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NC neutrino scattering with nuclei

What happens qualitatively during neutrino-nucleus interactions
depends on the deBroglie wavelength involved, A = h/p

E,~TeV

hadronization

A=h/{Q? KR,
Localized scattering on quarks
with nuclear fragmentation

e.g. lceCube, FASERNu
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E,~GeV

V \Y%

__—

p,n, A

A=h/\Q? =R,

Scattering on nucleons
with nucleon emission
e.g. NOvVA, SK, DUNE

New physics potential with coherent, low-energy neutrino scattering

E,~MeV

A= h/\JQ2 > R,
Elastic scattering on nuclei
with Q? so low, nucleus
acts like point particle

uuuuuu



NC neutrino scatte

ring with nuclei

What happens qualitatively during neutrino-nucleus interactions
depends on the deBroglie wavelength involved, A = h/p
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with nuclear fragmentation
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p,n, A

A=h/\Q* =R,
Scattering on nucleons
with nucleon emission

e.g. NOvVA, SK, DUNE

Vv

E,~MeV

A=h/{Q%>» R,
Elastic scattering on nuclei

with Q? so low, nucleus
acts like point particle

COHERENT measures coherent elastic neutrino-
nucleus scattering (CEVNS) at neutrino energies
10-50 MeV. First discovered in 2017 by
COHERENT in a Csl[Na] scintillation detector

New physics potential with coherent, low-energy neutrino scattering
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CEVNS cross section
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dThe process is coherent, which gives a large cross section, roughly scaling with the square

of the number of neutrons
2

G
o~ ﬁ (N — (1 — 45sin20,,)Z)2E2

dVery large cross section, compared to low-energy neutrino processes
* Measurements within reach of kg-scale detectors
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CEVNS kinematics

- 133Cs nucleus recoils
along +x direction

25 MeV neutrino

P, @Q* _ 2E?

— <
QmCs 2?’)’2,(}% MCs

E...=~ = 10.1 keV

~
E, ~ 25 MeV
CEVNS energy scales: < () ~ 50 MeV & - Loty (1 E—) IF@Q)|

dE,ec s - 2E2 /mg

D CEvNS dominant interactions at low neutrino energy, but is a NC process — the only
observable is a tiny nuclear recoil

* For 10s of MeV neutrinos, expect few keV recoils
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First observation of CEVNS

Though first predicted in 1974, CEVNS o
was not observed until 2017 .

D. Freeman, Phys Rev D9, 1389 (1974)

Nuclear recoil signature leaves small

burst of scintillation light — observable! - esss= » _ e o
0 scattered Spallation Neutron Source (SNS) 7
neutrino at Oak Ridge National Lab (ORNL) fae |
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First measurement: COHERENT
(2017) with Csl[Na] scintillator

g
|

Powerful new tool for searching ~ COHERENT,
_—— . ] S Science 357 6356 (2017)
scintillation for new physics — >500 citations
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Experimental approaches
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CEVNS detection methods

L ght

Scintillation detectors ~ kg to tons
~ 10% quenching

~ 1 photon / keV

Threshold: ~ 10 keV

lonization detectors: ~ few kg
~ 20% quenching

~1le/ 10eV

Threshold: ~ 1 keV

Heat

Superconducting detectors ~ few gs
No quenching

~ 1 phonon / meV

Threshold: ~ 10 eV
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D. Pershey New physics potential with coherent, low-energy neutrino scattering Duke ((C&ﬂ@?{f’%

Current efforts

COHERENT (Csl/Na/Ar)

CCM (Ar)

ESSCEVNS (Csl)

RED100 (Xe/Ar) (charge + light)
SBC (Ar/Xe)

NEWS-G (Ar)

NEON (Nal)

LZ/XenonNt (Xe) (charge + light)

COHERENT (Ge)
ESSCEVNS (Ge)
CONUS (Ge)
vGen (Ge)
TEXONO (Ge)
CONNIE (Si)

vCLEUS (CawO,, Al,O,)
BULLKID (Al)

RICOCHET (Ge,Zn)

MIVER (Si,Ge) (heat + charge)
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Astrophysical sources for CEVNS

https://supercdms.slac.stanford.edu/dark-matter-limit-plotter

T

CEVNS are an ultimate background for 107%
dark matter detection experiments T o
dCosmogenic sources of neutrinos can %
produce CEVNS in dark matter detectors g 10
— the CEVNS floor — and expected rates are g
not far from current sensitivities 107
* Several experiments will soon see CEVNS % 46
from 8B solar neutrinos § 1
* First search with expected sensitivity from a 1048
xenonlt, PRL 126 091301 (2021)
107

BRI 10 100 1000
Dark Matter Mass [GeV/c?]
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Astrophysical sources for CEVNS

https://supercdms.slac.stanford.edu/dark-matter-limit-plotter

Y " —

D CEVNS are an ultimate background for 107% NewP“‘ 107
dark matter detection experiments & e
E 10 \ 107
dCosmogenic sources of neutrinos can & N
produce CEVNS in dark matter detectors g 04 p E\@L‘“/ 107
— the CEVNS floor — and expected rates are g lhr v e N
not far from current sensitivities 107 S0lar Vs —107°
 Several experiments will soon see CEVNS % 46 _10
from 2B solar neutrinos § 10 “CEVNS fog” 10
* First search with expected sensitivity from I neric Vs
xenonlt, PRL 126 091301 (2021) 10 AmOsP 10
Lang et al., PRD 94 103009 (2016) 1070y BT 100 1000
250 + 27 Mgy, 1.S220 EoS | Dark Matter Mass [GeV/c?]
~00k O_Sfpb]sjﬁﬁgo(ﬁ)bms | QCEVNS will also be a detection channel for a
% : —— XENONnT/LZ (70) | burst of neutrinos from a supernova
2 150} — XENONIT@Y 3 OE.g., DARWIN, a future Xe experiment expects
§ s ] to see several hundred CEVNS events for a
g 100_‘ 1 ] typical galactic supernova
* 50'—+ ++++ ] QCEvVNS s NC — sensitive to all flavors of flux
e S ! which would help interpretation of data from
us '*fﬁ;*‘%ﬁ'i:——iﬁ'ﬁ—w DUNE and other experiments

