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Coherent Elastic v-Nucleus Scattering

do G2 MAT v
— FQ%/VMA 1 > F(q2)2
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No flavor-specific termsl!!! 7o
Same rate for ve, vy, and vy

First proposed >40 years ago!

PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH 1974

Coherent effects of a weak neutral current

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

and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790

ived 15 October 1973; ised i ei 19 N '
(Receiv r revised manuscript received 19 November 1973) PHYSICAL REVIEW D . _ VOLUME 30, NUMBER 11 _ 1 DECEMBER 1984

Our suggestion may be an act of hubris, because | Principles and applications of a neutral-current detector
the inevitable constraints of interaction rate, res- for neutrino physics and astronomy
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 expemriments, VOLUME 55, NUMBEER | PHYSICAL REVIEW LETTERS | JULY 1985
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Neutrino Sources: the Sun & other cosmic sources

* Probably need to do this underground...
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Neutrino Sources
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Reactors

Decay-at-rest

sSources

SNS:

............... vV,
Vi

......... Ve

Reactors: ILL reactor
(55 MW)
HFIR reactor
(85 MW)
Chooz reactor
(1.5 GW)

EC Sources:
STAr (5 MCi)




Energy [hresholds Needed for mono-energetic Neutrinos
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CEVNS Requires Dark Matter Sensitivity On the Surface!
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CEVNS Requires Dark Matter Sensitivity On the Surface!
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CEVNS Requires Dark Matter Sensitivity On the Surface!
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CEVNS Requires Dark Matter Sensitivity On the Surface!
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Many CEVNS Efforts Worldwide [mcomplete]

Experiment Technology Location Source
COHERENT Csl, Ar, Ge, Nal USA nDAR
CCM Ar USA nDAR
ESS Csl, Si, Ge, Xe Sweden nDAR
BULLKID Si/Ge ltaly Reactor
CONNIE Si CCDs Brazil Reactor
CONUS HPGe Germany Reactor
NEWS-G Ar+2%CH4 Canada Reactor
MINER Ge/Si cryogenic USA Reactor
NEON Nal(Tl) Korea Reactor
NUCLEUS CaWQ, , Al,O; Europe Reactor
cryogenic
vGEN Ge PPC Russia Reactor
RED-100 LXe dual phase Russia Reactor
Ricochet Ge, Zn, Al, Sn France Reactor
cryogenic
TEXONO p-PCGe Taiwan Reactor
Dresden | PCGe USA Reactor
SBC Scintillating Fermilab Reactor
Bubble Chamber (R&D)

+DM detectors, +directional detectors +Solar/SN detectors...
many novel low-background, low-threshold technologies!!
Enectali Figueroa-Feliciano \ Magnificent CEVNS \ Mar 2023
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COHERENT

* Electron-capture
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(measured neutron backgrounds low, down “Neutrino Alley”

‘e‘%‘e‘ / ~ 8 mwe overburden)
‘ Qﬂ smunou N[UIRON SOURCE
J’H

ﬁ Siting for deployment in SNS basement View looking

NEUTRINO SOURCE

LAr Nal

Ge

NIN cubes

Isotropic v glow from Hg SNS target
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Time structure of the SNS source

3000

60 Hz pulsed
Prompt v, from & decay in time SOUrce
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=Xpected recoll energy distribution

Recoil spectra: no quenching, efficiency or background
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S . B —— Csl 14.57 kg, 19.3m
2,10 i === Nal 2463 kg, 28.0 m Ligh _
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s 0 — Ar 750 kg, 29.0m less rate per mass,
S s Ar 22kg, 28.0m :
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First light at the SNS (stopped-pion neutrinos)  D. Akimov et al., Science, 2017

with 14.6-kg Csl[Na] detector content/early/2017/08/02/
Counts (/ PE-us) DOI: 10.5281/zenodo.1228631
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r Counts (/2 PE) =
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http://science.sciencemag.org/

