


What is CEVNS (It’s not about apple!) e'
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Coherent elastic Interactions with Interactions with Deep Inelastic
neutrino-nucleus nuclei and nucleons inside nuclei, Scattering
scattering electrons, often disruptive, hadron

minimally disruptive  production
of the nucleus

K. Scholberg, Lomonosov, 2021
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Cross-section (10°° cm?)

F(Q)
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Good and bad

K. Scholberg, Lomonosov, 2021 The cross section
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Why bother

Particle physics
* Precision test of SM
* Beyond SM physics
Nuclear physics
* Nuclear form factor
* Neutron distribution radius
Astroparticle physics
* Energy transport in supernovae
* To detect SN neutrinos
Applied physics
* Reactor monitoring
* Application for non-proliferation

Cadeddu, M7s 2020
Bonifazi, TAUP 2021
Bernstein, Rev. Mod. Phys.
92 (2020) 011003
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Neutron distribution

* Most information about nuclear sizes is from electron-
nucleus scattering and are sensitive to proton distribution
e CEVNS can be used to probe neutron distribution:

dav—N GIEM MT | ~_ o
aT B ATt 1= 2F2 [N Fy(T,R,) — (1 —4sin“0y,) Z FZ(T; R‘p)] 2

‘ (1 — 4sin® 8,,)~0.05 moreover
Two different form factors, one for the Z<N so the contribution of the
neutron distribution and one for the proton. Qﬁton form factor is negligible!!j

&

-
Hence, measurements of the process give information on the nuclear neutron form
factor which is more difficult to obtain in a model independent way.

[Phys. Rev. D30, 2295 (1984); JHEP 0512, 021 (2005); Phys. Rev. C86, 024612 (2012),
Phys. Rev. Lett. 120 (2018) 7, 072501; JHEP 1906:141 (2019) ...]

M. Cadeddu, M7s 2020



M. Cadeddu, M7s 2020

Non-standard neutrino interaction (NSI)

LRS = 212Gy Z (TaL?’vpL) Z Ef;; (f7,f)
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fv gé, QEQ} K. Scholberg, Lomonosov, 2021
E. — 28 1
Y V2Gr(|fP+ MG | o
S |
O 05
do, . GiM MT S
N (E,T) = - g
dT T 2F =
& 0
| —
4 ~ g
Oz = [(9v + 2¢00 + €22)ZF7(1G1°) + (9% + € + 266 )NFN (1)) | 5.0

+ ) |26l + edy)ZF(1GP) + (elgy + 2eq )NFu([GP)I.

\_ g Scaling of the SM cross section J

New v,

1

R |
New v -d quark interaction =&



)

Exp

i

sin? 26,4

1 — (NEEE}’

¥i(Ami,L) =

1.0

0.8+

0.6+

0.4+

0.2+

Sterile Neutrino Oscillation in Reactor CEvNS with Ge

Nuclear Kinetic Recoil Binning [eV]

10-20

20-35
— 35-55
55-80
80-110
110-155
155-220
220-350
350-1000

Unbinned

T T T L

| CEVNS happens for all flavors

And is insensitive to oscillations
between known flavors

P(o_p) = sin® [20] x sin® [———

A changing deficit of CEVNS at
different distances from neutrino
1 source indicates oscillations
to/from a sterile neutrino
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Relation to

Dark matter search

IMP-nucleon cross section [cm2]

Background for
WIMP search =t

/

t Neutrino -

neutrino 2y Dark matter ;

. New force mediator)V WIMI,:
106 neutrino (neutralino,

KK photon)

SM particle
102 neutrino from

10-'8 neutrino

Sterile SuperWIMP
neutrino  IETEIIIT LR T
graviton)

1\ Bl Hidden sector

peV eV — ke ' S VieV GeV TeV

Low-mass dark matter search

Interaction strength with normal matter (SM)
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Accelerator-based dark matter search

D. Pershey, ORNL seminar, 2021
https://indico.phy.ornl.gov/event/126/
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https://indico.phy.ornl.gov/event/126/
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Neutrino sources

The higher the E,,, the easier to detect
(But not too high to lose coherence)

The higher the flux, the more events
(but need to watch background)

K. Scholberg, Lomonosov, 2021
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How narrow the beam

pulse is in unit time

Background rejection factor
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1 GeV protons, 600 ns pulse

Time structure of the SNS source
60 Hz pulsed source ~1.3 MW
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Click to explore this 3D space.
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https://sites.duke.edu/coherent/detectors/
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Phys. Rev. Lett. 126, 012002 (2021)