Post—Bounce Time [s]
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Laboratory sources for low-energy neutrinos

Nuclear reactors

= I 235
'5 3-— 233U
72} | R U
‘g - 2395
> [F - ru
g 2 i-ff‘ 241Pu
= if ------- 28Y(nyy*°U x 1/20
>
% 2 4 6 8

Rept. Phys. Prog. 82 3, 036201 (2019) EVe (MeV)
reactors win
* Very high flux; ~2x10%°Vv, /s
* Maximum recoil energy for Csl: 1 keV
* Reactor-off data — in-situ background constraint

Accelerators

>
= Pion decay-at-rest (mDAR)
o035
00af~ — V. (delayed)
- =V, (delayed)
0'025:_ — Vv, (prompt)
0.02f-
0.015—
0.01}
o.oosf—
s . A P R I
% 10 20 30 20 50
Neutrino energy (MeV)
TtIDAR

* High flux: ~3X10" v, /v /Vy /s wins
* Maximum recoil energy for Csl;

* Pulsed beam — in-situ background
constraint
Coherent Captain Mills @
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CEVNS at accelerators: COHERENT @ Spallatlon Neutron Source

- SR T ek

A premier neutron accelerator complex which produces an incredibly intense flux of low-
energy neutrinos with exciting physics agenda complementary to its neutron studies

D Pulsed source gives 1/30000x background rejection

JAccelerator upgrades: the Proton Power Upgrade (coming few years):
* Beam energy: 1.0 GeV — 1.3 GeV
* Beam power: 1.4 MW - 2.8 MW
* Pulse duration (FWHM): 350 ns

dConstruction of second target station (2030s) with experimental halls designed for neutrinos

(v
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Neutrino Flux at the SNS

CLow energy pions are a natural by-product of SNS running

» 1" will stop and decay at rest Cg%ug/ze.
-t 4y : T=26ns Secondary partices -
+ + _ & evaparation @
uwt—>e” +ve+v, : 1=2200ns /'
. . ~1GeV Decays at rest
* Fluxincludes three flavors of neutrinos - cantest (p === Hg T=22US
flavor universality as a BSM signature ———
dFlux shape is very well known in both time and Decays atrest \\
energy L \ Ve
Vi
O Flux separation and background rejection from timing! Vi
Tlmlng dlstrlbutlon at SNS Energy distribution at SNS
LA S R AL B B L B B L BLANL RN R R B A

— Prompt Vi

— Delayed v, and v,

a.u.

N ....... : . ! NN PR P i

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 100 150 200 300
time from POT onset (ns) neutrino energy (MeV)
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Current COHERENT detectors

L

|

19.3m

Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL

’d‘s’»?!ﬂ

\-

\i

-~ D0 Nal185kg

Currently studying CEVNS on four nuclei

Target Technology

Csl[Na] Scintillation

Liquid Ar Scintillation

Ge lonization
Nal[TI] Scintillation
D. Pershey

Fid. Mass

14.6
24.4/610 kg
18 kg
3500 kg

“Neutrino alley” — a basement
hallway where SNS neutron
backgrounds are manageable

Collaboration maintains a suite of
detectors to measure CEVNS,
inelastic neutrino interactions, and
monitor backgrounds

G < i Csl delayed (20 m, 14kg)
M Ge (ﬂ:layed (22 m, 10kg)
10% | el 7' dela‘y)ed (29 m, 35kg)
- EN. 0200 euisas LAr pr
> [N ——— Na delaye(;) (29 m, 2T Nal)
= =\ -~ - Na prompt
= e W -
E 10 -
Threshold Deployment .g
6.5 keV,,, 2015 g . L
20keV,  2017/~2023 i
0.4 keV,, 2022 \ .
= NP B BT IR :
13 keV,. 2022 i 1020 30 40 50 60 70 80 90 100
recoil energy keVnr
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First light measurements

300

[ -4 Data Residual N
I [Jv, CEVNS i
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New physics potential with coherent, low-energy neutrino scattering

Csl[Na] scintillator:
14.6 kg

LY: 13.4 PE / keV,,
Threshold: =~ 8 keV,,
Lead/HDPE shielding
First CEVNS! 2017
Final result 2022

Science 357 6356 1123-1126
PRL 129 081801
PRL 130 051803
JINST 17 P10034

Argon scintillator:

LY: 4.3 PE / keV,,
Threshold: =~ 20 keV,,
Lead/water shielding
CEVNS @ 3.4 0 2021

PRL 126 012002

15
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CEVNS datasets of the future

Continuous physics potential over coming decades. Transitioning to precision studies at neutrino alley and planning for
future second target station opportunities

L
" Firstlight " Precision at Neutrino Alley STS
Ar 24 kg 610 kg 10000 kg
Ge 18 kg
Csl 14 kg 10 kg” 700 kg”

