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Neutrino flux ¢ [eV 'cm™s™']

What does "low energy" mean?
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Zooming in on source fluxes in this regime
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Neutrino Interactions with matter in the SM

Charged Current (CC)
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S~

w- A

Cares about v flavor
— lepton in final state

has same flavor as v
(must be kinematically allowed)

Neutral Current (NC)

q q
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flavor-blind




Low-energy neutrino interactions

Electrons

Elastic scattering
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Low-energy neutrino interactions

Electrons

Protons

Charged
current

Neutral
current

Elastic scattering

Vyr+e —v+e
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Low-energy neutrino interactions

Electrons

Protons

Nuclei

Charged
current

Neutral
current

Elastic scattering

Vyr+e —v+e

Useful
for pointing

Inverse beta
decay

De—l—p—>e++n
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: ejecta and
Elastic deexcitation
scattering products
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Neutrino Interactions with Nuclei

It ' th Interactions with
USSR il nucleons inside

Coherent elastic 'nuclei, minimally . 1ci often
neutrino-nucleus | disruptive of the disrup’tive

scattering nucleus hadroproduction Deep Ir_1e|ast|c
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Cross sections in this energy regime
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Neutrino interaction signals in the few to few-tens of MeV range

CEVNS

High xscn, low energy
re COl IS Supernova spectrum

"Inelastic”
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Coherent elastic
neutrino-nucleus scattering (CEVNS)

~

A neutrino smacks a nucleus : 70
via exchange of a Z, and the :

nucleus recoils as a whole; /\
coherent up to E ~ 50 MeV A A
Nucleon wavefunctions
Incoming neutrino Recoiling nucleus in the target nucleus
are in phase with each other

. | at low momentum transfer
Outgoing neutrino

For QR<<1 , [total xscn] ~A? * [single constituent xscn]

Image: J. Link Science Perspectives A: no. of constituents



do

d_T_

G2M

E,: neutrino energy

2 T. nuclear recoil energy
Q2, MT

M: nuclear mass

2T

weak
nuclear
charge

A FQ(Q) 2 E2 Q=V@2MT):

momentum transfer

Form factor: F=1 =» full coherence

QW — (1 — 4Siﬂ2 Hw)Z — N
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The cross-section
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Large cross section (by neutrino standards) but hard to observe
due to tiny nuclear recoil energies:

Recoil Energy T [keV]

150 1

100 1

N
)

Nuclear recoil energy spectra

do  GH+M Q% MT
dT ~—  2r 4F(Q)<2_—)

Argon (Ar) Germanium (Ge) Cesium (Cs)

20 40 60 20 40 60 20 40 60

E, [MeV] E, [MeV] E, [MeV]

Few to ~tens of keV recoils in the regime
where CEVNS dominates. E, <~ 50 MeV
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The only scattered
experimental neutrino
signature:
nuclear
tiny energy recoil
deposited L @
by nuclear

recolls in the
target material

secondary
recoils

//

deposited energy

= WIMP dark matter detectors developed
over the last ~decade are sensitive
to ~ keV to 10’s of keV recoils

15



(DSe
CEVNS: what’s it good for? ®Many | e et i)
(3 Thinss |

CEVNS as a signal
for signatures of new physics

CEVNS as a signal
for understanding of “old” physics

CEVNS as a background
for signatures of new physics

CEVNS as a signal for astrophysics

CEVNS as a practical tool

¥

LN
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CEVNS: what’s it good for? ®Many

(3 Thinss

CEVNS as a signal
for signatures of new physics

direct detection

(nota
complete list!)
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CEVNS cross section in the Standard Model

d_G'_G%-M
dT 7

2
Fg(Q) (GV+GA)2+(Gv—GA)2 (1—3) (G2 _G2)ﬂg?

E,: neutrino energy

T. nuclear recoil energy

M: nuclear mass

Q=+ (2MT): momentum transfer

Gy, Go: SM weak parameters

vector Gy = qu «‘ dominates

axial Ga=g¢%(Zy —Z_)+g4(N d small for
most
@ — nucleil,
gy = 0.0298 zero for
g% = —0.5117 .
& = 0.4955 spin-zero
g% = —0.5121. .




do  GpM Q%VFQ(Q) <2 MT)

dT’ 2T /ZT E2
SM electroweak nuclear physics in here,
in here with ~percent uncertainties

Qw = (1 —4sin®0y)Z — N

0.6

0.4}

* In the context of the SM,
measure sinZ0,, at low Q I
* Look for anomalies in rate,