Remaining Csl[Na] dataset,

with >2 x statistics

+ Improved detector response understanding
+ Improved analysis
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https://arxiv.org/abs/2110.07730

COHERENT Liquid Argon CEVNS Results
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COHERENT CEVNS Detector Status and Farther Future

Nuclear Technology Mass Distance Recoil Data-taking start Future
Target (kg) from threshold date
source (keVr)
(m)
Csl[Na] Scintillating 14.6 19.3 6.5 9/2015 Decommissioned
crystal
Ge HPGe PPC 18 22 <few 2023 Funded by NSF MRI,
INn progress
LAr Single-phase 24 27.5 20 12/2016, upgraded Expansion to
summer 2017 750 kg scale
Nal[TI] Scintillating 185"/ 25 13 *high-threshold Expansion to
crystal 3388 deployment summer |3.3 tonne, up to 9
2016 tonnes
+D20 for flux
normalization
+ concepts
for other

targets...
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COHERENT Future Deployments @ SNS
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CCM (Coherent CAPTAIN Mills)

CCM Detector:
7t LAr PMT-instrumented cryostat CCM120: 1.8e21 POT collected

CCM200: Taking data now, planned 2.25¢22 POT

* 90 degrees off-axis

* 23m to target e CCM120 data: 294590 observed events

 Backgrounds: 294614.3 = 241.7 (syst)
+ 542.8 (stat)

* Projected sensitivities also test traditional
QCD axion parameter space and
constraints from astrophysics

* Projected sensitivity to the
“cosmological triangle” region of ALP
parameter space 0.5 <m, < 1 MeV
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Reactor Experiments
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Reactors: ILL reactor

(55 MW)
HFIR reactor

(85 MW)
Chooz reactor

(1.5 GW)

EC Sources:

STAr (5 MCi)




Spectrum (in DRU) from Reactor
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Iomzatlon I\Aeasurements and Quenching

Model @ 8 8 m from the ILL (58 MW)

— Ge-Phonon -
o lonization
measurements of
CEVNS require
lower thresholds to
get the same rate

< due to the

I gquenching factor

— Ge-lonization

Lindhard

Quenching

0.5}

| The result depends
heavily on the yield
model you use!

Integrated Rate [ evt/(kg day)]

50 100 500 1000
Threshold Energy [eVnr or eVee]

Note change In axis

from previous plot!
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Quenching Factor Questions

40 T T T T T T Germanium response to sub-keV nuclear recoils:
a multipronged experimental characterization
Ge (77 K)
J.I. Collar,* A.R.L. Kavner, and C.M. Lewis
e Enrico Fermi Institute, Kavli Institute for Cosmological Physics, and Department of Physics
30 Unaversity of C’hicagfo, Chz’cago,glllz'noisy60637, USAp F
(Dated: February 22, 2021)
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Quenching Factor Questions

Mr————————r— 77— T Germanium response to sub-keV nuclear recoils:
a multipronged experimental characterization

J.I. Collar;* A.R.L. Kavner, and C.M. Lewis

Enrico Fermi Institute, Kavli Institute for Cosmological Physics, and Department of Physics

O% Unaversity of Chicago, Chicago, Illinois 60637, USA
(Dated: February 22, 2021)
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Fffect of Quenching on lonization Measurements

1000 - Model: @ 10.39 m from the Dresden-II (2 06 GW)
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e |onization

measurements of
CEVNS require
lower thresholds to
get the same rate
due to the
quenching factor

* The result depends

heavily on the yield
model you use!

NB: this figure
assumes step
function efficiency
from threshold.



