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Neutrino Sources and Physics Scope

+ E =~ 10s of MeV

= Pion decay-at-rest neutrinos
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Neutrino Sources and Physics Scope

B The Fermilab Facility for Dark Sector Discovery (F2D2) arxiv:2311.09915 [hep-ex]
Recycler Main Inje(c“t/:;
Booster Potential future upgrade:
bunch the available beam via

PIP-I an accumulator ring.
Linac

Take the beam and steer it \\\

into a fixed target! Target J Ze ttlemoyer

e Also a prolific pion decay-at-rest neutrino facility!

Fermilab Facility for Dark Sector Discovery (F2D2) Task Force Report

M. Toups, N. Dhanaraj, S. Dixon, S. Ganguly, M. Hedges, J. Eldred, J. Estrada,

G. Krnjaic, K. Lynch, V. Pandey, M. Strait, N. Tran, J. Williams, and J. Zettlemoyer
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
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Illinois Institute of Technology, Chicago, IL 60616, USA

B. Batell
University of Pittsburgh, Pittsburgh, PA 15260, USA

S. Gori
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K.J. Kelly
Texas AEM University, College Station, TX 77840, USA

J. Yu
Department of Physics, University of Texas, Arlington, TX 76019, USA

Y.-T. Tsai
SLAC National Accelerator Laboratory, Menlo Park, CA, 94025, USA
(Dated: July 9, 2025)
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Neutrino Sources and Physics Scope

B The Fermilab Facility for Dark Sector Discovery (F2D2) arxiv:2311.09915 [hep-ex]

Main Injector

Recycler (M)

Booster

Potential future upgrade:
bunch the available beam via

PIP-I an accumulator ring.

Linac

Take the beam and steer it N
into a fixed target!

Target J. Zettlemoyer

e Also a prolific pion decay-at-rest neutrino facility!

m Experimental Concepts:

e The DAMSA Experiment: A table-top size at an extremely short baseline
see Jae’s talk last week

e A Low-Threshold Skipper-CCD detector

e The PIP2-BD: A 100 ton liquid argon (LAr) detector instrumented with 1200
photomultiplier tubes (PMTs)

e A100 ton LArTPC experiment: size similar to SBND ~ DUNE-ND-LAr

& Fermilab
3/36 Vishvas Pandey Interplay of Nuclear and New Physics with Low-Energy Neutrino Sources CETUP* 2025



10s of MeV Neutrinos-Nucleus Scattering

piDAR and Supernova Neutrino Energy Spectrum
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS]
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS]

v, (Ep, kf) A | D,)
Z° (T, q)
v (E;, ?i) A | D)

¢ Final state nucleus stays in its ground state
¢ Tiny recoil energy, large cross section

e Signal: keV energy nuclear recoil

Inelastic CC/NC

l_, l+/Vl, Dl (Ef’ kf) A’ |¢f>

W*1Z%w, q)

Vp U (Ei, ?l) A | q)0>

¢ Nucleus excites to states with well-defined excitation
energy, spin and parity (J%)

¢ Followed by nuclear de-excitation into MeV energy
gammas, including n, p or nuclear fragmentation
emission.
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS] Inelastic CC/NC
—_ _ _ - X
2 (Ef’ kf) A I(I)O> l ,l+/1Jl, V; (Ef, kf) A’ |q)f>
Z°(T, 7) W*1Z%w, q)
vy (Ej k) A | @) v, 7, (E, k ;) A | D)
e Final state nucleus stays in its ground state ¢ Nucleus excites to states with well-defined excitation
energy, spin and parity (J%)
¢ Tiny recoil energy, large cross section
_ _ ¢ Followed by nuclear de-excitation into MeV energy
e Signal: keV energy nuclear recoil gammas, including n, p or nuclear fragmentation
emission.
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS] Inelastic CC/NC
— — - - X
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS]

v, (Ep, kf) A | D,)
Z° (T, q)
v (E;, ?i) A | D)

Leptonic Tensor: L, = z (I T

Transition Amplitude: ¥ = (@, | J*(q) | D)
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Inelastic CC/NC

l_, l+/Vl, Dl (Ef’ kf) A’ |¢f>
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Hadronic Tensor: WH = Z (7T 7Y
fi
Transition Amplitude: _#! = ((I)flf’,fl(q) | D)
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Neutrino-Nucleus Interactions: Many-Body QM Problem

e Nucleus is a complex many-body quantum mechanical system
e Nucleons bound in the nucleus subject to various nuclear effects
¢ Fermi momentum, Pauli blocking, multi-body nucleon correlation, intra-nuclear hadronic interaction, ...

JLab Hall A, Phys. Rev. D 105, 112002 (2022)
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Neutrino-Nucleus Interactions: Many-Body QM Problem

® The Nuclear Many-body Problem

¢ In the low-energy regime, quark and gluons are confined within hadrons and the effective degrees of
freedoms are nucleons and pions

- Nuclear Many-body Hamiltonian ® Vijk
v . @ ®
2 Y ' f
P ®-----0 + 7 +..
H= ) o=+ D v+ D Vgt P
- 2m -
i i<j i<j<k

Vij and Vl-]- are two- and three-nucleon potential operators

- The interactions of nuclei with external electroweak probes is mediated by charge and current operators that are
consistent with the nuclear interactions.

