVELO detecto == )
eactor nvironmen ! - |
Cosmic-Ray Neutron I L,
10°°F ——— Neutrons that deposit energy : - , |
- 10~ - :
10_1 100 101

1072 107' 10Y 10! 102 10° 10% 10° 10°

Initial Neutron Energy E,, [MeV] Nuclear Recoil Energy [keVy.|

 Neutron source:
» Cosmic ray neutron (dominant)
» Muon-induced neutron
» Reactor & Environment neutrons

. (7.7 £0.7) x 1072 (kg - day) ™" in (0.6, 1.4) ke Vg
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REL2CS

ER Backgrounds

0 ].02 E ; ;

O — Muatorial —— ER Background
— C:srjfilcaMuon i — | f — CEuNS
—I—|+'_!_+‘_!_‘_ — Cosmic Ray Neutron l 101 .__ T - S2 Width Rejected

ST107ME . —— Rn222 ) : : '
% + Kr85 g 100
. t P iy gt =
—§ 1072 3 — ; > 1071
; : | L
;;é 109 F 3 % : } T j_—!:l:‘_!_‘+ ;‘g 102E .................. )
R I S 10— ﬂL} Il ]
Lo , , , , , , , , , 0.1 0.2 0.3 0.4 0.5 0.6
o 2 4 6 8 10 12 14 16 18 20 S2 Width [ps]
Electronic Recoil Energy [keV .|
Fiducial Volume cut: S2 Width selection:
e ER background source: |
» Material * R<12cm e S2 Width > 0.22 HS
> Muon-induced ER e No Z Position ° S|gna| Acceptance ~ 86%

» Cosmic ray neutron-induced
> |nstrinsic

e 3.1+0.1)x 107! (kg - day - keV)™! before S2 width cut

* Rejection Power ~ 94%
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Delayed Electrons

Large Energy deposition

0] 051 S2 Photo- prototype
ionization
100 }

0 20 40
Delay electron Time [us

| AL

10 20 30 40
Time [ms]

=
o
I
IIIIIIII 1 Ll
=
o
N

|

o
N

ul

Amplitude [PE/sample]
=
o

e Observed by large LXe experiments
e Electron emissions following large energy deposition
e Related to muon rate ~10 Hz
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Delayed Electrons
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Delayed Electrons

Large Energy deposition

] 10°F
10° 104 81 S2 Photo- prototype .

: 0 single
i ionization 101+ electron
Ez 10 107 - }

8 - 2l N

5 10 ool I | = 10 4 electron
— L .

= 0 20 40 o pile-up
R Delay electron Time [us = 10+

£ 10

o .

] 7

= 1 ki 10-2f
101-5
] (ki MW M B e I S
10072 0.0 0.5 1.0 1.5 2.0
10 20 30 40 Time [s]
Time [ms]
e Observed by large LXe experiments o Pile-up delayed electron (DE) event rate > CEUNS rate

e Electron emissions following large energy deposition
e Related to muon rate ~10 Hz
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DE Background Rejection

CELNS signal Wavetorm
Q 4r B CEvNS
<
3_
2_
C\.
< = = O ! !
= % CEG " Pile-up DE
= 1] @ = Ol
& |
[ LU
U0 I > 3 J
Spacetime Correlation Coefficient Tlme [U'S]
No Related to last muon? Yes | |
D e EEEEE—— e DE: Spread in space and time
Correlaton with the preceding muon track e CEVNS: clustered
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Reactor ALP Production RELSC'S

— Primako::z, mg, = 10 keV Primakoff Compton-”ke Scattering Nuclear de-excitation
———=  Primakoff, m, =1 MeV -
10° ; —— Compton, m, = 10 keV = ")/ a g 9’
: ~ ---- Compton, m, = 1 MeV , % g 7
108 3 " Jaee — 10_4 E % gaee /// al’lll 4
. i , Gary = 1073 GeV ™! ' e .\ / N
| ' :
o~ 107/ | / N N
L 1 N N p > |
= 106t f Li-7, p(n, y)d
=
105 = I&jq::) §: :
SIS
10tk S
08 L o e Reactor ALPs could be shut down when the reactor is off. Reactor
on and off data help understand and constrain backgrounds.
107 = 10 e Reactors produce MeV photons (gamma), which allow for probing

E, [MeV] ALPs with MeV mass!

. » Complementary to the solar ALP search that is at low enerqgies
Flux @ Sammen site P y J

22 m, 3.4 GW
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REL3C'S
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Reactor ALP Detection in Xenon

gaee

Axio-electric process . Inverse Compton-like @ pair production ?f; Inverse Primakoff
a € A ,, . y
\\ € _______ .
Mo Saee / -’ \e\ Eaee ; Scattenng
A T
;{k . / . V Qa Z ’ > Z

Photon interaction in matter
100 [\~ e

Photoelectric effect
Compton effect
Pair production

Total

Axion decay - photon

2 _1
umass [Cm g ]

—

| Decay
0.1 /
0.01 —
o e Reactor ALP detection has more channels than solar ALPs
0.0001 L SUSEDVNY SN » Additional detection channels due to higher energies
0.01 0.1 1 10 100

Photon energy [MeV] » Possible to decay
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gae €

| — e = 1072 GV my, = 1 keV

1
10 F = Gaee =107 GeV™! m, =1 MeV

=== ER background

d%i kg day ke\/]_1
[—
<

ot
-
O

=

T ——————————————————————— -

: 10_2f o

- —— gu, = 1073 GeV L my = 10 keV |

107° | T Gayy = 1074 GeV~t, m, =1 MeV ‘1‘

F Y Y | Ll — 10—3 s s ¢ sl il Y| N T |
10-1 10° 10! 102 10° 100 10! 102 103 10*

Recoil Energy [keV,,]
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E, [keV]

e Reactor ALPs signal rate ~ g4.
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RELICS Background Sources

[0, 20] keV

. Primary Cosmic
Cosmic neutron Meters Rays
-0 000 : "
K : l
Muonic Cascad * '\’ <o
hadrenic componcnt N ' '-‘-...
and neutring x- \
PE y Y S N = heavy
- ” x4 L. ')’ .“h‘
" : “ K= Kaon
e®® . x+ = Pion
\ t PMT -Zim.-’ '.’ ‘\‘ p v o meutrino
Diving bell SRERRERS £ \ n = neutron
————— Material ) N e
: e~ clectron
Top PMT array Anode . ' ". ‘.: ﬂ-- p:::.n
Gate =10 000 P u . I,,,p
Y pt = muon
PTFE reflector e § 000
Copper field L
shaping-rings 47 LXe veto —
9 P
Cathode . )

Bottom PMT
array

Hadron Cascade:
'
nuclear fragments an d
hadronic componcent

Cosmic muons

Cosmic muon
y from

Cosmic neutrons
detector materials L Xe Intrinsic
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RELICS ER Backgrounds

From Geant4 simulations IS———————

— muon S i;ltnnsm
—— CRN ~— EVES
- [mm] 103 - detector material -
0.0 70.7 100.0 122.5 141.4
== == (zate 10° - B
102 =)
=
-
- g
1074 % =
3 g
IbD
10~° =
1073
0 50 100 150 200 0 = —"""%00 200 600 800 1000
R2 [ sz] Recoil energy [keV]
S1-S2 analysis enables an optimized FV of 20 kg ER background: ~ 7 X 1072 (kg - day - keV)~! below 1 MeV
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