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Outline

e Challenges in neutrino cross-sections

e The “Electrons for Neutrinos” (e4v) effort

e Jefferson Lab
& neutrino physics

= Unique BDX potential to extend
JLab’s physics reach



Neutrino Physics

* The neutrino sector might hint to physics beyond the Standard model
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* Weakly interacting, extremely hard to detect

* Neutrino oscillations imply their mass and raises many questions

Mass Ordering & CP violation ; Precision measurements |

Supernova neutrinos

| Sterile neutrinos and Non-Standard Interactions ||




The precision era
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Energy reconstruction depends on A modelling
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Neutrino measurements are challenging
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Deep Inelastic Scattering

Quasi Elastic ‘

Meson Exchange |
(*) for DUNE-like flux E1 - El
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Neutrino Event Generators

Bridge between theory and experiment
Challenge: non-perturbative QCD and nuclear physics

O eree

Prlmary Nuclear Multi-nucleon Hadronization Final-State

Interaction Model Mechanisms or Particle Decay Interactions

Many pieces & approximations lead to large modelling uncertainties
External data is needed



Electrons for Neutrinos

Dedicated effort using eA to improve VA

'1 :

Jefferson’s Lab & CLAS: |

¢ lpOﬂ'[Kh hatrvan M.P lou A. et. al. S. Nature (2021)] ’1

* Proton transparency [S. Dytman et. al. arXiv.2508.01905]

e Ar (e , € ,) by Matan Goldenberg, 2N by Alon Sportes

+ +
o Nm— by Caleb Folger and 17— by Brittany Cohen

* Pion Transparency by petter Litton

GENIE Monte Carlo developers: =

+ MEC, FSI and pion production models - === * .
(*) Published, Ongoing analyses
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* by Alon Sportes, Steven Dytman and J. Tena Vidal


https://dx.doi.org/10.1038/s41586-021-04046-5
https://doi.org/10.48550/arXiv.2508.01905

Why electrons?

Same nuclear ground state, Final State Interactions (FSI), Hadronization
Similar interactions with nuclei

/ / Vi [

Y %4

EM current [V] CC weak current [V + A]
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eA useful to constrain vA model uncertainties

(V=77 u
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Why electrons?

Same nuclear ground state, Final State Interactions (FSI), Hadronization
Similar interactions with nuclei

I I Vi [

y

|94

eA useful to test vA energy reconstruction methods
1
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Roadmap for improving event generators

OO

Neutrino
Scattering Data

Model Electron

Unlflcatlon Scattering Data
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Roadmap for improving event generators

Model
Unification
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VA and eA MC Event Generators

LA, eA and h-A event generator

-From MeV to PeV, all targets
- All interaction mechanisms and targets

Used for e4v analysis

| and model development

-Widely used in v—experiments

UNIVERSAL NEUTRINO GENERATOR
& GLOBAL FIT

o — GSuSav2 x10° G2018
- Full description for electrons L?g 2C 0.961 GV 0= 37.5° _
- Originally developed for neutrinos = i\
~ \
— 5 B : I
-Common code for A, eA processes = D,
. [Physical Review D (2020),10.1105/PhysRevD.A03.013003] o[ ,
. . < |G , : ) B ' e
- Radiative effects with emMCRadCorr Software 1 0 89 04 DE 0 o Y
. [CPC, Volume 510, May 2()25, 109509] En ergy Transfer [G eV]

- Supported by edv collaborators 14


https://dx.doi.org/10.1103/PhysRevD.103.113003
https://www.sciencedirect.com/journal/computer-physics-communications/vol/310/suppl/C

VA and eA MC Event Generators

NEUT Event Generator

x10° E =961 MeV, 6=37.5°
~ Q%=0.3043 = 0.0006 GeV? I data
g =0.5850 = 0.0008 GeV QE + 1
. 8 Aw=-0.0058 = 0.0018 GeV —_QE
s
Renewed interest on eA % 6
_Q -
-GiBUU [Phys.Rev.C70:034601,2009 =
. Phy . 79 34.‘ . | S 4
- All interaction mechanisms available 30
-NEUT [Phys. Rev. D 111, 033000} 2 ol
- Achilles (QEL, RES only) -
-NuWro has separated codes %

