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Scope of this talk: 10s of MeV to a few GeV neutrino energy
+ E = 10s of MeV

4+ E =~ 100s of MeV to a few GeV
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Scope of this talk: 10s of MeV to a few GeV neutrino energy
+ E = 10s of MeV

= Pion decay-at-rest neutrinos piDAR and Supernova Neutrino Energy Spectrum
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Neutrino-Nucleus Interactions Uncertainty

m |[n accelerated-based neutrino oscillation program, neutrino-nucleus interactions constitute
one of the dominant systematic uncertainties.

* One of the largest uncertainties in current long-baseline experiments, T2K and NOVA.
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Neutrino-Nucleus Interactions Uncertainty

m |[n accelerated-based neutrino oscillation program, neutrino-nucleus interactions constitute
one of the dominant systematic uncertainties.

* One of the largest uncertainties in current long-baseline experiments, T2K and NOVA.

T2/ 2
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. Neutron Uncertainty
Beam mode Neutrino = i —
SK sample 1 Ring p-like 1 Ring e-like 1 Ring e-like 1de Lepton Reconstruction
Flux 5.1% 4.8% 4.9% Neutrino Cross Sections 1
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Beam Flux .

Systematic Uncertainty I

Statistical Uncertainty | I
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¢ |n future experiments, DUNE and HyperK, the statistics will significantly increase and
neutrino interaction systematics uncertainties will be dominant.

- It can not only delay physics results by years but could well be difference in achieving
or missing discovery (level precision).

|
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Neutrino-Nucleus Interactions Uncertainty

m Similarly for low-energy (10s of MeV) neutrinos:

e The uncertainties on inelastic v, CC neutrino-nucleus interaction, the detection channel for
supernova neutrinos in DUNE, is large (often not even quantified).
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Neutrino-Nucleus Interactions Uncertainty

m Similarly for low-energy (10s of MeV) neutrinos:

e The uncertainties on inelastic v, CC neutrino-nucleus interaction, the detection channel for
supernova neutrinos in DUNE, is large (often not even quantified).
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¢ Although theoretical uncertainties are relatively small in CEVNS case. Percent level precision
might be needed to disentangle new physics signals.

1.1 0 Relative CEVNS cross section theoretical uncertainty
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Neutrino Oscillations Physics at Accelerator Neutrino Facilities
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Near Detector
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Neutrino Oscillations Physics at Accelerator Neutrino Facilities
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Extract Oscillation Parameters:
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Neutrino Oscillations Physics at Accelerator Neutrino Facilities
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Extract Oscillation Parameters:

P(v, = vg) = sin”20; sin 1 B
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Near to far ratio does not cancel out cross sections dependence
- Flux and cross sections are convoluted - Different neutrino flavor at ND and at FD (appearance)

- Different neutrino energy spectrum at near and far detector - Different Near and Far Detector geometry, acceptance, etc.
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Neutrino Energy and Neutrino-nucleus Interactions

m Reconstructing Neutrino Energy: ° Neutrino energy is not known, need to reconstruct based
on the interaction products measured in the detector

e Neutrino Energy Spectrum
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Neutrino Energy and Neutrino-nucleus Interactions

m Reconstructing Neutrino Energy: ° Neutrino energy is not known, need to reconstruct based
on the interaction products measured in the detector

e Kinematic Method: e Calorimetric Method:
2
E 1? b= m129 — m,n _ mi " Qm/nE:“ EUC = Z Eobserved articles + Eneutrons + Emissin
2(m'n, — E,, +p, cosb,) P ¢

3& Fermilab
5/34 Vishvas Pandey Neutrino-nucleus interactions and the quest for new and precision physics searches CETUP* 2024



Neutrino Energy and Neutrino-nucleus Interactions

m Reconstructing Neutrino Energy: ° Neutrino energy is not known, need to reconstruct based
on the interaction products measured in the detector

e Kinematic Method: e Calorimetric Method:
2 12 2 /
m: —m' —ms +2m', F
E =l Cal _ z:
EIEQ = 2p(m ,n j E,u _: P, COS (9“) Ey “ = Eobserved particles + Eneutrons + Emissing

e Depends on lepton reconstruction

e “CCQE" topology, selecting 1407, may have
contribution from 2p2h, pion absorption, etc.