CEVNS search at Brokdorf nuclear power plant with CONUS

5 years of successful operation of
4 x 1kg Ge detectors @ 17 m distance 2110.02174

from a 3.9 GW,, reactor core center 2112.09585
arXiv:2201.12257

Key parameters:

intense neutrino flux: ®=2.3 x 1073 v/s/cm?
ultra low energy threshold: ~200 eV,

ultra low bkg in ROI: O(10) cts/d/kg

- full background decomposition - competitive constraints on BSM models

- reactor thermal power correlated neutrons - new limit on CEVNS signal from reactor neutrinos:
negligible inside CONUS shield factor ~2 (90% C.L.) above SM prediction
- precise quenching measurement in Ge at 88 K: assuming Lindhard theory with k=0.162
- validity of Lindhard confirmed in (0.4-6.3) keV,, 200
- quenching factor k=0.162+-0.04 (stat. + syst.)

1 conUS limit
150

100
¥
50

CEVNS events

lllllllllllllllllllllllllllllllll

0
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CONUS and Dresden-||

Test NCC-1701 signal with CONUS data
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CONUS+ will be installed KKL power plant
during summer 2023.

4 upgraded x 1kg Ge detectors @ 21 m
distance from a 3.6 GWy, reactor core center

Key parameters:

intense neutrino flux: ®=1.5 x 10*13 v/s/cm?
ultra low energy threshold: <200 eV,

e - CONUS shield modified
to include additional
second muon veto.

* Full background characterization of detector location:

 Gamma background with HPGe detector. Contribution over 2.7
MeV — 25 times smaller than in KBR.

* Neutron background measured with Bonner Sphere array.
Neutron flux 30 times larger than in KBR. Correlated with thermal

power.

 Cosmic muons measured with liquid scintillator detector. 4 times
larger than in KBR — overburden on 6 m.w.e.

* Radon level 200 Bg/cm3 — radon filtering system for detector
chamber flushing.

upgraded. Energy
resolution and threshold
iImproved.

I * - CONUS Ge detectors
i

26N
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v(iGeN

Typical regime:
ON: 18 months
OFF: 2 months

Reactor nit #3 @ KNPP

. S ST SR TN P N

a)
Puc. 5.4. Snepuwiii peakrop BBOP-1000

 Spectrometer vGeN is located under the reactor
unit #3 (3.1 GW,,, — thermal power)

* Distance to the center of the reactor core is about
11 m, this gives ~ 4-10'3 v/(sec-cm?)

* Overburden ~50 m w.e. — good shielding against
cosmic radiation due to reactor’s surrounding

* Good support from KNPP administration

' 3 o..‘.
. an

N ALK
s “iDream vGeN | YR

22.03.2023 N7 A lithachaowvclkiv O
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..............................................................................................................................................................................................................................................................................

.  ON-OF 2022 ANALYSIS

Analysis of the first data shows no
+ .............. ________________ ........................ : ................................................. ,_ ..................... + ............................................ e JUE S significant difference in backgroun d

L 1,111l 1L+ 411 level during reactor ON and OFF
I o e regimes. No excess at low energy
...................... fe b e b e LT LT | connected with the CEVNS has been
| L observed. The wupper limit on the
............................................ quenching parameter k < 0.26 with 90%
............................................... * CL h as been Obtained (d ashed |ine). Red

solid line for k = 0.179.

L

-
»

| | | | I | | | | l | | | | | | | | | | | | | | | | | | | | | | | |

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Energy, keV

_ Counts in region [320..360] eV Counts per kgd (stat. error only)

Reactor ON 94.5 2.32 +0.15
Reactor OFF 126 47.1 2.34 +0.21
ON-OFF -0.017 £ 0.255
CEVNS, k=0.26 55 0.46
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viGeN and Dresden-l|

* Claimed about strong preference (p<1.2-1073) for the presence of CEVNS.
* Similar to nuGeN antineutrino flux from reactor (4.8 1013 v/cm2/sec)

* Sideway location gives almost no overburden (cosmogenic background).
 Almost no shielding against fast neutrons.