0O 10 20 30 40 50 60 70 80 90 100

N or Q distribution | | Q (vev)
to search for BSM - Bigger suppression for
for larger Q and

larger nucleus

0.2




Non-Standard Interactions of Neutrinos:
new interaction specific to v’s

_Gr

NSI __
‘CI/H -

If these ¢’s are
~unity, there is

a new interaction

of ~Standard-model
size... many not
currently

well constrained

For heavy mediators,
expect overall scaling
of CEVNS event rate,

New v.-u quark interaction

-1 -0.5 ‘O 0.5 — 1
New v.-d quark interaction & depending on N, Z
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Non-Standard Interactions of Neutrinos:
new interaction specific to v’s

nsi_ GF
L)g = ——F=

If these ¢’s are
~unity, there is

a new interaction

of ~Standard-model
size... many not
currently

well constrained

For heavy mediators,
expect overall scaling
of CEVNS event rate,

New v.-u quark interaction

-1 -0.5 ‘O.IIIO.5ll‘l1
New v.-d quark interaction & depending on N, Z

Observe less or more CEVNS than expected?

...could be beyond-the-SM physics!



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

BSM Light Mediators

Effective weak charge in presence
SM weak charge

of light vector mediator Z’

3g° , 3g° i
oo (2 + )V e )
2ov = (2g) + NgY)’ » Qast = '5’1’ a\f:ac;'r(@ﬂ—.ug:J) ('? 22GH(Q2 + M)

specific to neutrinos
and quarks

e.g. arXiv:1708.04255

Neutrino (Anomalous) Magnetic Moment  ©9,577>2°%5=%

<da) _ oyt Z* (1_T/E1/ T ) Specific ~1/T upturn

d—T mg T T 4 E,% at low recoil energy

Sterile Neutrino Oscillations . ) ) 20,. (AL)

--------- 1E,

“True” disappearance with baseline-dependent Q distortion  e.g. arXiv: 1511.02834,
1711.09773, 1901.08094
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CEVNS: what’s it good for? ®Many

(3 Thinss .

CEVNS as a signal
for understanding of “old” physics

direct detection

(nota
complete list!)
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What can we learn about nuclear physics with CEVNS?

Stopped-r spectrum

Csl
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Neutron radius and “skin” (R-R;)
relevant for understanding of
neutron star EOS

P S Amanik and G C McLaughlin 2009
J. Phys. G: Nucl. Part. Phys. 36 015105

K. Patton et al., Phys.Rev. C86 (2012) 024612

Observable is
recoil spectrum shape

(Q-dependent suppression)
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So: if you are hunting for BSM physics
as a distortion of the recoil spectrum
uncertainties in the form factor are a nuisance!

There are degeneracies in the observables between
“old” (but still mysterious) physics

o and “new” physics
At current level of precision,

form factor shape is not a dominant effect
... but we will need to think carefully about
how to disentangle these effects for the longer term

25



Neutrinos from nuclear reactors

v energies up to
several MeV

* v-bar produced in fission reactions (one flavor)

* huge fluxes possible: ~2x10%° s-' per GW

« several CEVNS searches past, current and future at
reactors, but recoil energies<keV and
backgrounds make this very challenging

26



Events per energy (A.U.)

Both cross-section and maximum recolil energy

increase with neutrino energy:
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Stopped-Pion (nDAR) Neutrinos

P
=
L 0.035—
0.032 :_ EFF (delayed)
- —V, (delayed)
0025 — Vs (prompt)
0.02
0.015F
0.01)
0.005}
[ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
00 10 20 30 40 50

Neutrino energy (MeV)

PROMPT

i i 3-body decay: range of energies
H  — € + @ between 0 and m /2
DELAYED (2.2 ps)

71'_'_ —> ,u+ —I—@ 2-body decay: monochromatic 29.9 MeV v,

28




Stopped-Pion Neutrino Sources Worldwide
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Comparison of stopped-pion v sources

prompt v, flux
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Spa"ation NeUtron Source Oak Ridge National Laboratory, TN

Proton beam energy: 0.9-1.3 GeV
Total power: 0.9-1.9 MW (increasing)
Pulse duration: 380 ns FWHM
Repetition rate: 60 Hz

Liquid mercury target

The neutrinos are free!