Nuclear Current Operators: LLH‘ LL]1
Ho— i 77
DN EDW AT f e 4.
]

i<j
one and two-body contributions

- The response functions contain all nuclear-dynamics information

R(w,q) = ) (Yol JT|¥;)(T;|J|W0)é(w — Ef + Eo)
f
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Neutrino-Nucleus Interactions: HF-CRPA Approach

Nuclear ground state described as a many-body quantum 1

. . . EN l 1/2,j,6l,0'l)
mechanical system where nucleons are bound in an effective }

nuclear potential.

protons

Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) nuclear neutrons l\ﬂ“u
potential to obtain single—nucleon wave functions for the bound V"‘ml

nucleons in the nuclear ground state. 1915 oo 11>
1p3/2 9000 P32

. . 1s

Add the influence of long-range correlations between the Ls1/2 —eoeo | ** i

nucleons is introduced through the continuum Random Phase
Approximation (CRPA) on top of the HF-SKE2 approach.

1
H(RPA)(:El,:cg;Ex) = H(O)(a:l,:cg;Em) + — /d:cda:’ Ho(wl,x; E;)

The local RPA-polarization propagator is L
obtained by an iteration to all orders of the x V(z,z') IEPA (¢ 75 E,)
first order contribution to the particle-hole

Green’s function.
[ { MW&),,>W<+ NDWOWOD

“
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Neutrino-Nucleus Interactions: HF-CRPA Approach

= Cross section
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10s of MeV Inelastic Neutrino-Nucleus Scattering: HF-CRPA Model
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V. Pandey, PhD thesis (2016)

N. Van Dessel, V. Pandey, H. Ray and N. Jachowicz, Universe 9, 207 (2023)
V. Pandey, Prog. Part. Nucl. Phys., 104078 (2024)
V. Pandey, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, M. Martini, Phys. Rev. C92, 024606 (2015)
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Supernova Neutrinos

e DUNE relies on v,CC inelastic neutrino-nucleus scattering process to detect neutrinos from core-collapse
supernova.

e The inelastic neutrino-nucleus cross sections are quite poorly understood. There are very few existing
measurements, none at better than the 10% uncertainty level. As a result, the uncertainties on the theoretical
calculations of, e.g., neutrino-argon cross sections are not well quantified at all at these energies.

No measurements on Argon yet

WAr(v,, e™) X

Past measurements on Carbon

S
N

10% ¢
: e KARMEN, PPNP 32, 351 (1994)

S
(=)

==
=
-—-

" Steven Gardiner L

& -
€ 10E
o :
g g5f © LSND PRC64,065001 (2001)
T [ PPrC it ?_ - Fukugita, et al. —t
N% 103 S o oL :.E 30;_
i ol de, 255_
= 107 -+ MARLEY 1.2.0 T 20F
= ' =
S == GTBD () -
E -~ RQRPA ! 15F
; — SM+RPA 10F
2 --- RPA O :
----- PQRPA - 5 3
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10° 0 50 60 70 80 E, (MeV)
neutrino encrgy (MeV) Rev. Mod. Phys. 84,1307 (2012)
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Supernova Neutrinos

e DUNE relies on v,CC inelastic neutrino-nucleus scattering process to detect neutrinos from core-collapse
supernova.

e The inelastic neutrino-nucleus cross sections are quite poorly understood. There are very few existing
measurements, none at better than the 10% uncertainty level. As a result, the uncertainties on the theoretical
calculations of, e.g., neutrino-argon cross sections are not well quantified at all at these energies.

13/36

Reaction Channel

Experiment

Measurement (10742 cm?)

120(1/@, e_)121\Ig.s.

12C(Ve, 6_)12N*

12C(V#, V#)lzc*

120(1/, 1/) 120*

KARMEN
E225
LSND

KARMEN
E225
LSND

KARMEN
KARMEN

9.1 4+ 0.5(stat) & 0.8(sys)
10.5 £ 1.0(stat) £ 1.0(sys)
8.9 £ 0.3(stat) £ 0.9(sys)

5.1 + 0.6(stat) &= 0.5(sys)
3.6 = 2.0(tot)
4.3 + 0.4(stat) & 0.6(sys)

3.2 £ 0.5(stat) £ 0.4(sys)
10.5 + 1.0(stat) £ 0.9(sys)

56 Fe(v,,e~) %Co

KARMEN

256 £ 108(stat) + 43(sys)

27(y,,e")?"Xe |LSND 284 + 91(stat) + 25(sys)
27 (e, e7)X COHERENT [9207%1
natPh(y,, Xn)  |COHERENT |- -

V. Pandey, Prog. Part. Nucl. Phys., 104078 (2024)

TABLE III. Flux-averaged cross-sections measured at stopped pion facilties on various nuclei.

Experimental data gathered from the LAMPF [89], KARMEN [90-93], E225 [94], LSND [95-97],

and COHERENT [98, 99| experiments. Table adapted from the Ref. [9].

Vishvas Pandey
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10s of MeV Inelastic Neutrino-Nucleus Scattering: MARLEY

m MARLEY (Model of Argon Reaction Low Energy Yields) is a dedicated low-energy neutrino event generator
developed by Steven Gardiner to simulate tens-of-MeV neutrino-nucleus interactions on argon.