 Different shielding during reactor ON and OFF

* Big difference in background levels during reactor ON and OFF
 Moderate energy resolution > 160 eV (FWHM) (in nuGeN — 101.6(5) eV)
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Other Reactor Experiments

CONNIE
Moved to Skipper CCDs
More CCDs to be installed (1kg)
Move closer to reactor

RED-100 NEON
Successful Data run with Xe 16.7 kg Nal(Tl)
Moving from Xe to Argon

® 6 counts/day/kg/keV (DRU) flat bkg
® 24 NPEs/keV light yield
| ® (0.2 keV threshold (5 NPE) <- On going!!
@EoE et e CTI};*:)';::H 2 B ® 16.7 kg detector mass
P e e e o | ho s ® 1 year reactor on data <- Just wait!!
e | e LY ® 140 days reactor off data

1.0F

0.8F

-~
T — ;

C.L.

0.2r

- Sarkis — 2020

—— Sarkis (arXiv:2209.04503) Top PMT
array

Polyethylene Castle

Borated Polyethylene Calibration access holes

Electrodes

&

field shaping

Acrylic Box
rings

3-inch PMT

Sensitive
volume LXe

Bottom PMT
array

5-inch PMT Inner

Acrylic Box

/

A-side B-side [

Lead Castle

Liquid Scintillator
filled
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Other Reactor Experiments

TEXONO
Looking for new site

D

TEXONO (Taiwan EXperiment On NeutrinO)
Experiment 1s located at Kuo-Sheng Nuclear
Power Plant -II on northern shore of Taiwan.
Theme: Low Energy Neutrino Physics and Dark
Matter Searches.

Collaboration with Turkey, China and India.

The reactor power of 2.9 GW gives 6.35x1012
cm™ s7! electron anti-neutrinos at a distance of 28
m.

Collaboration with CDEX Underground Dark-
Matter Experiment, China.

v @

p- PCGe
5009 — 1.5 kg

p+

\ 4
n*(~1mm Li diffused)

n- P=CGe

- [500 g]
# nt

\d

p*(~0.5 pm Boron implanted)

Electro-cooled | )
Germanium Detector

# Thrd ~ 200 eV

1
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NEWS-G3
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Working on final design
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Other Reactor Experiments

TEXONO
Looking for new site

Y

TEXONO (Taiwan EXperiment On NeutrinO)
Experiment 1s located at Kuo-Sheng Nuclear
Power Plant -II on northern shore of Taiwan.
Theme: Low Energy Neutrino Physics and Dark
Matter Searches.

Collaboration with Turkey, China and India.

The reactor power of 2.9 GW gives 6.35x1012
cm™ s7! electron anti-neutrinos at a distance of 28
m.

Collaboration with CDEX Underground Dark-
Matter Experiment, China.

v U

p- PCGe
5009 — 1.5 kg

p+
v
n*(~1mm Li diffused)
n- PCGe
~ [500 g]

p*(~0.5 pm Boron implanted)

Electro-cooled )
Germanium Detector

# Thrd ~ 200 eV

Enectali Figueroa-Feliciano \ Magnificent CEVNS \ Mar 2023

NEWS-G3
Spherical Proportional Counter
Working on final design

Central Electrode

Wire to Anode—=

Anode

Grounded Rod

Energy threshold [eV]

—
o
w

10°

10

BULLKID
Si/Ge with MKIDS

now: 8/60 dices
O ———— O

lllllll

|

60/60 dices

.