4+ In both cases, neutrino energy reconstruction requires estimates from the
neutrino-nucleus interaction physics.
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Neutrino Energy and Neutrino-nucleus Interactions

m Reconstructing Neutrino Energy: ° Neutrino energy is not known, need to reconstruct based
on the interaction products measured in the detector

e Kinematic Method: e Calorimetric Method:
2 / 2 /
my; —m', —m; +2m', b,
EIEQE - 2p(m/ _E _:p cos O ) Evcal = Z Eobserved particles + Eneutrons + Emissing
n v v v
I/’u .........................
\ p
‘.“ -
n
energy
e “CCQE" topology, selecting 1407, may have .
contribution from 2p2h, pion absorption, etc. * Missing energy from ne_utrons, detector

threshold, pion absorption, etc.

4+ In both cases, neutrino energy reconstruction requires estimates from the

neutrino-nucleus interaction physics.
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BSM Physics at Accelerator Neutrino Facilities

Interplay of Standard and non-Standard Physics Signals

Detector
Beam Target

[* -
Neutrinos
7[+, T / B L/ e SR ’é

Exotic Particles
(e.g. Dark Matter)

e Typical BSM signatures include charged leptons (ei, ,ui), photons and hadrons in the
final states.

¢ Neutrino-nucleus interaction products are the primary background.

+ Need to constrain neutrino-nucleus interaction cross sections in order to disentangle
new physics signals.
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Neutrino-Nucleus Interactions
B Neutrino-nucleus interactions:

e Nucleus is a complex many-body quantum mechanical system
¢ Nucleons bound in the nucleus subject to various nuclear effects

¢ Multi-body nucleon correlation, Fermi momentum, Pauli blocking, intra-nuclear hadronic interaction, ...

B JLab Hall A, Phys. Rev. D 105, 112002 (2022)
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Neutrino-Nucleus Interactions

® Neutrino-nucleus interactions:

e Nucleus is a complex many-body quantum mechanical system
¢ Nucleons bound in the nucleus subject to various nuclear effects

¢ Multi-body nucleon correlation, Fermi momentum, Pauli blocking, intra-nuclear hadronic interaction, ...
JLab Hall A, Phys. Rev. D 105, 112002 (2022)

EN (lvl/zajvélaol)

neutrons \LLLL protons

L“ > T

YA

1p1 /2 EP P —
1
1ps)s o oo0eo %000 P3/2
— Q90— 1s
1515 — oo — 1z

e Hadrons re-interact inside the nuclear medium before exiting:
Final State Interaction (FSI)

- FSI can cause different interaction modes to have the same
final state

(adapted from T. Golan)
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Neutrino-Nucleus Interactions
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Neutrino-Nucleus Interactions
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non-perturbative problem subject to
complex nuclear structure and dynamics.

* Transition between different degrees of
freedom.
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Neutrino-Nucleus Interactions
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Neutrino-Nucleus Interactions
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Neutrino-Nucleus Interactions
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Constraining Neutrino-Nucleus Interactions

B Precision needs of neutrino physics and other new physics searches at neutrino facilities
require:

® Nuclear Many-Body Theory

/ e Neutrino Experiments

ﬁ e Lattice QCD ® Electron/hadron Experiments

N

e MC Event Generators
e Neutrino-H/D data

B These efforts require, and benefit from, significant SNOWMASS NEUTRINO FRONTIER:
expertise from both High Energy Physics (HEP) and e I?f;‘ziil‘g‘jossﬁEiEOﬁIONs (NF06)
Nuclear Physics (NP) communities.

SUBMITTED TO THE PROCEEDINGS OF THE US COMMUNITY
STUDY ON THE FUTURE OF PARTICLE PHYSICS (SNOWMASS 2021)

m Require close collaboration between theorists, . .
expe rlmenta||StS and generator develope rS_ T. MOH‘AY‘:&I*?’, J. NEWBY*B’, V PANDEY*3, :] Z‘ETTLEMO,YER*?’,

J. Asaapif?, M. BETancourt3, D. Harrist!?, A. Norrick'?, F. KLing?2, B. Ramson'3,
M. C. SancrEz!®, T. Fukupa!?, M. WALLBANK'!, AND M. WurMT

arXiv:2209.06872 [hep-ex]
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https://arxiv.org/abs/2209.06872

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]

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.
10000§. LI S T I T T
404 il

1000 |-

e At 10s of MeV, CEVNS cross section is
significantly larger than inelastic ones.