*Cryogenic scintillator with sub-keV threshold

2030s: Ar—50000 evt / 1 yr

2023: Csl—306 evt / 3 yr

T | T T T T L] T I T T T T I T T T T r L] L] T T I T T T L) '| T T T T

300 — B 7]

L -4 Data Residual - - -+ Total prediction :

i [Jv, CEVNS i i [Jv, CEVNS i

2 ool [Ov, CEWNS N . F [v, CEWNS ~

2 [ @y, CEWNS i =0 @v, CEWS 1

s [ [IBRN + NIN i = - N
@] B - 5 20

© o0l — 2 F 1

2 - ot :

L + i | 10— —

0 j - . _

i L I L L L L | L L L L | L L L L I L L L L | L L L L i . I I e I 'l 7 I q

0 1 2 3 4 5 6 1 2 3 4 5 6

tec (US) tec (u8)
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CEvNS at reactors: CONUS at Brokdorf (Germany)

5,105_
< [ Accelerators
§1o‘=— Ev ~ 30 MeV
S
§1o’:—
E |
=) i
- 2
F Harsher
1 thresholds
i ] at reactors!
1- sl bl betttnl
-2 -1
_ i 19 A Recoil ene1|%y (keV)
Reactor / 4 x 1kg high purity germanium PPC detectors
i : operating 17 m from 3.9 GW-th reactor in

Brokdorf: gives flux of 2.3e13v /cm? /s

Compact shielding system with lead, poly, and
an active muon veto system

Steady detector running with composit
shielding and

0.2 keV,, threshold — very near endpoint of
reactor neutrino spectrum
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CEVNS constraint from CONUS

Lower energy neutrinos at reactors:
qguenching critical

£ 100 After calibrating quenching, CONUS currently
3 cd‘av RUN-1 . constrains CEVNS to 2x the standard model
= —data reactor .
g 80 ~data reactor OFF (scaled) cross section
_ ~CEVNS U.L. k=0.18 200 .
: . I conus iimit
= 150
60 2 .
~ & 1o ; - Prelim
|! < : SM prediétion Ty
S w50
so |I @ : :
' 0
s0)- Favorable outlook for detection after upgrade
:'1\‘:\ reducing threshold 0.2 keV,, -> 0.17 keV,,
Ol | ottt
§ &
§ o T i
z ++ } + { {» { ]l Eur Phys J C 82 815
" -osf + + Eur Phys J C 82 813
: JHEP 05 085

03 035 04 045 05 055 06 065 07
mgylkov__
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Astroparticle CEVNS: Lux-Zeplin

Sanford Underground
Research Facility

5.5-t fiducial xenon dark matter detector located
in SURF

Designed to search for nuclear recoils induced
by dark matter passing through detector

CEVNS interactions from 8B solar neutrinos leave
a very similar signature

Pulse shape discrimination allows for
nuclear/electronic recoil discrimination

Xe dark matter sensitivity rapidly approaching
the expected solar neutrino population

arXiv:2207.0376
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Current CEVNS measurements

10°
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‘| — SNS, FF=1
i|—SNs
— Solar

: | — Reactor

| ¥ XENON
| ¥ CONUS (Ge)
=l ¥ CONNIE (Si) [

§ COHERENT |..

Neutron number

CEVNS at accelerators:
PRL 129 081801 (COHERENT, Csl, > 110)
PRL 126 012002 (COHERENT, Ar, > 30)
CEvNS with solar neutrinos:
PRL 126 091301 (Xenon1t, Xe, constraint)

CEvVNS at reactors:

JHEP 2022 85 (CONUS, Ge, constraint)
PRD 104 072003 (Colaresi et al., Ge, evidence)

D. Pershey

New physics potential with coherent, low-energy neutrino scattering
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Physics reach of CEVNS experiments

: o : : Duk s 21
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Through precision measurements, CEVNS is a
new avenue for illuminating new physics

E. Lisi (Neutrino 2018)



Way more than we can talk about today!

|—@2)— 2 ) — (2 |

4Form Factors

= COHERENT+APV fit
1 (this result)

8| === COHERENT dat fit
PRL 120, 072501 (2018)
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150 ® Vector-Scalar
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5t 2g
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\iiranda et al., JHEP 05 130 (2021)

2Khan et al., PRD 104 015019 (2021)
3Liao/Marfatia, PLB 775 54-57 (2017)
4Cadeddu/Dordei, PRD 99 092003 (2019)
>Coloma et al., PRD 96 115007 (2017)
6Denton/Gehrlein, PRD 106 015022 (2022)
’Sierra et al., PRD 98 075018 (2018)

8Dutta et al., PRL 124 121802 (2019)
’Miranda et al., PRD 102 113014 (2020)
10papoulias/Kosmas, PRD 97 033003 (2017)
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Neutrino non-standard interactions (NSI)
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Origin of neutrino NSI interactions

Dark photon could mediate NSI interactions between neutrinos and SM — and could
explain g-2, B-L symmetry, hidden sector dark matter interactions, etc.

v %
Jv |
9vY
: M x o :_ o~
. ' m
A B
: 2 2
my > Q7 =
Yq
q q
v %
gvyg .
M x 4 = £ GF
VG o2
€ F T)’LA
Generally, coupling can depend on
q q SM fermion and neutrino flavor: ::“f;;

: L . . D k ot
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Searching for BSM interactions with CEVNS

Flavor conserving interactions —
Interference between new
mediator and Z which breaks
lepton universality

Flavor changing interactions —
Would add new scattering
processes not allowed by the
standard model

Oap X

Adjusts weak charge in CEVNS cross section:

V 1.V V
QI‘T"’-_U T (2(:((1(1 —|—‘“;m +gp )Z+( ;:(}

+2¢

d,V

kv +JT?