VAr(v,,e")X

10°¢ l. Inclusive scattering on the nucleus:
— Allowed approximation (long—wavelength
10% (g — 0) and slow nucleons (py/my — 0) limit),
k Fermi and Gamow-Teller matrix elements:
101 £
: ll. Nuclear de-excitation:
100; For bound nuclear states, the de-excitation gamma

rays are sampled using tables of experimental
branching ratios.

For unbound nuclear states, MARLEY simulates the
competition between gamma-ray and nuclear
fragment emission using the Hauser-Feshbach
statistical model.

o(E,) [107*2 cm? / 10Ar]

1074+

S. Gardiner, Phys. Rev. C 103, 044604 (2021)
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http://www.marleygen.org

10s of MeV Inelastic Neutrino-Nucleus Scattering: CRPA and MARLEY
= CRPA and MARLEY

200

—_
0¢)
(e}

(do/d cos B) g, [107* cm? / P0Ar]

0

160 -
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e Allowed and forbidden transitions

puDAR PAr(v,,e”) X

- total e,
===: (Gamow-Teller

== Fermi

1 —08-06-04-02 0

02 04 06 08 1
cos 0,

e MARLEY (used in DUNE): Allowed approximation
(long—wavelength (g — 0) and slow nucleons
(py/my — 0) limit)

Fermi and Gamow-Teller matrix elements predicts
a nearly flat angular distribution.

MARLEY: S. Gardiner, Phys. Rev. C 103, 044604 (2021)
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I ! I

I ! !
—0.8 =04

0 0.4

cos 0+

e CRPA: includes full multipole expansion of nuclear
matrix element (allowed as well as forbidden
transitions), predict more backwards strength.
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Normalized Event Distribution
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10s of MeV Inelastic Neutrino-Nucleus Scattering: CRPA and MARLEY

e Electron angular distribution is important for Supernova pointing capability
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cos(0e)

¢ The information about the
incoming neutrino direction is
preserved in the final-state
electron's angular distribution

exploration.

CC scattered electron angular
distribution will enable DUNE’
capability for supernova pointing
and enabling multi-messenger
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Electrons simulated from a single SN
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DUNE Collaboration, arXiv:2407.10339 [hep-ex]
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10s of MeV Inelastic Neutrino-Nucleus Scattering: CRPA and MARLEY

m CRPA implementation in MARLEY is on-going.
S. Gardiner, P. B. Alzas, A. Nikolakopoulos, L. A. EI-Haj, N. Jachowicz, V. Pandey, in preparation.
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30:_ — Y0Ar(v,,e” a)?°Cl develop
:_ -4 8 4 . P ] ALLALAAIALAIJ
L 07790 20 30 40 50 60
ZOZ_J PRELIMINARY
0_ 11 - | | . | | 4 1 3 | .9 3 | I | S e O |
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10s of MeV Inelastic Neutrino/DarkMatter-Nucleus Scattering

B New theory improvements in-progress

¢ Adding ab-initio method'’s discrete states to CRPA’'s continuum

B. Dutta, B. Hu, N. Jachowicz, V. Pandey, M. Vanderpoorten, work in progress

80 MeV YAr(v,, e7) X *°Pb

1000 T T | T T T T T T T

00" MARLEY develop
800

Baishan’s talk last week

700 — Discrete levels

----- Continuum

600

500
400 |
300 -

Nucleons, A

200 -
| PRELIMINARY A lM

do /dE. [107*2 cm? / MeV 40Ar]

100 7oL

5 £ ;- : H
-~ L W ey . P
*agas® "y
I p—
0 e s ke e e 1 1

%5 30 35 40 45 50 55 60 65 70 75 80

BSHu, W G Jiang, T Miyagi, Z H Sun et al., Nat Phys 18, 1196 (2022)
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10s of MeV Inelastic Neutrino/DarkMatter-Nucleus Scattering

® NC v-nucleus — y-nucleus scattering

10°F :

Scalar DM
-8 |
1 3 1072 3 10
10%F . <t g
N 10 E
i - 1072 E Ex‘ g:
Logny lolr ___________________________ - 10 10
8 """""" — 107%F 3 S
9 ' {1 % 9 10!
S o S o e PIP2BD (this work)
b 107°F / 3 1075} | 10-12 ' o Nal (this work)
I CEVNS“Ar >_4 < -==- CCM (this work)
j CEVNS ¥Cs j —13 FR —— KARMEN (this work)
3] ! CEvyNS 271 10736 / 10 N ) i
107°F ! v E Previous limits
Inelastic “°Ar : .
3 Inelastic **Cs | 1 100 101 102
----- Inelastic 2’1 107k
10_5 ,.‘ I | . iaastlc .1 mX [Mev]
0 20 40 60 80 100 30 40 50 60 70 80 90 100
Neutrino energy E, [MeV] S el B. Dutta, W. C. Huang, J. L. Newstead
B. Dutta, W. C. Huang, J. L. Newstead, V. Pandey, Phys. Rev. D 106, 113006 (2022) Phys. Rev. Lett. 131, 111801 (2023)

e Using ab-intio and CRPA together for DM scattering is expected to improve the sensitivities significantly

B. Dutta, B. Hu, N. Jachowicz, V. Pandey, M. Vanderpoorten, work in progress
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Measurements

4 CEVNS experiments at pion-decay at rest facilities are well suited to perform these

measurements.

m Coherent CAPTAIN Mills (CCM) at LANL: 10 ton LAr detector at Lujan center at LANL.