%)

-
o
o

IHI

10

o (107% ¢

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

E, (MeV)
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS] Inelastic CC/NC
— — - - X
v, (Ep, kf) A | D,) 50, 0y (B, ky) A" | @)

Z°(T, 7) W*1Z%w, q)
v (B, k) A | D) u, 0, (E, k) A | D)
,  Gr
Y | M) <=L, W
fi
Leptonic Tensor: L, = Z (jl”)fjly Hadronic Tensor: WH = Z (7T 7Y
fi fi
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10s of MeV Neutrinos-Nucleus Scattering

Coherent elastic [CEVNS] Inelastic CC/NC
—_ _ - - X
v, (Ep, kf) A | D,) 50, 0y (B, ky) A" | @)

Z°(T, 7) W*1Z%w, q)
v (B, k) A | @) u, 0, (E, k) A | D)
,  Gr
Y | M) <=L, W
fi
Leptonic Tensor: L, = Z (jl”)fjly Hadronic Tensor: WH = Z (7T 7Y
fi fi

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

Cross Section:

GI% 2 2
do < — Oy, Fy/(q)
A
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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)

Cross Section:

GI% 2 2
do < — Oy, Fy/(q)
A

Inelastic CC/NC

l_, l+/Vl, Dl (Ef’ kf) A’ |¢f>

W*1Z%w, q)

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

Hadronic Tensor: WH = Z (7T 7Y
fi
Transition Amplitude: _#! = ((I)flff,l‘(q) | D)

Cross Section:

p)
F

do o — Z vecWee +veWer + v Wi
4

J*
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CEVNS Cross Section and Form Factors

= Cross section (tree level)*:

i G | 1 mrT] o2
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.

e CEVNS Cross Section e PVES Asymmetry

I. W. Donnelly, J. Dubach and I. Sick,, Nucl. Phys. A 503, 5689-631 (1989).
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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 e PVES Asymmetry
do G T MT| Oy,

= - F
T e Y= R

COHERENT Collaboration at SNS at ORNL

30}t Be:;\m OFF 1t Beam ON

A g
+ I +
+ X T
g °’¢'+Hl++++ t H+++*++ t “HH +
=2 5 1‘5 2‘5 3‘5 415 5 1.5 2‘5 3.5 4‘5
B L 60 Number of photoelectrons (PE)
c Beam OFF v, BNV, EEv,. Beam ON
§ 45 p‘;ompt%
= .30
S 15} $
A UV Y UL B Y TURTRA |\
§ 0+++ ++ ++ +§* +*+ ++‘
1T 3 5 7 9 11

Arrival time (us)

L
s0l— - CEVNS Cross Section Prediction _

" [lFlux-averaged Prediction with Uncertainty
& 30— + COHERENT (Analysis A) ]

§ | +COHERENT (Analysis B)
= |
- 20— —
/b\e - Wv, Flux ]
10|— L 1Ve Flux 404y ]
- WV, Flux i
% T 20 30 20 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 CEVNS provide
relatively model-independent ways of determining weak form factor and neutron distributions.

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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e PVES Asymmetry

» The parity violating asymmetry for elastic electron

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

A — do/dd, — do/dS)_ _ Grq’|Qw| Fy(q)
P do/dQy +do/dQ- dran/2Z Fu(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

arXiv:2203.06853 [hep-ex]

X MREX

Mainz Radius Experiment (MREX)
At P2 experimental hall with 208Pb

Pb Radius Experiment Calcium Radius EXperiment
(PREX) (CREX)
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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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®m Nuclear ground state described as a many-body quantum
mechanical system where nucleons are bound in an effective

CEVNS Cross Section Calculations: HF-SkE2

nuclear potential.

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

nucleons in the nuclear ground state.

m Evaluate proton and neutron density distributions and form factors

|Fch(q)|

17/34

g (fm™1)

1
— 2 . 2
Polr) = 2= D Vi Qi+ Dy (1)
a
Charge Form Factor
10° — —
: HF - SkE2' ——— 73
Payne et al. - NNLOsat - - -
10—1 ;_ 4OAI’
102 3
1073 = .
10—4_ R R |
0 0.5 1 1.5 2 2.5

FE
En

(la 1/2a.7a 5[,0'[)

X

neutrons

‘Hﬂq

protons

Ipy)2
1p3/2

181/2

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

|Fw (q)|

10°

1071

1072 |

107° |

1074

Weak Form Factor

_._._
0000
____"_‘.____

HF - SkE2 —

g \\I ' | ' |
C Sy
\\ Klein-Nystrand FF (ad.)
\\ Helm FF
: Yang et al. - RMF
"\ Payne et al. - NNLOsat — —
\N\ _ _Hoferichter et al. - - -

i 4OAI’

Klein-Nystrand FF - - - .

q(fm™1)

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)
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F > T
1p1/2

1p3/2

131/2

(aen,l,j,)
(t =p,n)
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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. — — — .
=b$ 3 b -
| = 0.03
& :bi B 1 O
= Ze) |
L3 0.02
I . 0.9 ! | T | T | T I T
S 0 20 40 60 80 100
<= 0.01
3 E,, MeV

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

0

: . ! 1 l |
10 20 30 40 50
E (MeV)

N. Van Dessel, V. Pandey, H. Ray, N. Jachowicz, arXiv:2007.03658 [nucl-th]
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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.