.e4v data used to validate event generators

Tun; . . Not all mechanisms yet available!
- Tuning projects ongoing -



Roadmap for improving event generators

/ 6(E,)e(E,) S(E,, E'®)dE, ~ N(E'. 1)

©

Electron Neutrino
Scattering Data Scattering Data

- JefferSon Lab contributes to precise e-A & v-A data

16
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Different Experiments, different needs

Reactor Supernova

Accelerator

=
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Cosmic rays

Atmospheric muon ne
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Accelerator Neutrino Experiments

Accelerator

— ——

0.1 — 10 GeV

— >
E |GeV

J. Tena Vidal @ BDX & Beyond



[Arb Units]

do
dE,

Accelerator Neutrino Experiments

DUNE Near Detector

DUNE Far Detector

T

DIS (32%)
RES (37%)
MEC (7%)

DIS (28%)
RES (36%)
MEC (8%)




Hadron production with CLAS

* Multi-purpose experiments, large acceptance

* Targets (H, D, C, Ar, etc) and energies (1-6 GeV) of interest for neutrino community

» Low-detection threshold comparable to neutrino experiments

* 150 (300) MeV/c for ™+ (y)

Scintillators (timing)

| 7 A
Cherenkov (e D) IR Lrec
Drift chambers il “ ( ’ /AR F1oF ,y,a_
(tracking) = T .'EC§KAL ¥ N oc
e~ HE ~ D
be,,,,,\‘ | 1§
Target Calorimeters
(energy)
1006-201 /LA i
99 3 / --'.;l‘ii_cg
i
=8m =
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Complex Pion Production modelling needs data

Many other analysis ongoing!

Answers to key questions for vA experiments:

.‘ Can we reconstruct £ ? :

. Is FSI correctly modelled? |
J. Tena Vidal @ BDX & Beyond



Hadronic Invariant Mass Bias
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e-Scattering Experiments
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Current models fail to describe the final state

GENIE

' Data . -
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Simple FSI models do not describe data

1159GeV 2257 GeV

1plz™ data has
increased

sensitivity to FSI

models

J. Tena Vidal @ BDX & Beyond
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Atmospheric Neutrino Experiments

J. Tena Vidal @ BDX & Beyond



New e4v effort for atmospheric experiments

Many atmospheric v-experiments are dominated by DIS events

 yv-direction and energy measured from the 0
. 5 F T
deposited energy ﬁ; I dﬂﬂ*ﬁgﬁ *;’ )
o o o o o X L. -

* Hadronization modelling is essential but 2 107 _ Pis ===

inc Ompl ete ; ----- HKKM14 v +V w/osci. —@— KM3NeT/ORCAG (2024) =+ h )

(E 107* —x— ANTARES (2021) —— Super-Kamiokande (2016) | ‘ éx_.ﬁ é
e Goal: use CLAS data to constrain key N \C) ‘»04
. >10° rejus
KM3NeT systematics £ S M W, g

v,CC+Shower (DIS+PYTHIA)

* Currently over-looked

v,CC+Shower (DIS+Low-W AGKY)

T
o

VMCC+Shower (RES) ﬂ

* New data (11 & 22 GeV) will be crucial

VMCCQEL I

New e4v effort to leverage ongoing CLAS
hadronization efforts (W. Brooks, M.