Scattering model
parameterized by
effective couplings, =)
and ="}, x Ge

o3 wp

N+Z[2”M +vig)2+( u,V _|_2_(H)N

[ayy]

a3

Different CEVNS cross sections for different flavors = non-standard oscillation effects

D. Pershey
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NSI couplings to electron neutrinos

1.0 T 1.00

B —— COHERENT (Csl)
N o e 1 0.75 58 < - COHERENT (Ar) -
‘% I - . \ —— XENONIT
0.5 b 0.501 Ny < N5 CONUS (toy MC): !
A W B —— k=0.12
0.25 e T <
> S
38 o0 38 0001~
—0.251 -
-0.5 —0.501--—-----—-#7-—- - TREEE '
CHARM
CsI[Na] 2017 — (.75 S e
- i 3 | |
o E=3 CENNS-10 2020 . _90% Cy‘L' | iCHARl\:’I :
-1.0 05 00 05 10 2100 —0.75 —050 —025 0.00
etV av
ee €

ee

D CEVNS cross section well predicted, excellent probe for testing for anomalous couplings

JElectron couplings only constrained to O(1), but can be tested both by COHERENT and at
reactor experiments

- COHERENT, PRL 126 012002
- CONUS, JHEP 05 85
+ COHERENT data, PRL 129 081801
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Flavored CEVNS cross section @@ﬁﬁ

I I I I I I I ! I | I I ! I I I

Csl, 30. kg-yr

INSI scenarios break lepton universality for
the NC cross section — COHERENT can
directly measure the CEVNS cross section

B20 -
B3c .

for different flavors due to many-flavored &g . Best Fit -

neutrino flux and timing sgo ~ SM+1o -
Qv timing sheds light on the fraction "9400

of observed CEVNS that are from ~

each flavor °

CReactor experiments: intense source of
V, -> good complementarity with spallation
experiments

0 100 200 300 400
(), (10*° cm?)

- COHERENT, PRL 129 081801
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Interpreting Solar Neutrino Oscillation Data @ﬁx

' Oscillation Data
B Csl 2020

21 05 0 0.5
L,
EEE
ONSI causes ambiguity in solar neutrino oscillation measurements:
* Large mixing angle (LMA) solution with 8, about 33 deg

* Large mixing angle — dark (LMA-Dark) solution flips 84, octant, giving about 47 deg

OLMA-Dark would require non-zero €g and €}, , which COHERENT tests directly with
flavored cross section result

- Coloma/Gonzalez-Garcia/Maltoni/
Schwetz, PRD 96 11 115007
- COHERENT, PRL 129 081801
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Oscillation effects due to light-mediator NSI scenarios

m oscillations
m COHERENT
m cosmology

Previous studies assume mediator

is heavy. For mediator mass near

Q, we must include the Q? =

dependence in the propagator =
s

gvYq gvYq
—— =)
m4 Q? + m?

-1.0 -0.5 0.0 0.5 1.0

O LMA-Dark solution still viable for mediator masses below 40 MeV

dIn the light-mediator scenario, NSI affects CEVNS cross section and shape

OTo test lower mass hypotheses, must examine CEVNS cross section at low recoil energy ->

need lower threshold detectors, possible with COHERENT detector upgrades currently
underway
- Denton/Gerhlein, PRD 106 015022
+ COHERENT data, PRL 129 081801
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Searches for dark photons
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Testing g-2 by probing dark photons

Dark photons are common U(1) extensions CONNIE: Si, 3.7 kg-day COVNie
to the standard model _COHERENT: Csl 30. kg-yr — -

0.010
. 0.005
Often motivated by g-2 result where a dark
photon would interfere with SM particles (red
0.001 - g_z preﬁe
5.x107 |
y ™
1.x107% 3 —— COHERENT
5.x107° F GONNIE Chavarria
== CONMNIE Lindhard
V hay,
1x1u'5 i I ki, n n i ek, MR | i PR T
M 1 10 100 1000 104

Mz' (MeV)

A new dark photon would also affect the CEVNS cross section

QFor low dark photon masses, Q? dependence of propagator important as in light-mediator
NSI scenario

D CEvNS data from COHERENT, CONNIE, and CONUS all disfavor the g-2 preferred parameter
space for a dark photon that couples equally to all SM fermions

- CONNIE JHEP 04 054
+ COHERENT data, Science 357
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Testing g-2 by probing dark photons

Dark photons are common U(1) extensions
to the standard model

Often motivated by g-2 result where a dark
photon would interfere with SM particles

I
TN

u

u u

CONNIE: Si, 3.7 kg-day
CONUS: Ge, 458 kg-day
COHERENT: Csl 30. kg-yr

1072

10734

gz

Veetor coupling

,_
|
e

1074

10-7

o107

-—— COHERENT (Csl)
—— COHERENT (Ar)
CONNIE (Si)

—— NCC-1701 (Ce)
CONUS (toy MC):
— k=012

— k=016

— k=020

Electron

90% C.L

10%

10°
Vector mass mz: [eV]

10

A new dark photon would also affect the CEVNS cross section

108

ID”]

QFor low dark photon masses, Q2 dependence of propagator important as in light-mediator

NSI scenario

D CEvNS data from COHERENT, CONNIE, and CONUS all disfavor the g-2 preferred parameter
space for a dark photon that couples equally to all SM fermions