COH-Ar-10 single phase LAr scintillator
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Pb shield
Polyethylene
Ge detectors

Copper shield

Support structure

Ge preamplifiers

Multi-port dewar

Muon veto ————»
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Excess Counts / PE

Accelerator-based dark matter search

D. Pershey, ORNL seminar, 2021
https://indico.phy.ornl.gov/event/126/

1 I I I | | ! ! ! | I ! ! ! ! I I I I ! ! 1 1 : f’ I/Ij/l I A3
6l 0.25 <t < 0.75 ps Preliminary ] i %
dll +-Data : 107° = - =
4 DM (m =25MeV) | = F : :
- EICEWNS 1 SyL —COHERENT Csi
I ENN 1 &7 F /i .-Csl Sensitivity 3
— BlBRN 4 & s —LSND :
- 1 a4 F - —E137 y
i 7 107ME —BaBar E
: _ - —MiniBooNE e/N -
+ L - ap =05 —NAG4 -
| | | | i 107 L M= 3m, —CCM 1 £

U 1 1 1 50 I1UDI | |150| IEUDI | 1 1 1 10 2 102
PE m, (MeV/c)


https://indico.phy.ornl.gov/event/126/

R. Van de Water, NFO9 Workshop, 2020

Coherent CAPTAIN-Mills (CCM) @ LANSCE

Excellent ambient background rejection

power due to narrow beam pulses * Muon neutrino flux: 4.74x10° nu/cm?2/s @ 20 m
* Light yield: ~0.015 Photoelectrons/keVee

Flight Path 5 ” ”
IPPO !

Fljght Path 4

Lujan Target: 800 MeV /
protons, 100 kW, 295 ns |
@ 20 Hz

Large!

CCM: 10 ton Liquid
Argon (LAr) detector
instrumented with
200 8” PMT's, veto
region, shielding, fast
electronics.

3

Running! |

SMARTS
Flight Path 2

40 m

Flight Path 12

DANCE
Flight Path 14

Funded!"i

Flight Path 13

ER-2

Great for sterité neutrino search — ||
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e Compared to the SNS:
* More powerful beam
e Less narrower pulses

.........

S L Aim:add a neutrino facility on
wmowea\ top of the ESS neutron one
FACILITY

* Add accumulator to compress
to 1.3 us the 2.86 ms proton
pulses

* Underground near and far
detectors for neutrino
oscillations

e Can provide a muon beam for
muon collider

.,_-\ )
=)
o’©’ y
2N

TRAM STOP
""‘
—

/ RESERVED AREA ﬁ

— FOR TRAM DEPOT -

‘ ~
Dracos, NuFact, 2021




JHEP 02 (2020) 123

Coherent Elastic Neutrino-Nucleus Scattering at the European Spallation Source

D. Baxter,! J.I. Collar,":[| P. Coloma,?[f| C.E. Dahl,3* I. Esteban,®[f] P. Ferrario,% 7

J.J. Gomez-Cadenas,
F. Monrabal,% 7

T

6,7,

M. C. Gonzalez—Garcia,’ 8 9

* %k

A.R.L. Kavner,! C.M. Lewis,’
J. Mufioz Vidal,® P. Privitera,! K. Ramanathan,! and J. Renner!?

Detector Technology Target | Mass | Steady-state Etn QF E:n |AE/E (%)| Emax |CEvNS NR/yr
nucleus| (kg) | background | (keVee) (%)  |(keVnr)| at Eun  [(keViar)| @20m, >Eqy,

Cryogenic scintillator Csl |22.5| 10 ckkd 0.1 ~10 [71] 1 30 46.1 8,405
Charge-coupled device Si 1 1 ckkd |0.007 (2¢7)|4-30 [97]| 0.16 60 212.9 80

High-pressure gaseous TPC | Xe 20 10 ckkd 0.18 20 [104] | 0.9 40 45.6 7,770

p-type point contact HPGe Ge 7 15 ckkd 0.12 20 [118] 0.6 15 78.9 1,610

Scintillating bubble chamber| Ar 10 |0.1 c¢/kg-day - - 0.1 ~40 150.0 1,380
Standard bubble chamber | CsFg | 10 |0.1 c¢/kg-day - - 2 40 329.6 515




F. Monrabal, TAUP 2021

Gaseous detector for Neutrino physics at the ESS (GaNESS)
V

Xe, Kr, Ar

Up to 50 bar
pressure

PMT plane
oue|d ] Nd

Il I N I IE B B 9 J4d £ =N " 4 = = == Im &= N =m =

Room temperature!