VMCC Event Rate [Adv.Units]
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Reactor and Supernova Neutrinos & BDX

Reactor Supernova

I — 10 MeV 10 — 20 MeV




SuperNova Neutrinos @ DUNE

More details in Clara Cuesta’s talk at NuFact 2025

The DUNE Far Detector is sensitive to Solar and 7 PRD 107(2023) 112012
core-collapse supernova-v with £ ~ 5 — 100 MeV — Vv, “’Ar: MARLEY Ve
10 -y, A ¥ e
1. Charged-Current (CC) on Ar o = ™ ©
— o
v, +% Ar 5 Krt + e 2 107
o
_ A\ 10—2
U, 140 Ay 50 Cx 4 et S
. . g 107
2.Elastic Scattering on electrons (ES) o .
[V I = PRSP P LU L L
O = Y PP
yx + € —> Vx + € 10—5 =" |||||“lm“””nlll“nnl|mnunnunnl||nm||mn|||n|mululu||u|u|||||||||||||||||u
3-Neutral Current (NC) on Ar 108 k"
—7IIIIIllllllllllllllllllllllIIIIIIIIIlIIIIIIIII
v+ Ar - v 4+ Ar* 10°740° 20 30 40 50 60 70 80 90 100

Neutrino Energy (MeV)

Large theoretical uncertainties on o(E,), while DUNE requires o(E,) < 5% uncertainty for supernova neutrino
spectral parameter fitting. A direct measurement of low-energy v.-Ar scattering would be invaluable.

J. Tena Vidal @ BDX & Beyond 238


https://link.springer.com/article/10.1140/epjc/s10052-021-09166-w
https://indico.cern.ch/event/1528564/contributions/6619075/attachments/3126629/5545816/DUNE_SN_CCuesta_250901.pdf

SuperNova Neutrino Energy Reconstruction

e Scintillator & water Cherenkov detectors

* Inverse Beta Decay (IBD): e Tenergy is v

* Might measure neutron capture signal

sufficient for good resolution

* LArTPCs (i.e. DUNE)

InelaSth and elaSth Channels treatment of the de-excitation physics

Complex nuclear target, transitions

Energy .
. . Outgoing  donated to Recoil Energy
De_eXCltatlon prOdUCtS mUSt be e Energy transiﬁon Of NUCIQUS

(negligible)

measured (E,; = Q) E, = Ee + Q + Krecoi

Correct for missing energy (i.e. n)
Need exclusive information

Outgoing Neutron proton
e energy mass difference

Ez7 — Ee +A+ Krecoil

40
18

Ar

40 40,,*
MARLEY seeks to provide a realistic Ve 1 Ar — K +e

il

Recoil energy
of neutron
(negligible)

29



Event Generators Challenges at MeV regime

» Complex de-excitation physics, nuclear effects - Inclusive theory calculations

e MARLEY is the first event generator providing MeV-exclusive calculations

* Few measurements with limited precision are available:

https:/arxiv.org/pdf/1705.08629, Table Il

Reaction Neutrino Source | Accuracy | Reference
2C(Ve,e” )Ny, Accelerator v ~10% 122][23
2C(ve,e7)1*N* Accelerator v ~15% 22][23
2C(v,w)2C(171) | Accelerator v ~20% 122)[23!
BC(ve,e”)®N Accelerator v 76% 22
"°Fe(v.,e”)°°Ni Accelerator v 37% 122
NGa(ve.,e” ) Ge RI (°*Cr) 11% 124][25)
2 (ve,e7)* Xe Accelerator v 33% 126

[Lack of Ar data & exclusive measurements

J. Tena Vidal @ BDX & Beyond
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https://www.marleygen.org
https://arxiv.org/pdf/1705.08629

BDX & Secondary neutrino beam

Secondary neutrino beam with a >

decay-at-rest (DAR) energy spectrum '
~7x10"> v/EOT for a1m> detectoriom
above the beam dump

Delivered charge of 102 EOT per year 10° !