D. Pershey

New physics potential with coherent, low-energy neutrino scattering

- CONUS, JHEP 05 085
+ CONNIE data, JHEP 04 054
+ COHERENT data, Science 357
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Dark photons in L, — L, models

-1
5 10
=

L,-L. vector boson

SM fermions may be charged differently

10-2 .
under the new dark force ]

The L, — L, gauge model would predict that

couples just to u, T, and their neutrinos 107 E
This is compatible with g-2 but evades most j 9=k -Gl
constraints from electron scattering 01k — CsltAr
: CMS 4 1
CCFR
Borexino |
BaBar
T T A T TV R
Prirza [GEV]

CJCOHERENT and other accelerator-based CEVNS experiments can make strong constraints on
this model with first-light data from COHERENT already competitive

dViable parameter space for g-2 remians

- Atzori-Corona/Cadeddu/Cargioli/
Dordei/Giunti, JHEP 05 159
+ COHERENT data, PRL 129 081801
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Outlook for constraining L, — L, with CEVNS

L,-L. vector boson

SM fermions may be charged differently

under the new dark force I

The L, — L, gauge model would predict that

couples just to u, 7, and their neutrinos 1073
20

i |
This is compatible with g-2 but evades most i 2 limit /7 Gl ]
: . . — - Ar
constraints from electron scattering 10 COH—-CryoCsI-II @— Csl+Ar
E R . CMS 4 ]
= Preliminary CCPR
_ Borexino
- Workin progress! BaBar
1()-:’; aaaul gl e aaaaul el o
102 10-1 109 10! 102
AIZI [GeV]

Plot from M. Attori Corona, Magnificent CEVNS 2023: here

dFuture upgraded Csl effort within COHERENT will aggressively probe the g-2-favored
parameter space in LH — L,

- Atzori-Corona/Cadeddu/Cargioli/
Dordei/Giunti, JHEP 05 159
+ COHERENT data, PRL 129 081801
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https://indico.cern.ch/event/1215362/contributions/5299995/attachments/2616519/4522909/Light_Mediators_Magnificent_Mattia_Atzori_Corona.pdf

Searches for dark matter / hidden sector particles
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Searching for dark matter with CEvNS detectors at the SNS

SNS proton beam COHERENT detector
P
Hg
Target Nuclear Recoil
Signatu%
V X —
X .7
’/

A CEVNS detector at the SNS operates like a standard beam dump experiment

QAny hidden sector particles with masses below =~ 220 MeV/c? could be produced in the
many proton-Hg interactions within the SNS target

OThis may include mediator particles between SM and dark matter particles!

Classical WIMP mass regime: Leptophobic DM phenomenology:
Lee and Weinberg, PRL 39 165 (1977) Batell et al., PRD 90, 115014 (2014)

Early sub-GeV DM phenomenology: Batell et al., PRD 100 095020 (2019)
Fayet, PRD 70, 023514 (2004) Coherent DM scattering / DM at the SNS:
Boehm and Fayet, Nuc. Phys. B 683, 219 (2004) deNiverville et al., PRD 84, 075020 (2015)
Pospelov et al., PLB 662, 53 (2008) Dutta et al., PRL 123, 061801 (2019)

: L . . D k ot
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Advantages of low-recoil detectors: cross section

OWe’re dealing with low enough Q2 that the deBroglie
wavelength is large compared to nuclear radius

QAIl nucleons within nucleus recoil coherently from
neutrino or DM scattering

D Astroparticle direct-detection experiments have exploited
this for years — now accelerator experiments can too with

CEVNS detectors

Direct-detection experiments

QOThis coherency gives a Z# enhancement in the cross searching for light dark matter
section — big effect for Csl (Z of 53/55) Mass (1)
ass
QO Game-changing — a small 14-kg detector produced
strongest constraint on light dark matter yet with LSND 167
impressive potential in the future MiniBooNE 450
First CEVNS detector COHERENT Csl 0.0146
Future program at STS 10t Ar detector 10
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Advantages of spallation sources: constraining uncertainties

Illll\llflllllll\lllllIIII‘I\II[IIII'II\I' IIIII

Timing of SNS — Prompt v, + DM!
neutrino flux

— Delayed v, and v,

a.u.

DM ROI
_>

L] T - I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
time from POT onset (ns)

QCEVNS is the principal beam-related background for DM search
* SM cross section precisely known, but uncertainties in detector response that are unique to each detector

dSince DM is relativistic, it is expected coincident with protons on target
* No DM coincident with delayed CEVNS from v, /0, flux

dThe delayed time window gives us a control sample — can constrain systematic uncertainties
in situ and use to refine background estimates in the DM timing ROI

JEnsures DM search never systematics limited — syst uncertainty shrinks as fast as stat

: o : : Duk N 39
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COHERENT constraint of WIMP-like dark matter at the SNS

QO With first CEVNS data from COHERENT, we are already competitive here
OWe are first to probe beyond the scalar target that matches the DM relic abundance
D Achieved with small 14.6 kg Csl scintillation detector, can do much better at the STS

I I IIIIII| I/l rl/l//lll

|

K,
LA

—COHERENT Cs
.-.Csl Sensitivity 3
BT - —LSND
—E137

10° E_ / C)é'\ —BaBar

| IIIIII

g2oi,(m_/m, )"

—MiniBooNE e/N
Z < o =05 —NA64
10 12E %)

3
<
|
w
3
=
]
fla)
L)
- <
||||
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Future COHERENT sensitivity to dark matter

5 year sensitivity at STS

-
------

g

L W Csl Data

;ﬁ - g — COH-Ge-1
1012 cennnnn e — COH-Ar-750

"""" --- COH-Ar-10t

— COH-CryoCsl-1

--- COH-CryoCsl-2

1 ) 1| L

10°

10 >
m, (MeV/c?)