0.05 T

404y (includes nuclear, nucleonic, hadronic, quark levels
as well as perturbative errors):

Payne et al. — I I
Yang et al. - - - -
Helm FF
o 0.04 - Klein-Nystrand FF a
Q Klein-Nystrand FF (ad.) 1 1
= Hoferichter et al. — — — .
qE o l
. = 0.03 S 1.0
= Qo -
¥ 0.02
Il ) 0.9 T I T [ T | T | T
8 0 20 40 60 80 100
£ 0.01
3 E,, MeV
0 ' : : , l O. Tomalak, P. Machado, V. Pandey, R. Plestid, JHEP 02, 097 (2021)
10 20 30 40 50
E (MeV) 40 Ay
N. Van Dessel, V. Pandey, H. Ray, N. Jachowicz, arXiv:2007.03658 [nucl-th] 60 HF- SPE? — 1 ]
OF  sims tlded -

e Alow statistics measurement performed by COHERENT - A /
COHERENT collaboration with a 24 kg LAr & 40| COHERENT - B .
(CENNS-10) detector f) /

L 30 L7 -

N ’

SEUE o =
10 - —
0 | 1 |

0

COHERENT data: arXiv:2003.10630 [nucl-ex]

10 20

|
30

E (MeV)

40 50
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10s of MeV Inelastic Neutrino-Nucleus Scattering: HF-CRPA Model

¢ |n the inelastic cross section calculations, the influence of
long-range correlations between the nucleons is

introduced through the continuum Random Phase 10000 g—r———
Approximation (CRPA) on top of the HF-SKE2 approach.

I T TTTTIT

5
>
N

1000

e CRPA effects are vital to describe the process where the
nucleus can be excited to low-lying collective nuclear
states.

-
o
o
T IIIllIII T IIIIII||

10

o (107% cm?)

e The local RPA-polarization propagator is obtained by an
iteration to all orders of the first order contribution to the
particle-hole Green’s function.

o IIIIIIII T IIIIIII|

1
H(RPA)(ml,mg;Ex) = H(O)(xl,xg;Ex) + ﬁ/dmdm' Ho(wl,x; E;)

1
10

x V(z,z') TEPD (2! z9; E,)
q = 95 [MeV/c], G* = 0.009 [(GeV/c)?]

T T T 1 | T T 1 | T
®» _ _ 2g° ]
2000 — E= 1‘60 MeV, 6 =36° |
s L CRPA -

() = + + oot % £ r RFG B
c N
'21000— . .g ‘\ -
!,; : I' Lv’l {I"‘"n. yll 12C ( e e/ ) :
5 tp S
o/ 1 | |“’*¢~|~—»~-L_4 L1 | N
0 50 100
o (MeV)

1
20

L1 [ L1
30 40 50 60

E, (MeV)

q = 121 [MeV/c], Q° = 0.015 [(GeV/c)]

=1 1 1 1 ‘ 1 T 1 ‘ =
1500f—— —
u E =200 MeV, 0 = 36° |
1000_— ) —_
500 :_ ii" ik ; _:
— T 2Ce,e) —
N ¥ (e.€) ~
0 C L jT“‘a:-j-~--L_ 1 ‘ N
0 50 100
o (MeV)
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10s of MeV Inelastic Neutrino-Nucleus Scattering: HF-CRPA Model

¢ |n the inelastic cross section calculations, the influence of
long-range correlations between the nucleons is
introduced through the continuum Random Phase 10000 T
Approximation (CRPA) on top of the HF-SKE2 approach. -

e CRPA effects are vital to describe the process where the
nucleus can be excited to low-lying collective nuclear
states.

e The local RPA-polarization propagator is obtained by an
iteration to all orders of the first order contribution to the
particle-hole Green’s function.