The COHERENT collaboration

http://sites.duke.edu/coherent
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COHERENT in Neutrino Alley
at the ORNL
Spallation Neutron Source




Siting for deployment in SNS basement View looking

down “Neutrino Alley”
(measured neutron backgrounds low,
~ 8 mwe overburden)

1

Hg TARGET

SHIELDING MONOLITH

E
i CONCRETE AND GRAVEL
|

CENNS-10 NalvETe  NuThor

GeMini

iy enes !
- e

|sotropic v glow from Hg SNS target 34



Measurements in 3 targets from COHERENT

Recoil Energy (keV,)
15 20 25 30

T T T
+-Data Residual
[Jv, CEVNS
DV“CEVNS T T T T T T rrrri
e T
e ... £ [ [BRN + NIN P

2

. [ .. Csl:2017,2022 ... |
| ®  COHERENT measurements

—i
=

. SM prediction

Cross section (10™° cm?)
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Example physics interpretations from
COHERENT Csl CEVNS

Phys.Rev.Lett. 129 (2022) 8, 081801 - e-Print: 2110.07730 [hep-ex]

sin

Recoil Energy (keV )
5

NS

0.5

“L [ CHARM
" [l Csl 2020

05 0 0.5 1

Weak MlXIﬂg An9|e T e T
20 [(Jv, CEVNS
2 — +0.028 | j,gg:z
QW B 0.220_0026 § =BLI12N+NIN
constraints _
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WMA and Neutron Radius from COHERENT Csl data

R, (CsD=5.47); fm sin®0p=0.23970003 ¥ nin= 85.2

COHERENT combined
w/APV result

10 COH-Csl +
27 APV PDG
68.27% CL e
F 4 s | —
; o
o2ssf T
0.2501 //
0.245¢
=
)
£ 0.240 ,
0.235¢
0.230;
02253456 b deod ol

R,(CsI) [fm]

: Eur.Phys.J.C 83 (2023) 7, 683 - e-Print: 2303.09360 [nucl-ex]

0.245 COH 2022+
APV 2021
This Work
7 SLAC
« 0.240 E158
= |
o
~— APV(Cs) K
B 2020 IQN
=
N::: COH 2022+ PVDIS
= APV PDG 2020
“ 0235 This Work
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What’s Next for COHERENT?

COHERENT measurements

et i Three down!

FF = unity

o But still more

Cross section (107" cm2)

10 20 30 40 50

MNeutron number to g O !



Ongoing CEVNS in Neutrino Alley

More Ge .
Ci i (10 )
running .

— T T T T w/full18kg 1!
E75O-kg single

phase argon.

J3quNu vognay
9

9
|

)l
1 pUQHSI(N-U!em L e

8
|

(... and more inelastics)
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Other Experiments at Stopped-Pion Sources

China Spallation China CLOVERS
Neutron Source

European Spallation ~ Sweden NUESS (several)
Source

Lujan, LANL USA Coherent Captain

Mills
Materials and Life Japan JSNS?, DArVeX
Science Facility, J- [not CEVNS] X
PARC it G sheet.
Spallation Neutron USA COHERENT, (EOS)

Source, ORNL

40
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And reactor CEVNS has finally been seen! W

CONUS+

4 ~1kg HPGe detectors
3.7c measurement

Nature 643, 1229-1233 (2025)

C3 C5 C2

20

Ratio to SM: P
1.14+-0.36 R B =Y S

'l A 'l | | | | | | |
150 200 250 300 350
lonization energy (eV)



Many technologies in play, going for low threshold

Experiment Distance max. v Target E,, recoil Status
to core flux nuclei  best (eff.)
( m) (cm™2s71) (keVr)
Semiconductor
CONUS+ [80] 20.7 1.5-10%2 Ge 0.9 (>95%) running
NuGeN [122] 111 4.4.10" Ge 1.6 (90%)  running
CONNIE [83] 30 7.8-10'? Si 0.24 (15%)  running
CONUS [121] 17.1 2.3-10"3 Ge 1.2 (20%)  finished
TEXONO [123] 28 6.4-10"? Ge 1.1 (30%)  finished
NCC-1701 [125] 10.4 4.8-10" Ge 1.1 (0%) finished
RECODE [129] ~25 ~1.0-10"3 Ge 0.9 comm.
Atucha 1T [130] 12 2.3-10"? Si 0.44 (45%)  comm.
Cryogenic bolometers
NUCLEUS [92] 72,102  3.0-10'2 W, Ca  0.020+%) comm.
Al, O
RICOCHET [136]*) 8.8 1.1.102 Ge, Zn  0.01*%) comm.
Noble gas/liquid
RED-100 [89] 19 1.4-10" Xe, Ar 2 (15%) running
RELICS [132] ~25 ~1.0-10"? Xe 0.6-1.40%)  comm.
Scintillating crystals
NEON [78] 23.7 8.1-1012 Na,I 2, 6*% running