dimmediate future: germanium detector currently being commissioned — will fully explore
scalar target at lower masses

dIn coming years: future argon and cryogenic Csl detector from COHERENT — will be
sensitive to a lower DM flux and probe the Majorana fermion target

QIn next decade: large detectors placed forward at the STS (dashed lines) will begin to
ambitiously test even the most pessimistic spin scenarios
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Searches for sterile neutrino oscillations
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The SNS: perfectly designed to test sterile neutrinos

CHaving two operating neutrino flux sources so
near each other gives the SNS a unique
opportunity

10°

As soon as the STS begins delivering beam, any
detector at either target will receive beam from
both targets

* Analyze neutrino disappearance on two different

baselines using the well-understood CEVNS channel
within the same detector — correlated systematics

107

Neutrinos per cm? per second

F10°

0 50 100 150 200 250 300 350 w00
meters

aA 10-t argon CEVNS detector which will be large enough to see CEVNS from each target so
that we sample oscillation effects from both baselines
* Assume Lc=20mand L=121m

* Uncertainties on detector response and interaction model are eliminated, similar to two-detector long-
baseline oscillation experiments (DUNE, NOVA, T2K, etc.)
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STS sensitivity to sterile oscillation parameters

10 g ' SRAEL B T

b _

< OF :

° Tl ]

NE¢1O_1 - T =

< E —COHERENT at FTS (90%) "o :
- .- 10-t Ar at STS (90%)

| [ LSND (90%) i

102 . B MiniBooNE (90%) ]

~ | Gariazzo et al (2016) (68%) z

_III 1 1 llIlIIl 1 1 lllllll 1 1 lIIIIll 1 L IIIIIII 1 1 III]IT

107° 107 107 1072 10~
Sin0),
D After five years of data at the STS, a 10t argon single-phase scintillation detector would
eliminate the global best fit oscillation parameters to a high degree of certainty and test
nearly the entire parameter space allowed by LSND/MiniBooNE

* Will implement an additional detection strategy with different and well-controlled systematic uncertainties
to understand the LSND anomaly

—

DA large detector at the STS would significantly improve on the reach of future CEVNS data
accessible at the FTS collected due to simultaneous measurement on two baselines
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Summary

dFrom initial detection, CEVNS has broadened into a global community with multiple efforts in
theory and experiment

6 years after first detection, we see CEVNS scattering on Csl and Ar from COHERENT as
reactors approach first measurements that has made broad and significant impacts testing
the standard model

* But still a young field with many opportunities for development in experiment and phenomenology

CNovel and strong probe of many new physics topics that interface with the neutrino sector
with potential for discovery in coming years

[/ , | EUROPEAN
\

\ )
‘:‘%/‘ | SPALLATION

\ // SOURCE
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Backup
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Coherence in neutrino-nucleus scattering

Quantum mechanics — charge of the nucleus is sum of charges of individual
nucleons within. Probability to scatter is proportional to the square of the sum

)
Coherence: o < Qi

. 2
Qi = (g;/Z + g  N)? = (1— 4sin® Oy ) Z — N)]

(T
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Elastic scattering: Kinematics

- 133Cs nucleus recoils
Z0 . along +x direction
25 MeV neutrino > _

Elastic neutrino-nucleus scattering

Momentum transfer: Q) = \/|Ap,,|2 — AF?2 ~ |Ap,| < 2FE,

2 2 2
Pos _ @ - 2F7
2mcs 2mes M

= 10.1 keV

133Cs kinetic energy: Eo. =

"B, ~ 25 MeV
CEVNS energy scales: < Q ~ 50 MeV

_ Eree ~ 10 keV

oy
D. Pershey New physics potential with coherent, low-energy neutrino scattering Duke ((CQ“"@?\EX'ZNS
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Challenge: detecting low levels of scintillation

General CEVNS scintillation
detector — doped inorganic Q Light detector — e.g. Photomultiplier tube (PMT)
crystals (e.g. Csl[Na]) or
liguid noble elements

~— Monitor scintillation activity in crystal with
light detector, but how many photons do we
expect to collect?

Initial recoil energy 10 keV CEVNS interaction — neutrino kicks a nucleus giving it 10 keV of kinetic energy

(T
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Challenge: detecting low levels of scintillation

General CEVNS scintillation
detector — doped inorganic Q Light detector — e.g. Photomultiplier tube (PMT)
crystals (e.g. Csl[Na]) or
liguid noble elements

~— Monitor scintillation activity in crystal with
light detector, but how many photons do we
expect to collect?

Initial recoil energy 10 keV CEVNS interaction — neutrino kicks a nucleus giving it 10 keV of kinetic energy

Quenching 1 keV Nucleus loses most of its energy to heat, only ~ 5-25% of initial kinetic energy
makes scintillation

oy
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Challenge: detecting low levels of scintillation

General CEVNS scintillation

crystals (e.g. Csl[Na]) or
liguid noble elements

detector — doped inorganic © Light detector — e.g. Photomultiplier tube (PMT)
V\\/

Monitor scintillation activity in crystal with
light detector, but how many photons do we
expect to collect?