CC (ve," Ar) NC (v % Ar)
6 | | v | |
_ Total —— | 16 " Tota] ——— -
Py 5 J — ; fffff 14 B J - 1— _____ 7]
i} - J=1 1 12 Jg=1t .
:g 4 J f— 2_ 1 J — 2—
- L — o+ B _
L o U7 | osf ITEm )
Lﬂ: 921 0.6 |- )
5 0.4
1 . 09! | N. Van Dessel, V. Pandey, H. Ray,
0 R T '0 i R L N. Jachowicz, arXiv:2007.03658 [nucl-th]
0 10 20 30 40 50 0 10 20 30 40 50
E, (MeV) E, (MeV)
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Uncertainty

e Core-collapse supernova can be detected in DUNE using e.g. v,charge current inelastic neutrino-nucleus
scattering process.

e These 10s of MeV neutrinos inelastically scatter off the nucleus, exciting nucleus to its low-lying excitation states,
subject to nuclear structure physics.

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.

Reaction Channel |Experiment |Measurement (10742 cm?)
20(Ve,e7) 2Ny s. [KARMEN  |9.1 + 0.5(stat) + 0.8(sys)
E225 10.5 + 1.0(stat) = 1.0(sys) Past measurements on Carbon
LSND 8.9 4 0.3(stat) £ 0.9(sys)
& 45
g 40:_ e KARMEN, PPNP 32, 351 (1994)
12C(ve,e7)12N*  |KARMEN 5.1 & 0.6(stat) & 0.5(sys) N - o LSND PRC 64, 065001 (2001)
o 5 - '
E225 3.6 + 2.0(tot) o 35F Fukugita, et a 3
S = ’ .
LSND 4.3 £ 0.4(stat) =+ 0.6(sys) — 30F
» =
= 25F
2C(y,,v,)12C*  |KARMEN  [3.2 & 0.5(stat) & 0.4(sys) o 20 -
20y, v)12C* KARMEN  |10.5 + 1.0(stat) % 0.9(sys) () -
56Fe(ve,e”) 56Co [KARMEN  |256 + 108(stat) + 43(sys) 1 15 :
127](y,, e~)12"Xe |LSND 284 + 91(stat) = 25(sys) (&) 10
127(y, e)X  |COHERENT |920+2 T, 5 3
nath(Ve,Xn) COHERENTff ‘2’ 0- AAlAAAlllLlllLlLAllllLlllAAlLllAlAAALlL
o 20 25 30 35 40 45 50 55 6
TABLE III. Flux-averaged cross-sections measured at stopped pion facilties on various nuclei. E (MeV)
\Y

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]. Rev. Mod. P hy S. 84’ 1307 (201 2)

V. Pandey, Prog. Part. Nucl. Phys., 104078 (2023)
3¢ Fermilab
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Uncertainty

e Core-collapse supernova can be detected in DUNE using e.g. v,charge current inelastic neutrino-nucleus
scattering process.

e These 10s of MeV neutrinos inelastically scatter off the nucleus, exciting nucleus to its low-lying excitation states,
subject to nuclear structure physics.

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

104 F T T T T T

. 1 . : DUNE Collaboration, arXiv:2303.17007 [hep-ex]

.
.

- d

- Srrild

—
S
o
T

[y
.

. -
[y

SO0 eeBEmTT e : “Current understanding of o(E ) is inadequate.
E ] Measuring € enerqy release (other parameters)
%102: PRS2 - MARLEY 120] | to 10% rgquires 5% (20%) knowledge of the
= == G1BD cross section!
2 - — RQRPA
- — SM+RPA
. - RPA

----- PQRPA
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0 x| ] 1 ] 1 ] ]
10 10 20 30 40 50 60 70 80 90 100
neutrino energy (MeV)
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10s of MeV Inelastic Neutrino-Nucleus Scattering: Uncertainty

4 CEVNS experiments at pion-decay at rest facilities - COHERENT at ORNL and CCM at LANL,
well suited to perform these measurements.

m Coherent CAPTAIN Mills at LANL: 10 ton LAr detector at Lujan center at LANL. Collected data
in 2019, 2021, 2022, and currently is in operation.

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

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

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

m Electron Scattering experiment

- MAGIX Collaboration at MESA (Mainz):
MESA, a new cw multi-turn energy recovery linac for precision particle and nuclear physics
experiments with a beam energy range of 100-200 MeV is currently being built.
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10s of MeV Physics in GeV-scale Neutrino Beams
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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.

o Ev = 800 MeV . Folded with BNB v/, flux
>500 T T T T T T T —~ 7 " Carbon
é’ < Carbon(w < 50 MéV) - - - - -
< i Argon --------- i
NE g CE 20 Argon(w < 50 Mg\/)
gl_o ) go [ 0.97 < cosf, < 1.0
. 9 L 15f -
o 8 —
~ | =
D > B i
7] g 10
o =
g & 5L _
o) 3
- o
© = g .
\b e 0 =" i ! . ! . ! =T
“.‘c 500 1000 1500 2000
T,(MeV)
VP, N. Jachowicz, T. Van Cuyck, J. Ryckebusch, N. Van Dessel, N. Jachowicz, R. Gonzalez-Jiménez, VP,
M. Martini, Phys. Rev. C92, 024606 (2015) T. Van Cuyck, Phys. Rev. C97, 044616 (2018).
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10s of MeV Physics: Effect on 7, to v, cross-sections

- At low energy, the v, to v, cross-section ratio depends on the details of the nuclear physics.