Experiment

| Illllll | llllllll |

| llllllI |

lllIIllI

10 10°

10° 10*
Target mass [g]




Other Experiments

SBC AY
Scintillating Bubble Chamber Ny

®Plezo
R LED

Objective: NUV SiPM

Quasi-background-free detection of sub-keV
Nuclear Recoills

130K

Signal:
Single bubble with little or no coincident
scintillation Y

Depends on NR threshold (ER)
Backgrounds: and target fluid:
ER’s (beta, gamma):  Freon-based chambers

NO bubbles ER-blind @ ~3 keV

* liquid-noble chambers

NR'’s (fast neutron): ER-blind @ <fgg e\‘//'
Multiple bubbles (target 100 eV)
Strong coincident scintillation

see arxiv:2207.12400
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NUCLEUS

e 24 m? basement room (~3

Very Near Site m.w.e overburden) i
* 2x4.25 GWy nuclear reactors Target Detectors:
e Baselines of 72 m and 102 m Two 3x3 matrices of cubic absorber crystals
» Expected antineutrino flux: and TES:

e 15t 3x3 matrix made of CaWO,

e 2M 3x3 matrix made of Al,Os

Ultra-low threshold detectors (aimed ~20 eV
energy threshold)

Very Near Site floor
reinforcement
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NUCLEUS

Vetos and shielding

* |nner Veto: Instrumented Si holder for crystal arrays (active,
cryogenic)

* Quter Veto: 411 veto with Ge ionization detectors (active, cryogenic)

* B4C shield (passive, cryogenic)

* Polyethylene shield (passive, cryogenic and room temperature)

 Lead shield (passive, cryogenic and room temperature)

* Muon veto (active, cryogenic and room temperature)

Muon Muon
Veto

Copper Lead
Lead Borated

Boron
Carbide

Ge Outer Veto Mockup
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NUCLEUS

Timeline

* Long-term stable detector operation achieved at nominal performances

* Started commissioning of Outer Veto (matter of one or two months)

* Muon veto under commission

* External passive shielding under commission

* Cryostat modifications undergoing (installation of electronics, vessel modifications,
decoupling system)

* VNS background evaluation (measurements and simulations)

* VNS preparations In final phase

* Commissioning at TUM this year

* First background measurement at TUM’s underground laboratory
« EXCESS measurement and mitigation using vetoing system

* Move to Chooz expected in 2024

* FIrst reactor antineutrino data
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Ricochet

RICOCHET 1s a France, USA and Russia wide collaboration accounting for about 60 physicists,

engineers, and technicians, aiming at building a low-energy neutrino observatory
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CRYOCUBE
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Ricochet

Technological key features of RICOCHET: Particle Identification down to sub-100 eV

Germanium semiconductor

Array of 18-to-27 42-g
Ge detectors

Zinc superconducting metal

Array of 9 32-g Zn
detectors

Nuclear-recoil equivalent energy [keVnr] Nuclear-recoil equivalent energy [keVnr]
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Particle ID based on Ionization / heat ratio Particle ID based on Prompt / delayed heat signals
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Ricochet

« 58 MW nominal thermal power Inner shielding: Outer shielding:
. PE/Cu: 30 cm . PE: 35 cm
« ~11 kg (50 hreshol
evis/day/kg ( _ eVt _ eshold) » . Pb/Cu: 15 cm . Pb: 20 cm
Evaluation using STEREQ measurement [Nature 2023 ] . Cryogenic Muon Veto * Muop veto
+ 3 to 4 cycles per year: excellent ON/OFF modulation to subtract *  Mu-Metal g nulies

uncorrelated backgrounds
* Ricochet @ ILL design finalised
» Fast and thermal neutron flux characterised
Ricochet coll., Eur. Phys. J. C 83 (2023) 1. 20
» Significant overburden (~15 m.w.e) to reduce cosmics

« Ricochet integration started !

 First neutrino data mid-2024
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Conclusions

« COHERENT is leading the way with detections in Csl and
Ar, physics impact already very strong.

* New upgrades in the COHERENT program plus other DAR
sources will bring lots of new data in the coming years.

* Reactor experiments are getting very close, we will see
several detections within a year or two(ish).

* Tensions in quenching factor measurements continue,
although Linhard seems to be the consensus down to at
least 200 eVee.

* New technologies are being brought to bear, and we can
look forward to future percent-precision measurements of
CEVNS spectra.
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