Collected data in 2019, 2021, 2022 ...

v, CC cross section analysis is ongoing!

Total events/year*
CEVNS 300.82
CC (V,) 57.25
NC 5.28

*6 months of running, at 23 m, for 5 tons. EU =30 MeV.
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Measurements

4 CEVNS experiments at pion-decay at rest facilities are well suited to perform these
measurements.

m Coherent CAPTAIN Mills (CCM) at LANL: 10 ton LAr detector at Lujan center at LANL.
Collected data in 2019, 2021, 2022 ...

v, CC cross section analysis is ongoing!

Total events/year*
CEVNS 300.82
CC (V,) 57.25
NC 5.28

*6 months of running, at 23 m, for 5 tons. ED =30 MeV.

m COHERENT at SNS: COH-Ar-10 (24kg) LAr detector.
COH-Ar-750 (750 kg) LAr detector is underway.

m F2D2 at Fermilab: Opportunity to measure these cross sections with ~100 ton scale LAr
detectors at PIP-Il Beam Stop Facility.

arxiv:2311.09915 [hep-ex]
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS]

v, (Ep, kf) A | D,)
Z° (T, q)
v (E;, ?i) A | D)

Leptonic Tensor: L, = z (I T

Transition Amplitude: ¥ = (@, | J*(q) | D)

21/36 Vishvas Pandey

Inelastic CC/NC

l_, l+/Vl, Dl (Ef’ kf) A’ |¢f>

W*1Z%w, q)

vy, Dl (E, ?) A |(D())

Hadronic Tensor: WH = Z (7T 7Y
fi
Transition Amplitude: _#! = ((I)flf’,fl(q) | D)

2% Fermilab
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CEVNS Cross Section and Form Factors

= Cross section (tree level)*:

ic G2 | 17 wmTl| o2
o _ FMA - —__4 _QWF2(q)
dT = E, 2E*| 4V

l

= Weak Form Factor:

v, (Ep, k()

v (E,, ?i)

Ow Fi(q) = (Dy1Jo(q) | Do)
~ (1 —4sin*0y) Z F () — N F,(q)

2T [ d’r [(1 — 4 sin? Ow) P,(1) — P,(7) ] Jolgr)

Z° (T, 9)

T e [O

A | D)

A | D)

2F?
" (M +2E)

Oy = g/ N+, Z)°

*pbarring radiative corrections, for radiate corrections, see:
O. Tomalak, P. Machado, V. Pandey, R. Plestid, JHEP 02, 097 (2021)
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CEVNS Cross Section and Form Factors

= Cross section (tree level)*:

T M,T

do G#
= M 4
dlT =« E;

O
267 |2 9

= Weak Form Factor:

v, (Ep, k()

v (E,, ?i)

Ow Fi(q) = (Dy1Jo(q) | Do)
~ (1 —4sin*0y) Z F () — N F,(q)

~ 27T

[ d’r [(1 — 4 sin? Ow) (1) = (1) ] Jolgr)

v

Charge density and charge form factor: proton

!

Z° (T, 9)

T e [O

A | D)

A | D)

2F?
" (M +2E)

Oy = g/ N+, Z)°

Neutron densities and neutron form factor: neutron

densities and charge form factors are well know
through decades of elastic electron scattering
experiments.

densities and form factors are poorly known. Note that
CEVNS is primarily sensitive to neutron density

distributions (1 — 4 sin” 6, ~ 0).

*pbarring radiative corrections, for radiate corrections, see:

O. Tomalak, P. Machado, V. Pandey, R. Plestid, JHEP 02, 097 (2021)
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CEVNS and PVES Experimental Measurements

m Electroweak probes such as parity—violating electron scattering (PVES) and CEVNS provide

relatively model-independent ways of determining weak form factor and neutron distributions.
T. W. Donnelly, J. Dubach and I. Sick,, Nucl. Phys. A 503, 589-631 (1989).

e CEVNS Cross Section e PVES Asymmet
do G,%M | T M,T QgVFz 4 do/dQy —do/dQY- _ Gr®|Qw| Fy(q)
T AR 2| P do/d0y +do/d0- ~ 4ran/2Z Fale®)

e Both processes are described in first order perturbation theory via the exchange of an
electroweak gauge boson between a lepton and a nucleus.

® CEVNS: the lepton is a neutrino and a 7Y boson is exchanged.

e PVES: the lepton is an electron, but measuring the asymmetry allows one to select the
interference between the y and 7" exchange.

e As a result, both the CEVNS cross section and the PVES asymmetry depend on the weak form
factor FW(QZ), which is mostly determined by the neutron distribution within the nucleus.