- At low energy, (w, g) transferred are different due to the lepton mass difference. The cross section is function
of (w, q) therefore the cross sections are different.

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

values.

16 T

E, =200 MeV 6; = 5°

120

14 +

12

10 +

(10~*?cm? /MeV /neutron)

d?s
dwdcosf
no
T

1 T

ve CRPA —
vy, CRPA —
ve RMF -----
vy RMF - -

100

80

4 60

40

20
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E, =500 MeV 6, = 5°
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. .-
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600
550
500

—~ 450

2 400

M350
300
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doe/dcosé
do,,/dcost
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A. Nikolakopoulos, N. Jachowicz, N. Van Dessel, K. Niewczas, R. Gonzalez-Jiménez,
J. M. Udias, V. Pandey, Phys. Rev. Lett. 123, 052501 (2019).
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10s of MeV Physics in GeV-scale Neutrino Beams

E =236 MeV
e Mono-energetic KDAR neutrinos at NuMIl beam dump ~  0.03 i ‘

(FNAL) and at MLF (JPARC). MiniBooNE allowed (1o)

K" - u*y,, E, =236 MeV

Kaon decay at rest

=107 :
g [ Joptz 236 MeV
%,wag —v,
S Vi
107 F T Ve % 0 a0 e e 00120
- — Ve T, (MeV)
30 | ;
Nuance - - - -
NuWro - - - -
g5 | GENIE ----- ]
Martini — - —
Singh 3
_ CRPA —— /'~
_ | > 20 RMF | 1
1004012 014 016 018 0.2 022 024 026 028 0.3 )
E, (GeV) =
= 15t -
~
A. Nikolakopoulos, VP, J. Spitz and N. Jachowicz, %
Phys. Rev. C 103, 064603 (2021) e 10 | .
e Potential near future measurements: MicroBooNE and ICARUS 5 - , -
(argon), JSNS2 at J-PARC (carbon). E, =236 MeV ,
0 \ | | T | K
0 20 40 60 80 100 120
MiniBooNE data: Phys. Rev. Lett. 120, 141802 (2018) T, (MeV)
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Neutrino-Nucleon Interactions

e Axial Form Factor

NME 21 4 PACS 21
- Historically parameterized as dipole form: 12155 RQCD20  ® PACS 18 erratum
. I Mainz 21 ® ETMC 20
FA(Qz) — o4 2 1.0 1 I
(1+Q?/M3)? |

max max

Fu(Q?) ~ Z ar 2(Q%)" Z az(0 00" A. S. Meyer et al, I gi
arXiv:2201.01839 [hep-lat] 1 ¥}{? I}

- LQCD result hlgher at Q"2 > 0.3 GeV*2 0.4 Y
0.0 0.2 0.4 0.6 0.8 1.0
Q?*/GeV?

% CalLat 21 CLS 17
- . [S
- Modern description based on z-expansion 5 0.8 - F% %
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Neutrino-Nucleon Interactions

e Axial Form Factor T pacs
NME 21 P 21

- Historically parameterized as dipole form: 1.2 - RQCD20  ® PACS 18 erratum

) ga Y Mainz 21 ¢ ETMC 20

Fu(Q°) = A+ QM) 1.0- I - *  Callat 21 CLS 17
A — \
- . L;
- Modern description based on z-expansion ZD:; 0.8 - bﬁﬁ%i
kmax kmax e@ E
2) ~ 2)k 0)F = 0.6- ® %ﬁ%ﬁ
FA(Q ) ’;) O Z(Q ) kz:% a2(0) g4 A. S. Meyer et al, "i ii ?
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Neutrino-Nucleon Interactions

e Axial Form Factor
NME 21 4 PACS 21
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Constraining Neutrino-Nucleus Interactions: Neutrino Scattering Measurements

* In recent years, there have been a wide range of innovative cross-section measurements:
- long-baseline experiments (T2K, NOvVA), short-baseline experiments (MicroBooNE) and dedicated
neutrino scattering measurements (MINERVA)

- these measurements provide new information to develop interaction model theory and improve its
implementation in event generators