Initial recoil energy 10 keV CEVNS interaction — neutrino kicks a nucleus giving it 10 keV of kinetic energy

Quenching 1 keV Nucleus loses most of its energy to heat, only ~ 5-25% of initial kinetic energy
makes scintillation

Light yield 100y Nucleus loses ~ 10 eV for each y produced — similar to H binding energy but large
variation between materials

oy
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Challenge: detecting low levels of scintillation

General CEVNS scintillation

crystals (e.g. Csl[Na]) or
liguid noble elements

Vo~

Monitor scintillation activity in crystal with
light detector, but how many photons do we
expect to collect?

detector — doped inorganic © Light detector — e.g. Photomultiplier tube (PMT)
\/

Initial recoil energy 10 keV CEVNS interaction — neutrino kicks a nucleus giving it 10 keV of kinetic energy

Quenching 1 keV Nucleus loses most of its energy to heat, only ~ 5-25% of initial kinetic energy
makes scintillation

Light yield 100y Nucleus loses ~ 10 eV for each y produced — similar to H binding energy but large
variation between materials

Collection efficiency 50y Light must travel through active material bouncing off edges to reach
photomultiplier tube (PMT) — some attenuation

(t
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Challenge: detecting low levels of scintillation

General CEVNS scintillation
detector — doped inorganic
crystals (e.g. Csl[Na]) or
liguid noble elements

Vo~

Initial recoil energy 10 keV
Quenching 1 keV
Light yield 100y

Collection efficiency 50y

PMT quantum 10y
efficiency

D. Pershey

Monitor scintillation activity in crystal with
light detector, but how many photons do we
expect to collect?

Q Light detector — e.g. Photomultiplier tube (PMT)
\/

CEVNS interaction — neutrino kicks a nucleus giving it 10 keV of kinetic energy

Nucleus loses most of its energy to heat, only ~ 5-25% of initial kinetic energy
makes scintillation

Nucleus loses ~ 10 eV for each y produced — similar to H binding energy but large
variation between materials

Light must travel through active material bouncing off edges to reach
photomultiplier tube (PMT) — some attenuation

Light detectors have quantum efficiency for detecting photon. Depends on
detector and scintillation wavelength

cs potentia i ino scattei Duk of
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Measuring the CEVNS cross section

CEVNS event rate in 10t argon detector after 5 years

-I T T T I T T T T I T T T T I T T T T I T T T T I T T T I- T | T T T T | T T T T T T T
- + Total prediction - | W10t Arat STS (lo)
i [v. CEVNS i _ W700kg Csl at STS (1o) ]
e
301 5 o 1.05— —
.k v, CEWNS ] 5 1o _
=. — - —
= i v, CEVNS ] Q L ]
2 | il 1 | .
% 20— - el 1
O . ] % 1 |
e | 2 ~
10— — N ]
! _ ) i 0.95]- .
. [ 1 T 3 i Lo ]
1 2 3 4 5 6 0.95 1 1.05
trec (us)

(G)u / SM prediction

OIn the future, total cross section measurements will be limited by flux uncertainty, but a we
will precisely compare the cross section for different flavors

Loop contributions to Csl CEVNS

dSensitive to 1% differences in p- and e-flavor cross sections .
cross section (SNS flux-averaged)

testing lepton universality of CEVNS (at tree level)

LAt this scale, we will probe loop contributions to the CEVNS Yu 3.4%
cross section which can facilitate the first measurement of Vi -3.1%
the neutrino charge radius — a standard model parameter — Ve -4.1%
and test for interference between the Z and BSM force particle JHEP 02 097
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Low-mass DM phenomenology

. . DM DM
O For decades, experiments have focused on classic WIMP

searches assumed to interact with the weak force

QThe DM scattering cross section is 6 ~ ms /my
* Lower DM mass — lower cross section — higher DM abundance

I
o |f my, <2 GeV/c?, predicted relic abundance would be so large :
it would close the universe, preventing the modern universe I Z0
I
I
I
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Low-mass DM phenomenology

. . DM DM
O For decades, experiments have focused on classic WIMP

searches assumed to interact with the weak force

QThe DM scattering cross section is 6 ~ ms /my
* Lower DM mass — lower cross section — higher DM abundance

o |f my, <2 GeV/c?, predicted relic abundance would be so large
it would close the universe, preventing the modern universe

Which force
is this?

ONo longer assume DM interacts with SM particles
via the weak force, but some yet unknown hidden sector
particle, IV

QOln this scenario, o ~ mZ/my which is consistent with M M
modern cosmology even at low mass scales

QSimplest scenario postulates a vector mediator that Classical WIMP mass regime:

. . . . 1 - Lee and Weinberg, Phys. Rev. Lett. 39 165 (1977)
. - [TRY) g, rny
kinetically mixes with SM photon: L ~~e%F,V Early sub-GeV DM phenomenology:

Fayet, Phys. Rev. D70, 023514 (2004)

dModel parameters Boehm and Fayet, Nuc. Phys. B683, 219 (2004)
* DM and mediator masses: mx and my Pospelov et al., Phys. Lett. B662, 53 (2008)
) ) ) Coherent DM scattering / DM at the SNS:
* SM-mediator and DM-mediator couplings: £ and o deNiverville et al., Phys. Rev. D84, 075020 (2015)

. . . > 4 Dutta et al., Phys. Rev. Lett. 123, 061801 (2019)
ORelic abundance given interms of ¥ = ¢“a (mx/mv)
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CEvNS disambiguates neutrino oscillation data

2

OSC(+COHERENT)
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u quark coupling
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Phys. Rev. D96 115007

Normal MO
Inverted MO

Dashed — osc fit
Solid — osc fit + Csl CEVNS

CINSI affects neutrino oscillation probabilities, very similar to MSW effects

dIn fact, a complete degeneracy exists with a properly chosen SZB matrix that would prefer

the opposite neutrino mass ordering and a different value of 6 p
* Normal MO without NSI and Inverted MO with NSI give equally good fits!