3& Fermilab
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CEVNS and PVES Experimental Measurements

m Electroweak probes such as parity—violating electron scattering (PVES) and CEVNS provide

relatively model-independent ways of determining weak form factor and neutron distributions.
T. W. Donnelly, J. Dubach and I. Sick,, Nucl. Phys. A 503, 589-631 (1989).

e CEVNS Cross Section e PVES Asymmetry

D. Z. Freedman, Phys. Rev. D 9, 1389-1392 (1974)

“Freedman declared that the experimental
detection of CEVNS would be an “act of
hubris” due to the associated “grave
experimental difficulties”.

* The maximum recoil energy

E
Tmax — z
1+ M,/(2E,)

2% Fermilab
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CEVNS and PVES Experimental Measurements

m Electroweak probes such as parity—violating electron scattering (PVES) and CEVNS provide
relatively model-independent ways of determining weak form factor and neutron distributions.

e CEVNS Cross Section

do G T MT| Oy,
=M, |1-—— F
T T

COHERENT Collaboration at SNS at ORNL

30 Be:;\m OFF 1t Beam ON

A g
+ I +
: + X AT
8_ 0,. | ++ + + - * 4 ¢ _J--, T II -
g [t e T ]
=5 5 1‘5 2‘5 3‘5 415 5 1.5 2‘5 3.5 4‘5
Number of photoelectrons (PE)
B , 60
c Beam OFF v, BV, EEv, Beam ON
§ 45 prompt n
P 30 1
5 15} t ' +
3 } t AL t
o ofdptidd KIS ERRINEN || ¢ A =
AL I AL MR AMAY XY WSO AN BN T
1 3 5 7 9 11 1 3 5 7 9 11
Arrival time (us)
L L L L L
s0l— - CEVNS Cross Section Prediction _
" [lFlux-averaged Prediction with Uncertainty
& 30— + COHERENT (Analysis A) N
§ | +COHERENT (Analysis B)
= |
— 20— ]
@e - Wv, Flux
10 B | \_,e Flux , 4OA r ]
- WV, Flux ‘
S — o 20 30 40 50
E, (MeV)

Science 357, 6356, 1123-1126 (2017)
Phys. Rev. Lett. 126, 012002 (2021)
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CEVNS and PVES Experimental Measurements

m Electroweak probes such as parity—violating electron scattering (PVES) and CEvVNS provide
relatively model-independent ways of determining weak form factor and neutron distributions.

e CEVNS Cross Section

2 2
— A — —
dT I E, 2E? 4 W LAr CEvNS detectors
_ Experiment Mass |Distance from source| Dates
COHERENT Collaboration at SNS at ORNL (kg) (m)
A w 30[ Beam oFF 1 =m— e CENNS10 24 27.5 2017 -
~ (ORNL)
£ t } } + ’ CENNST750 610 27.5 proposed
AT STRUNEP S ¥ FRRLATE PR SASR/ (ORNL)
g °VY f { f 1 $
S I 1 1 SR SRR | S SR CCM 10,000 20.0 2019 -
=52 5 15 25 35 45 -] 15 25 35 45 (LANL)
Number of photoelectrons (PE)
B » O o ' ' - " =y, =y, my,| Beam ON PIP2-BD at F2D2|100,000 20.0 proposed
§ 4a5¢ 1r prompt n (FNAL)
z 30 L 4}
3 lz' S. Carey and V. Pandey, 2508.xxxxx [hep-ph]
g—15 6

1 3 5 7 9 11 1 3 5 7 9 11 10
Arrival time (us) 1 PIP2-BD at F2D2
A L B B 5 ; [ ceM
s0l— - CEVNS Cross Section Prediction ] 107 1 : 1 CENNS750
B lFqu-averaged Prediction with Uncertainty 7 1 CENNSI10
- . 2 104
o sl +COHERENT (Analysis A) h =10
| | >
§ [+ COHERENT (Analysis B) ) 0
g . 2
S L 3
- 20— - 2
e | T =
© [ v, Flux . s
ol [j\_ze Flux 404 5 B
- v, Flux -
0_ ------- t -
0 10 20 40 S0 0 5 10 15 20 25 30 35 40

30
E, (MeV)

Science 357, 6356, 1123-1126 (2017)
Phys. Rev. Lett. 126, 012002 (2021)

Reconstructed Energy (keVee)
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CEVNS and PVES Experimental Measurements

m Electroweak probes such as parity—violating electron scattering (PVES) and CEVNS provide
relatively model-independent ways of determining weak form factor and neutron distributions.

e PVES Asymmetry

e CEVNS Cross Section

dT T E; 4

l l

d G2 T M,T| O;
9 FMAll_ _ A]QW

Fi(q)

COHERENT Collaboration at SNS at ORNL

A w 30| Beam OFF

(=1
w

o
He—

Beam ON

Res. counts /2 P

bl
+++++*++,+' T

o
1Y
-
—r
—
i
lo—
i
.
——
——

|
[
w

5 15 25 35 45 5 15 25
Number of photoelectrons (PE)

vy)
(o))
o

35 45

= oW A
nu o u

o

Res. counts / 500 ns

H;.

|
)
w

ol
+ : M‘“ L
LN AT Y L ARG AT

9 11 1 3 5 7

Arrival time (us)

T T T I T T T T I T T T T I T T
- CEVNS Cross Section Prediction
[ Flux-averaged Prediction with Uncertainty

40

+ COHERENT (Analysis A)

50

&'-E‘ 30—
G [ +COHERENT (Analysis B)
- [
- 20—
/b\e- - Wv, Flux
o= Ve Flux 404y
- WV, Flux
0 B o s l
0 10 20 30 40
E, (MeV)

Science 357, 6356, 1123-1126 (2017)
Phys. Rev. Lett. 126, 012002 (2021)
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» The parity violating asymmetry for elastic electron

scattering is the fractional difference in cross section
for positive helicity and negative helicity electrons.