Snowmass NF06 Report: arXiv:2209.06872 [hep-ex]
Experiment Flavor v, Flux Peak (GeV) Target Detection
T2K VU piVe Ve 0.6,0.8,1 CH, H-0, Fe Tracking
NOvVA Yy VpiVe, Ve 2 CH, Tracking+Calorimetry
DUNE iV piVeiVe PRISM: 0.5-3 H,C Ar Tracking+Calorimetry
HK IWCD VyUp, Ve, Ve PRISM: 0.4-1 H,O Cherenkov
MicroBooNE Vy Ve 0.3,0.8 Ar Tracking+-Calorimetry
SBND Vi Ve 0.8 (PRISM: 0.6-0.8) Ar Tracking+Calorimetry
ICARUS V), Ve 0.3,0.8 Ar Tracking+Calorimetry
MINERVA VyVpiVe Ve 35,6 He, C, CH, Tracking+Calorimetry
HQO, Fe, Pb

ANNIE VU 0.6 CH, H20 Cherenkov
NINJA VU piVe Ve, 1 CH, H,0, Fe Emulsion
FPF VU piVe, Ve, 700 GeV W, Ar Emulsion,

Vr, Ur Tracking+Calorimetry
nuSTORM Vo Uy, Ve Ve PRISM: 0.8-3 CH,H;0,Ar, TBD | Tracking+Calorimetry (TBD)

2% Fermilab
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Constraining Neutrino-Nucleus Interactions: Neutrino Scattering Measurements

e Liquid Argon Time Projection Chamber (LArTPC) detectors, utilized in current (SBN program) and future
(DUNE) neutrino experiments, are expected to play a crucial role in constraining neutrino-argon interactions.

Color scale shows

deposited charge

« Excellent spatial resolution
* Low detection thresholds

S » Precise calorimetric information

perpendicular to
beam line

Initial State Final State hd PowerfUI partiC|e identiﬁcation

Position along
beam direction

2= Fermilab

e MicroBooNE is performing a detailed set

P> | of measurements with the BNB and NuMI
SBN Fa; Hi -" ‘. MicroBooNE h“‘“;"-a S, | —— SBNNea: : Neu‘rinor? beam'
: R o -~ & = . = "1e |CARUS has been taking data, and
A g T - e e S ~: \_‘_ sl -B—o;s;r Neutrino Beam P = e . )
_E R e e . SRt e gearing up to cross section
e ae

measurements primarily with NuMI beam.

The Short-Baseline Neutrino Program
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Neutrino-argon Interactions in SBND

4+ High-statistics and high-precision era with SBND! [SBND started collecting BNB neutrino
data this week!

e Due to its proximity to neutrino source, SBND expects approximately 2 million Uy CC and 15 thousand v, CC

interactions per year, with around
7,000 total neutrino interactions observed per day

- Every ~3 months, SBND will collect a dataset equivalent to the full MicroBooNE BNB five-year run

e SBND will record ~20—30x more neutrino—argon interactions than is currently available

v =20 Ay

v = Ar

U e

15k v, CC events in 1 year

2M Uy CC events in 1 year

Muon Neutrinos SBND Simulation Electron Neutrinos SBND Simulation

S CC Exclusive Channels > CC Exclusive Channels
o 0.10] BN v, CC O, 4.3M Events 510 B v CC O, 27k Events
E mm v, CC 1n%, 0.9M Events = s v, CC 1n*, 8k Events

o
S 0.08 B v, CC 1n°, 0.5M Events o mmm v, CC 1n°, 4k Events
- B v, CC multi-pion, 0.4M Events g 0.08" B v. CC multi-pion, 6k Events
() Event Rates for 10 x 102° POT Q Event Rates for 10 x 1220 POT
Jf-U' 0.06- in Active Volume (80m3) -Gr-U' in Active Volume (80m?)
o GENIE v3.0.6 G18_10a_02_11a < 0.06 GENIE v3.0.6 G18_10a_02_11a
o -—
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Electron Scattering Measurements

m Connections Between Electron and Neutrino Scattering

® Cross Section:

X c x L* R/w

- Nuclear Response:

Ro= Y <wlli@lw> <ull(@)|w > 8E+w-E)
/

e,’ ﬂia Vl(ljl)

® .— A Cross Section:

LpL , ,TpT
o, xV;,R"+ Vv, R

e, v(7;) A

® , — A Cross Section:

o, x v))RM + vIRY + 20" RM" + v/ R" £ 2v/TR™

e |nitial nucleus description is same m Advantage of electron beams:

e Coupling at the vertex is Vector for electron and Vector+Axial for * Mono-energetic beams

neutrinos ol -
- The vector current is conserved (CVC) between electromagnetic arge statistics

and weak interactions . -
e High precision

e Final state interactions effects are same
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Electron Scattering: Current and Planned Experiments