+ directional recoils (CYGNUS), mineral detection (PALEOCCENE),
supernova (RES-NOVA) and more...
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Phys.Lett.B 869 (2025) 139856 - e-Print: 2506.13555 [hep-ph]

- APV-PDG

COHERENT

(Csl + LAr)

— I Lol

SLAC E158 Standard Model 1
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F LZ (This Result)

Including
1 LZ
| data
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https://arxiv.org/abs/2512.08065v2

—r

averaged cross section (107 cm?)
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Worldwide CEVNS status

..................
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5 : ‘| A PANDA-X
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..... " DAR . Lz
: : : | ¥ CONNIE (Si)
—— Solar

: : : : | v CONUS+ (Ge)
........... o Reactor . v RED'1OO (Xe)
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"Best" measurement for each target/source combination
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Now look at the rare, bright ones...

CEvVNS

High xscn, low energy recoils

Supernova spectrum

B “OAr CEVNS nelastic

107 - 10 Low xscn,
% B v, "PArCC bright
= 105- recoil
2
z 10°-
> | [
- 101_

10-1

102
Observable energy (MeV)



Stopped-pion neutrinos relevant for supernova burst regime

Fluence (10° neutrinos per 0.2 MeV per cm?)

0 10 20 30 40 50
Neutrino Energy (MeV)

« understanding of SN processes & detection
« understanding of weak couplings (g, quenching)
& nuclear transitions

See:Workshop on Neutrino Interaction Measurements for Supernova Neutrino Detection
https://indico.phy.ornl.gov/event/217/



Future Large Supernova-Burst-Sensitive

Hyper- JUNO DUNE
Kamiokande 20 kton scintillator 40 kton argon
260 kton water (hydrocarbon) USA

Japan China .

 Hyper-K/JUNO are primarily sensitive to nuebar
U.+p—et+n extreme

- DUNE is primarily sensitive to nue —  complementarity
ve +40Ar — 7 +0K*

[....but each also has subdominant channels.
at few to ~10% level, e.g. v,+180 ]




Example 1: CC and NC interactions on oxygen

F. Nakanishi, ORNL workshop 2023

Charged current(CC) Neutral current(NC)
Reacts with v,/7, and emits e~/e* Reacts with all neutrinos
Ve e
v ]5N*
e e ~e° @
160) 16F «
4 —_
- T — .
n’. p / -"
/ gs. &5 — y -ray
g.s. — b, n
v Affected by neutrino oscillation v Independent of neutrino oscillation

—Possible to access the total flux of
supernova neutrinos

m’L
<
8

ection [c¢
[e=]
S

Observables
depend on
nuclear

,_
o
L

total cross s

10+ st structure
ES(¥, +e)
103 Ll b T D D e === wwwrwl

10 20 30 40 50 60 70 80 90 100
Neutrino Energy [MeV]

signal (arb. units)

N

—

o

N

T=8 MeV(v,) -
6 MeV(v,)

T=6.26 MeV(v,)’
4 MeV(v,)

| |

0 o 10 15 20 25

E (MeV)

Expected energy
spectrum in SK from K.

Langanke et al.

Newer calcs by Nakazato et al.

Best to measure it!



Example 2: CC and NC interactions on on argon
CC v +Ar @e + K"
NC v, +%0Ar @v, + 40Ar

- critical to understand (differential) cross sections for supernova physics in DUNE
- large theoretical uncertainties on cross sections

- no existing measurements Fractional difference from truth for
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Impact of cross-section uncertainties on supernova neutrino spectral parameter BeSt to

fitting in the Deep Underground Neutrino Experiment

DUNE Collaboration - A. Abed Abud (CERN) et al. (Mar 29, 2023) measure |t'

Published in: Phys.Rev.D 107 (2023) 11, 112012 « e-Print: 2303.17007 [hep-ex]



Take-Away Messages

Understanding of neutrino exciting opportunites for netring measurements
interactions is critical for ~' % \ ,
neutrino physics over a huge
range of energies

CEVNS is a new low-energy frontier
e BSM searches
* Nuclear form factors

Few-tens-of-MeV inelastics regime is
largely unexplored

Many exciting opportunities for
measurements in the years ahead
(and theory needed!)
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