A, = =
P do/dQy + do/dQ_

. do/dSdy — do/dQ_ . GFq2|QW| Fy(q)

dron/2Z Fon(q?)

- Here F_,;, is the charge form factor that is typically known
from unpolarized electron scattering. Therefore, one can
extract Iy, from the measurement of Apy,.

Experiment | Target ¢? (GeV?) A, (ppm)
PREX 208pp - 0.00616  0.550 £ 0.018
CREX 48Ca 0.0297
Qweak 2TA 0.0236 2.16 = 0.19
MREX 208pp, 0.0073

Pb Radius Experiment Calcium Radius EXperiment
(PREX) (CREX)

Interplay of Nuclear and New Physics with Low-Energy Neutrino Sources

arXiv:2203.06853 [hep-ex]

X MREX

Mainz Radius Experiment (MREX)
At P2 experimental hall with 208Pb
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CEVNS Cross Section Calculations: HF-SkE2

®m Nuclear ground state described as a many-body quantum B
mechanical system where nucleons are bound in an effective En (b1/2,5,00,01)
nuclear potential.
X
m Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) nuclear neutrons \"\H protons
potential to obtain single—nucleon wave functions for the bound = 1
nucleons in the nuclear ground state. 1 :".ECL -
P1/2 — @ 1
1ps /2 000 9000 D3/2
= Evaluate proton and neutron density distributions and form factors 151/, ce | ®®—/ s
1 1
— 2 . 2 _ 3 .
p’[(r) - 4][}"2 Z va,’[ (2.](,1 + 1) | gb(x,z'(r) | FT(Q) - N [d r.]o(qr) pf(r) (a = na, laaja)
a
(z =p,n)
3¢ Fermilab
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CEVNS Cross Section Calculations: HF-SkE2

®m Nuclear ground state described as a many-body quantum
mechanical system where nucleons are bound in an effective

nuclear potential.

m Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) nuclear
potential to obtain single—nucleon wave functions for the bound

nucleons in the n

uclear ground state.

m Evaluate proton and neutron density distributions and form factors

1

p(r) = i

— 2 Vs @at DI,

FE
En

(l, 1/2,j, 6[,0’1)

X

neutrons

”LLll

protons

Ipy)2
1p3/2

181/2

F(q) = % [d3r Joqr) p.(r)

_._._
0000
____"_‘.____

|Fen(q)]

1071 |
1072 |

1073

Charge Form Factor

100 = I I 1 -
HF - SkE2 —— ]

Yang et al. - RMF - - - ]

Exp. + T

208Pb

g (fm™)

|Fern(q)]

10° &

1071

1072 ¢

T HF-SkE2 —— °
Payne et al. - NNLOsat - - -
EXp +
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N. Van Dessel, VP, H. Ray and N. Jachowicz, Universe 9, 207 (2023)
Data: H. De Vries, et al., Atom. Data Nucl. Data Tabl. 36, 495 (1987), C. R. Ottermann et al., Nucl. Phys. A 379, 396 (1982)

Interplay of Nuclear and New Physics with Low-Energy Neutrino Sources

F > T
1p1/2

1p3/2

131/2

(aen,l,j,)
(t =p,n)
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CEVNS Cross Section Calculations: HF-SkE2

®m Nuclear ground state described as a many-body quantum B
mechanical system where nucleons are bound in an effective En (1/2:5,01,01)
nuclear potential.
X
m Solve Hartree-Fock (HF) equation with a Skyrme (SKE2) nuclear neutrons \"\q,L protons
potential to obtain single—nucleon wave functions for the bound = -
nucleons in the nuclear ground state. , bg /1,,1/2
_ o _ lp;z PIrEPAr s 4 4 & 1P3/2
= Evaluate proton and neutron density distributions and form factors 1515 co | ** 1s1/2
pu(r) = — D i Qg+ DI (DI Fia) =~ | & j(an pu»
‘ 471'1"2 @t ¢ ot ‘ N 0 ‘ (O{ S e la’ ]a)
a
Weak Form Factor (t=p,n)
].OO - T T T T - 100 E T T T T
: | | HE - SkEé : E\\I\ Q | KleiIn-Ny}sItliz;n?ikI{:% - - - :
C Yang et al. - RMF - — - ] i \\ Klein-Nystrand FF (ad.) 1
B A\ PREX +—e— 1 r \\ Helm FF
i 10-1 L h \x Yang et al. - RMF ]
1071 208 = Ay N Sioferichtor et 8l -
= \ = r 1) /,\?erlc eretal ---
§ - \ Pb ] o i W £/ N
- ‘ S L \‘ y/
§ | EE 1 e
—92 I\ ln
10721 'l
- 1073 | I
: I
|
1 -3 ! |
Yoo oy ——gt——
q(fm™) g (fm™)

N. Van Dessel, VP, H. Ray and N. Jachowicz, Universe 9, 207 (2023)

Data: S. Abrahamyan et al., Phys. Rev. Lett. 108, 112502 (2012) e .
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CEVNS Cross Section Calculations: HF-SkE2

e Differential cross section on 40Ar, as a
function of recoil energy T and scattering
angle cos ¢;.