Collaborations Kinematics Targets Scattering
E12-14-012 (JLab) E., = 2.222 GeV Ar, Ti (e,€’)
(Data collected: 2017) 15.5° <64, < 21.5° Al, C e,p
—50.0° < 6, < —-39.0° in the final state
e4nu/CLAS (JLab) E.=1,2 4,6 GeV H, D, He, (e,€)
(Data collected: 1999, 2022) . > 5° C, Ar, 40Ca, e,p,n, T,
48Ca, Fe, Sn in the final state
LDMX (SLAC) E. = 4.0, 8.0 GeV (e,€)
(Planned) 0. < 40° W, Ti, Al e, D, M, T,y
in the final state
Al (MAMI) 50 MeV < E. <1.5GeV  H, D, He (e,€’)
(Data collected: 2020) 7° <6, <160° C, O, Al 2 additional
(More data planned) Ca, Ar, Xe  charged particles
Al (eALBA) E. = 500 MeV C, CH (e,€’)
(Planned) - few GeV Be, Ca
5 I LTI L I I | 4 N I S I | I I
- (a) L (b)
4 — DUNE Kinematic Coverage — 3 [ DUNE Kinematic Coverage
& 3 1=
5] L . ) Ea SRy
9/ : : SD—/ 2 | . P \ y &4 |
3 2 1 & [ B /T
[ g " :
i ltz:.———,_ﬁ‘———:———— ————— i
Bl . 1Bt \
I | [ K >
06 1 A2‘ 3 4 ;3 é OL :LAALJ._AY?LSE.I...C??.I.. 1 .
ol (GeV 0 1 2 3 4 5 6
e
arXiv:2203.06853 [hep-ex] QY lql (GeV)
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*overlaid on the CC Uy — Ar event distribution expected in the DUNE near detector according to GENIE 3.0.6
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https://arxiv.org/abs/2203.06853

Electron Scattering Measurements

H E12-14-012, JLab Hall A gg..,,,.,,.,l,,,.,,..
~ [ = Ar QF
Eé’ 0. |p/| 017' |q| Pm | /b: 0 ] C i". ' B
(GeV) (deg) (MeV) (deg) (MeV) (MeV) (MeV) N[ e o,
kinl 1.777 21.5 915 —50.0 865 50 73 L AE L Rk \ -
kin2 1.716 20.0 1030 —44.0 846 184 50 = - o Dip \
kin3 1.799 17.5 915 —47.0 741 174 50 4;2 : Ale, e) '
kind 1.799 15.5 915 —44.5 685 230 50 o “[ . . o \ |
kinb 1.716 15.5 1030 —=39.0 730 300 50 % E,=2222 GeV,0, = 155417 ,
btﬂo—...l...l...l...l...—
°~‘c§ 1.2 1.4 1.6 1.8 2.0 2.2
H. Dai, M. Murphy, V. Pandey et al. [JLab Hall A Collaboration], E' (GeV)
Phys. Rev. C98, 014617 (2018)
(e, €'p) cross section within PWIA approach
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;2 Cerenkov / dEe/ dQe’ dEdep X O'epP(pm,Em)
= [ VDCs - Pion
;.E. (' Rejectors 20 | '
%;E 0‘ ' Scintill(a'::rgsh”)
g;lr::::'er liaste‘;o::"nferter Tar;et “ S\ 16 _‘;‘ (a) 15 < Pm < 110 MeV/C
S e -aafle==a- - i 9
' . Q1 To Beam Dump 2 12
ARC BCM eP BPM R ~ Phys. Rev. D 105 (2022) 11, 112002
& ° NGB
’ Q3 =
Preshower
7 Showet s 8
Laser Hut / g(thglass) \L\Ll
RightHRS 5 V) 4
%0
2 E,(MeV)
3& Fermilab

33/34

Vishvas Pandey

Neutrino-nucleus interactions and the quest for new and precision physics searches

CETUP* 2024



Summary

B Neutrino interaction uncertainties constitute one of the largest source of uncertainty in

the accelerator-based neutrino program, for both low-energy (tens of MeV) and
medium-energy (few GeV) neutrino sources.

B Dedicated cross-community efforts and sustained dedicated efforts are needed in order
to achieve global constraints on neutrino-nucleus interaction physics.

B There has been a significant development in the last few years at all front, lot more work
IS needed to achieve the required precision.
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