OCOHERENT data breaks degeneracy, and pushes NMO and IMO into tension

D. Pershey
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Measuring sin? 0y,

do GiM . (  MT ([ T\’
ar > Tam O E2 E,

1 1
Qw = (5 ~ 2sin’ ew> ZF7(Q®) — 5 NFy(Q?)

OThe CEVNS coupling to protons depends on
weak mixing angle — a precise
measurement of CEVNS will constrain this
parameter

(O Best to measure cross section on different
nuclear targets with different N/Z ratios

dCombination of measurements of heavy
Csl and light Ar can give 1% measurement
of weak mixing angle

D. Pershey

New physics potential with coherent, low-energy neutrino scattering

The CEVNS cross section for scattering off a
given atom depends on both proton (Z)
and neutron (N) number

QBut, the proton (Z) component is largely
suppressed as (% — 2 sin? GW) ~ 0

—10t Ar at STS
—700kg Csl at STS
—Joint fit

o
o
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3
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Dark matter in our universe

arXiv 1710:10630

V, kms™!

Plank/ESA

Observed rotation
curve

100

T

Rotation curve expected
- without dark matter

R. kpc

First evidence for dark matter (DM) comes from rotation
curves of galaxies in early 20t century (e.g. Zwicky 1933)

dIn 2003, precision CMB data confirmed the existence of
dark matter and estimated that roughly 80% of matter in
the universe is dark matter

dContinuing understanding distribution of dark matter from
weak gravitational lensing data

1100 years since postulation, and we still haven’t found the
particle nature of DM despite many attempts — new physics
we know exists, we just need to find a new place to look

D. Pershey
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ApJ 909 27

Atoms

Dark

4.6% Energy
Dark 71.4%
Matter
24%

NASA/ESA

TODAY
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Error Budget for ldentifying DM Scatters

300 —+ Statistical Error

I Systematic Error
B Constrained Systematic Error

200 Leptophobic portal:

my = 5 MeV
my =50 MeV

100 ag=1.4e-7

Predicted DM Counts

L L L L I L L L L I L L L L I L L L L
50 100 150 200 250

PE

dWithout this delayed sideband constraint, a dark matter search would be limited by
systematic uncertainties

dAllows for a more detailed understanding of the distinctive recoil energy spectrum expected
for DM scatters

O After COHERENT dark matter program, the analysis will be dominated by statistical errors —
future paths for DM searches with CEVNS detectors
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Detector positioning at the STS

neutrino measurement goals can be
placed perpendicular to the beam
* |f dark matter excess is observed, its nature

can be probed by testing this predicted
angular dependence

Csl detector Ar detector
90 deg off-axis 20 deg off-axis
QdThe dark matter flux is directional — l l
optimal sensitivity if placed in forward T
direction - — All Production Channels
* Operationally, we can achieve a detector hall 0.8— —ﬂg—w"f
20 deg off-axis from the beam center B —n VY
. n — T N->VN'
dPlace the largest, most sensitive detector, € 06~ i
the liquid argon calorimeter, at this S T .
. s | _
location = 04 -
dThe Csl detector needed to complement l i
0.2— —
0 T .

(t
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CEvNS disambiguates neutrino oscillation data

2 2 2 2

sin €19 <> cos 9,

0 —mT—20,
(€ee — €up) = —(€ce — €pp) — 2,
(E‘TT - f—.uu) — _(ETT - EP«#) )

€af = —€4p (a # B).
Phys. Rev. D96 115007

CNSI affects neutrino oscillation probabilities — in the existence of NSI scenarios,

dIn fact, a complete degeneracy exists with a properly chosen SZB matrix and neutrino mixing

parameters that would transform H — —H™ and thus be completely indistinguishable from a
scenario with no NSI assumed

OTo make matters worse, this transformation would suggest that oscillation data would prefer
the opposite neutrino mass ordering and a different value of 6p

* Normal MO without NSI and Inverted MO with NSI give equally good fits!

(v
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How many neutrino flavors are there?
Testing the three-flavor paradigm at the SNS using CEVNS

Did you all just
see that?
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Determining the nature of dark matter at accelerators

arXiv 1710:10630

V,kms™!

Apl 909 27

Observed rotation
curve

Plank/ESA

T

100

Rotation curve expected

=< without dark matter
+
! 1
5 10 R. kpc
. o . . Duk o 64
D. Pershey New physics potential with coherent, low-energy neutrino scattering LJuKe ‘C@gﬁ; /55



O rlgl n Of Wea kly_l nte ra Ctl ng d a rk m atte r Chatterjee: Dark Matter Self Interaction

and its impact on Large Scale Structures
E ! R ' A T rorr e
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v 1070 | ] Interactions |
E | E
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10-% A il . ol MR
1 10 100 1000

x=m/T (time -)
dAssuming that DM is a particle that interacts weakly with standard-model (SM) matter, in the
very early universe, DM was in thermal equilibrium with SM fermions

* As the universe cools, DM production is no longer kinematically allowed, and the DM concentration falls
exponentially
* Later, as the universe continued expanding, the DM concentration became so low that DM annihilation

stopped since DM particles could no longer find partners to annihilate with
At this point, the universe “freeze-out” of DM occurred, with the DM concentration fixed to
the modern observed value

O Freeze-out concentration depends on DM cross section — higher cross section implies DM
can annihilate even when less dense so that concentration is lower

* Modern relic abundance tells us what the cross section is (as a function of DM mass)
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