* The effects of nuclear structure physics are
more prominent as the neutrino energy
Increases.

e Most of the cross section strength lies in
the lower-end of the recoil energy and in
the forward scattering as the cross section

falls off rapidly at higher T' (top panels) and
higher vaalues (bottom panels).

60 T T T T
'HF - SKE2 ——— ! '
FQ)=1- - -
50~ SKE2 - folded 4
COHERENT - A )
10 COHERENT - B |
30 41()11\,1” / _

|
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10 20 30
E (MeV)
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40

50

(10~*2cm?keV )

do
dT

(10~40cm?)

do
dcos9f

80
70

18
16
14
12

—_
| O N O 0O

E = 30MeV

HF - SkE2 ——

| | |

Cl . . LD
5 10 15 20 25 30 35 40 45 50
T'(keV)

| L | I |

05 0 05 1
cos 0

E = 50MeV

| |

P B!
20 40

. . T
60 &80 100 120 140
T (keV)

0 05 1
cos by

N. Van Dessel, VP, H. Ray and N. Jachowicz, Universe 9, 207 (2023)

COHERENT data: arXiv:2003.10630 [nucl-ex].
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CEVNS Cross Section and Form Factors

%k Only a few percent theoretical uncertainty on the CEVNS cross section!

e Relative CEVNS cross section differences e Relative CEVNS cross section theoretical uncertainty on
between the results of different calculations. 404 r (includes nuclear, nucleonic, hadronic, quark levels
0.05 as well as perturbative errors):
o ' Payne et al. — ' I
Yang et al. - - - -
Helm FF
o 0.04 - Klein-Nystrand FF |
) ’ Klein-Nystrand FF (ad.) 1 1
o Hoferichter et al. — — — .
=2 I o i
=. 0.03}- —
S 404, | s 10
?f | O -
|
| 0.9 ! | T | T | T I T
, 0 20 40 60 80 100

E,, MeV
O. Tomalak, P. Machado, V. Pandey, R. Plestid, JHEP 02, 097 (2021)

, | 1 A ) I
10 20 30 40 50

E (MeV)
N. Van Dessel, V. Pandey, H. Ray and N. Jachowicz, Universe 9, 207 (2023)

Yang et al. Phys. Rev. C 100, 054301 (2019)]
Payne et al., Phys. Rev. C 100, 061304 (2019)

Hoferichter et al. [arXiv:2007.08529 [hep-ph]]
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CEVNS Cross Section and Form Factors

%k Only a few percent theoretical uncertainty on the CEVNS cross section!

e Relative CEVNS cross section differences e Relative CEVNS cross section theoretical uncertainty on
between the results of different calculations. 404 r (includes nuclear, nucleonic, hadronic, quark levels
0.05 as well as perturbative errors):
Y ' Payne et al. — ‘ ]
Yang et al. - - - -
Helm FF
o 0.04 - Klein-Nystrand FF |
= ' Klein-Nystrand FF (ad.) 1 1
o~ Hoferichter et al. — — — .
:cﬁ :: | b _
= 0.03 ~
~[E3 40 I @) 1.0
SRS
3 Ar | O |
E 0.02 I
. | 0.9 ! | T | T | T [ T
] , 0 20 40 60 80 100
- 0.01 ~ - - =
5 z E,, MeV

- -
//I .-
|

- i | | L O. Tomalak, P. Machado, V. Pandey, R. Plestid, JHEP 02, 097 (2021)
10 20 30 40 50

A new portal to (non)standard particle and nuclear physics

E (MeV) ... small but multicol !
N. Van Dessel, V. Pandey, H. Ray and N. Jachowicz, Universe 9, 207 (2023)

s"ﬂe,
/3

= Any deviation from the SM predicted event rate either with a
change in the total event rate or with a change in the shape of

the recoil spectrum — new physics.

o
(]
=
©
€
x
[
@
T

= SM expectation of CEVNS cross section have to be know at a
precision that allows resolving degeneracies in the standard and
non-standard physics observables.