* Small but works at ESS
* No nuclear quenching
* NEXT technology

-----“-------

Amplification . Amplification

~1000 photons/e- minimise field emission ~1000 photons/e-



Low E, =2 low E,.c0i
- low threshold!
- low threshold!
= low threshold!

Close to continuously
running core
—> Shielding!
—> Shielding!
—> Shielding!

A lot more than stopped
pion experiments!

lonization detector
* HPGe
 SiCCDs
* Liquid noble gas
Bolometers
Scintillators
Bubble chamber

Reactor CEVNS Efforts Worldwide

Experiment Technology Location
CONNIE Si CCDs Brazil
CONUS HPGe Germany
MINER Ge/Si cryogenic USA

VEON Nal(TI) Korean
Nu-Cleus Cryogenic CaWoO, , Europe
Al,O5 calorimeter
array
vGEN Ge PPC Russia
RED-100 LXe dual phase Russia
Ricochet Ge, Zn bolometers France
TEXONO p-PCGe Taiwan

log
W frl dome

K. Scholberg, IPA, 2018




Comparison of the reactor sites

A. Lubashevskiy, TAUP 2021

Neutrino flux Overburden
v/(cm?s) [mw. e.]
~50

vGeN KNPP, Russia >5x1013

CONUS Brokdorf, Germany 2.4x1013 10-45
TEXONO Kuo-Sheng NPP, Taiwan 6.4x1012 ~30
RED-100 KNPP, Russia 1.7x1013 >50?
CONNIE Angra 2, Brazil 6.8x1012 0
RICOCHET ILL, France 2x1012 ~15

MINER Texas A&M, USA 2x1012 ~5
NUCLEUS Chooz, France 2x1012 ~3
Mark-I1? Dresden-Il, USA 8.1x1013 6?

NEON Yeonggwang, Korea 7.1 x 1012 ~20



Point-contact Ge detector

SC@V U S(

e Mass:4x~1kg
* Threshold: 300 eVee

CP5+
cooler

Mass: 4 x ~1 kg
* Threshold: 250 eVee

p-typa

p-type * large mass

1° ¢ tiny capacitance

OFEC Copper

IPGe

Plastic Bag for Radon Purging

i Liquid nitrogen devar

TEXONO /.

&

* Mass: 1.43 kg

* Threshold: 200 eVee

PNT

CsI(TI)

75 ¢cm

NaI(TI)

Pre-Amplifier

Liquid ni

A. Lubashevskiy, TAUP 2021

]
Nal(T1) Nal(T1) l
LN

S
H. I. Wong, m7s, 2021



Ge ach evement
31E } Reactor ON
El - }  Reactor OFF
.:I 10_ A Lubashevskiy, TAUP 2021
Rt R w
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; 0.6 - N N _ OFF
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H ] +++ 1

Energy, keV
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80 | —data reactor OFF (scaled)
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g0l [ CONUS Coll., PRL 126 (2021) 041804
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Sensitivities of CONUS

Non-standard interaction (NSI) operators Dark matter search
1.001 . . CONUS
o] R preliminary o] 9N
os0l N s —— k=016
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H:wg 000 4 e . S Y e g I COHERENT(CSI)
© I
—0.951 CONUS (toy MC):  ~SSS E |
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Pixelized Si wafer:
e Lower threshold than Ge

Charge-coupled device (CCD), Si - rartite iceniicator

* Less massive than Ge

16 Mpixels

muon electron diffusion-limited hits
photons/neutrines

|. Nasteva, TAUP, 20219~



keV /kg/d

CO/VN(e

ON - OFF rates
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1 A x
*i‘ Lead (15 cm)ly, 721

i

4

4k x 4k pixel 675 pum thick CCD

Developed by Lawrence Berkeley National Laboratory MicroSystems Le



CCD achievement

Skipper CCD:

repeatedly sample the same pixel to average out noise

* Single electron sensitivity!