Eligio Lisi, NuINT 2018
2= Fermilab
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Experiment Mass |Distance from source| Dates
(kg) (m)
CENNSI10 24 27.5
(ORNL)

CENNST750

2017 -

CEVNS and New Physics

S. Carey and V. Pandey, 2508.xxxxx [hep-ph]

1 PIP2-BD at F2D2
1 cecMm

_ [ CENNS750
_ - [ CENNSI0
s 4

=10 1
O]
2
610 27.5 proposed 2 10°
(ORNL) g
o,
CCM 10,000 20.0 2019 - 5 12 '
(LANL) & = fv sand adsn e se s anntaal sl g S
PIP2-BD at F2D2[100,000 20.0 proposed .
(FNAL) 10" &
0 5 10 15 20 25 30 35 40
Reconstructed Energy (keVee)
03507 () E———— 1 pre liminary e ety
PIP2-BD at F2D2 (Ostat=10%) .. — -+ PIP2-BD at F2D2 (0st=5%) — = COM (Ogyt = 10%)
0.325] & FIPZBDatF2D2 (Osiar=5%) Preliminary —=+ CENNSI0 @i 03 i o i
. ®  CENNSI0 (Ostat=10%) 20, __ gz:::;zgzzsyst:g%) ............. CENNSIO (@ = 10%)
i CENNST50 (Ggtar=10%) o CCMWSYSFI;/: n‘ Wl AT T + SM
0.3007 &  CENNS750 (0gat=5%) \
®  CCM (Ostat=10%) \‘
5 02751 5 \‘ .
‘? 0.250 PandaX-4T + XENONnTe Quweak(eP) ﬁé( \\ 3% 02
e A N \ - *
@ = ] ! Prelimina
P 0225 an 10 \ v

0.2001 COHERENT (Csl + LAr) J \ 00

0.175 e N

0‘15?0—3 10'—2 10'—1 00s 010 015 040 045 o2k 1 1 1 s 1 i L 1

u(GeV) L4
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10s of MeV Physics in GeV-scale Neutrino Beams

B Does this matter for the GeV scale neutrino program?

3& Fermilab
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10s of MeV Physics in GeV-scale Neutrino Beams

e At forward scattering angles (low momentum transfer), the neutrino-nucleus cross section at GeV-
scale energies is impacted by the same nuclear physics effects that are important for the low-
energy case more generally.
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- At low energy, the v, to

10s of MeV Physics: Effect on 7, to v, cross-sections

u

U, cross-section ratio depends on the details of the nuclear physics.

- Final-state lepton mass impacts the transferred (w, g) and therefore the nuclear response.

- The muon mass in the final state leads to a larger momentum transfer which shifts the response to larger

values.
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10s of MeV Physics: Effect on 7, to v, cross-sections

- At low energy, the v, to

u

U, cross-section ratio depends on the details of the nuclear physics.

- Final-state lepton mass impacts the transferred (w, g) and therefore the nuclear response.

- The muon mass in the final state leads to a larger momentum transfer which shifts the response to larger

values.

e Exploring this with SBND-PRISM
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10s of MeV Physics in GeV-scale Neutrino Beams: KDAR Neutrinos

E, =236 MeV

0.03¢ #

e Mono-energetic KDAR neutrinos at NuMIl beam dump

s
(FNAL) and at MLF (JPARC). Kaon decay at rest 2 MiniBooNE allowed (10)
=102 ; 3 -0.025
g [/ Spiz 236 MeV =S
Kt - ,Lt+1/'u, Eyﬂ = 236 MeV %103 / 0.02
10 0.015
10° ¢
0.01
10° e,
0.005
107
A W e L hthf“illih|.|ﬂlllil\|hlh % a0 e B0 00120
10 01 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 Tu(MeV)
E, (GeV) 30 | |
Nuance - - - -
MiniBooNE data: Phys. Rev. Lett. NuWro - - - -
120, 141802 (2018) 95 | GENIE ----- i
Martini — - —
Singh ‘ )
. CRPA —— /' *
> 20~ RMF ' i
9
= s ﬁ
3
5
Te 10 | ]
o . .
E, =236 MeV' .
0 ! ! ! 4y

0 20 40 60 80 100 120

T, (MeV)
A. Nikolakopoulos, V. Pandey, J. Spitz and N. Jachowicz,
Phys. Rev. C 103, 064603 (2021)

3& Fermilab
35/36 Vishvas Pandey Interplay of Nuclear and New Physics with Low-Energy Neutrino Sources CETUP* 2025



10s of MeV Physics in GeV-scale Neutrino Beams: KDAR Neutrinos

e Mono-energetic KDAR neutrinos at NuMIl beam dump

(FNAL) and at MLF (JPARC).
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¢ New Measurement from JSNS*2 at JPARC.
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FIG. 4. The KDAR v, CC missing energy, E.,, shape-only
differential cross section measurement compared to several
neutrino event generator/model predictions. The top x-axis
provides the corresponding E,;s for each E,, value.

JSNS?2 Collaboration: arXiv:2409.01383 [hep-ex]
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Summary

Interactions of low energy (10s of MeV) neutrinos with the nucleus - elastic (CEVNS) and inelastic -
are interesting for studies of various nuclear, neutrino, BSM and astrophysical processes.

Neutrino-nucleus interactions at these energies are sensitive to neutron radius and weak elastic
form factor (CEVNS), and underlying nuclear structure (inelastic).

Microscopic calculations, future precise measurements of CEVNS cross section and PVES
asymmetry measurements will enable precise determination of weak form factor and neutron
distributions.

CEVNS experiments at stopped-pion sources are powerful avenues to measure 10s of MeV
inelastic CC and NC neutrino-nucleus cross sections. These measurements will play a vital role in
enhancing DUNE's capability of detecting core-collapse supernovae neutrinos.

Improved cross section estimates will help disentangle potential new physics signals from
Standard Model expectations.
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