J. Tiffenberg et al,

e slow PRL 119 (2017)
10° - =3 ACDS 10
i Preliminary
104 4
10" 4
10° 4
10" |
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0 10 15 » 2

0.010
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JHEP 04(2020) 054
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RUSSIAN EMISSION DETECTOR

qaim

—P ionization electrons
VNN UV scintillation photons (~175 nm)

CH Faham, Brown

amplitude, ADC units

Wat

&

g

g 8 B __
_.,]*IIIIII*III\

g

3

Typical single electron (SE) signal

Different colors
| - different
gt il Gl bl PMTS

shi

L ! ! ! ] ! Il ! L ! ! 1 ! ! ! ! i
2335 234 234.5 235 235.5 236 236.5
Time, us

D. Rudik, m7s, 2020

e 200 kg LXe, 100 in fiducial volume
* High E field to extract single electron
* ~ 30 photoelectrons in gas Xe / electron

S e Background: trapped electrons




Bolometers (heat detectors at mK)

er, TAUP, 2021

cleus

EXPERIMENT

Target crystals:

Two 3x3 arrays with a

total mass of

6g (Caw0,) + 4g (Al,0,)
Threshold: ~20 eV
Instrumented holding structure

e

—TES

T. Salagnac, m7s, 2020

R. Mahapatra, m7s, 2020

>??>Z??

RICBEHET MINER

A Coherent Neutrino Scattering Progrum i

™

e Threshold: 55 eV
e 30 g crystals

e Particle identification

lonization/Heat sensors

AV

lonization sensors

Heat sensors

w[f/ Prompt Heat

R
Zinc

/ ¥ Delayed Heat
Xuperconductmgj

 Threshold: ~100 eV

e 1~4 kg Hybrid Ge & HV Si
* Low threshold and/or PID
* Moving reactor core!

Luke phonon :
R&D amplification of N8 o
charge signals - N B

. T

Particle | S
identification §

LV Region:
¢=7.6 cm, h=1.4 cm



COSINE + NEOS
15 kg Nal(TI)
light yield: 20~24 photoelectrons (PE)/keV = threshold: ~0.22 keV visible energy (5 PE)
Liquid scintillator active shielding
Physics run from Nov. 2020
e ~ 4 months Reactor on data
 ~1 week (190 hours) Reactor off data

POIV'Ethylene (20 cm) Borated Poly-Ethylene (5 cm)

Optical Ped




2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030's

Reactor Neutrino Sources
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effort Lujan Center 30 ns Upgrade

COHERENT - CsI
. . ~LAr 20 keV threshold D kg !
Big picture e 18 ke 50 ke
of the future _Nal 25T .
XENON@SNS 100 kg
Of CEVNS CCM - 1st detector

- 2nd detector

SB Solar Neutrinos

Thanks to XENONDT

Phil Barbeau |2
SuperCDMS
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http://magnificentcevns.org/

1
gy = Pivj\? (5 2RN S ) + o\ oo \uft o \db AR

1
gy = —5Pon + A A 42X 4 20,

Here 52 = sin® Oy = 0.23120, p¢ = 1.0086, &,x = 0.9978, \*L' = —0.0031, A% =
—0.0025 and A\ = 2\“F = 7.5 x 107 are the radiative corrections given by the PDG

Backups



A new method for measuring the
weak mixing angle at Q~0.04 GeV

o o< Qi o< (N — (1 —4sin® ) 2)?

Mdark 7 = 150 MeV
myyy. » = 100 MeV

l v anomalies
at high Q...

v—DIS

[]
MOLLER [}
(Anticipated sensitivity) SLAC -

1 | L 1 1 L 1 L L L L | L L I L | L y L L I I 1 L L

3 2 ~1 0 1 2 3
Log,, Q [GeV]

MOLLER collaboration, arXiv:1411.4088



Other new physics results in a
distortion of the recoil spectrum (Q dependence)

BSM Light Mediators

Effective weak charge in presence
of light vector mediator Z’

) 32 . 3¢” ¢
o = 25+ ) M )
s = (29, + Ngl) » Qanst = '?T‘ N:ar.‘;'r(t?h‘wg:j) T aVRGH(Qr + M)

specific to neutrinos
and quarks

SM weak charge

e.g. arXiv:1708.04255

Neutrino (Anomalous) Magnetic Moment 240 ED S

d_J _ T ‘u,Z2° (1-T/E, X T Specific ~1/T upturn
dT B mg T 4E5 at low recoil energy

Sterile Neutrino Oscillations PSP (E,) = 1 sin? 200 sin? (Af;;l )

“True” disappearance with baseline-dependent Q distortion e.g. arXiv: 1511.02834,

1711.09773, 1901.08094




And squeezing down the possibilities for new physics...
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