Important input for supernova, BSM
physics, MeV-Monte Carlo models

* MARLEY v-Ar @ E, < 100 MeV

* See Vishy
physics goals

Ik for more

J. Tena Vidal @ BDX & Beyond
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https://indico.cern.ch/event/1528564/contributions/6619075/attachments/3126629/5545816/DUNE_SN_CCuesta_250901.pdf
https://www.marleygen.org
https://indico.jlab.org/event/951/contributions/17493/

BDX Potential Measurements

Reconstruction techniques

» E°°°: E + minimum B.E
reco __ reco > .
» £, = E.""+de-excitation y-rays
» E)0° = E,7, +Ch. hadrons K.E.
. nlp __ rreco [(n/p)
Etag N Evis T 6’?/P€bind
¢ Etna-;p = \r/?:O + 5!1 (1 o (SCh) 6ll)lilnd

+8ch (1 —6n) &F 48,8

Inlp
ch €hind

Can we measure these processes?

— Uncertainty in the SN models

J. Tena Vidal @ BDX & Beyond
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https:/arxiv.org/pdf/2010.02393
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Complementary to MAMI & MESA data

e-Facilities in Mainz - See Luca Doria's talk

 MAM]I, up to 1.6 GeV / 10-100 uA current / CW beam / polarized

* MAGIX (under construction) 10§ MeV

« MESA (under construction) 150 MeV / mA currents / CW beam / polarized
A

ELASTIC
O | SCATTERING

RESONANCE

QUASI-ELASTIC REGION

PEAK

e DEEP INELASTIC
SCATTERING
REGION

| GIANT
: | RESONANCES

See Luca Doria’s talk at Elba

-

Q?/2M energy transfer

MAMI I JLab
]

Compare ¢~ and v data in same energy range 33
J. Tena Vidal @ BDX & Beyond


https://indico.jlab.org/event/951/contributions/17527/
https://agenda.infn.it/event/44828/contributions/262332/attachments/137539/206748/Doria_ELBA25.pdf

BDX & Secondary muon beam

* Bremsstrahlung-like energy spectrum extending
up to § GeV

WGeV/EOT

* Yield up to ~107° W/EOT — 10° /s for an electron
beam current of 50 xA

Tagged muon beam with per-cent resolution
useful for e4v efforts

- Energy bias measurements

- Precision measurements v,/ v, ratio #-—— Sum

. . . o — Pair production
Current efforts with Cosmic Muons in LArTPCs 10~ ¥

have lower energy resolution (20-30 %) — Hadron decay

]O-IO I TR i o 28] O I ]
107" l 10

p (GeV)
34




Conclusions

The edv Collaboration leverages e-scattering data to constrain v — A models
* Two main efforts focused on accelerator experiments
* Data analysis with CLAS spectrometers H, C, Ar.. at 1-6 GeV

* MC event generator (GENIE) models and tuning

e Upcoming worlk for atmospheric v—experiments with established efforts at JLab

* 11 GeV and planned 22 GeV beam data will be key for telescope experiments

e BDX opens the door to precise MeV v— A data - complementary to Mainz e-A data

* Important for Supernova, Reactor and BSM analyses

* Tagged Muon beam with per-cent resolution useful for edv efforts

e Jefferson Lab will contribute to different forefront areas of neutrino physics!
35
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First look at C(e,e’1plz™)

* Carbon data, 1-4 GeV

e Iplz and , no additional hadrons e-
or photons

« With z+ above 150 MeV
» With y above 300 MeV
- \)
« |plz Possible at free nucleon level e- / n

. needs two or more nucleons and or Y O

undetected particles (FSI)
37/
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Complex Physics

2.261 GeV

- Apla~ _

1 15

W[GeV] = M5 + 2Myw — Q°

—e— Data
— GENIE

| — Non-RES
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Complex Physics

2.257 GeV (X3)

4.453 GeV (X8)-

>

O

O

O

5 PN
Ipln

% 100 1.159 GeV )

@

o
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Hadronic Invariant Mass Bias
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e-Scattering Experiments

12 14 16 18 20
J. Tena Vidal @ BDX & Beyond W[GGV] — M]%] + 2MN60 — Q2




Energy Bias Quantification

T J8 ' ' L
'_'*> 105 Ipla~,2.261GeV | °
9 10% B
O I e =
gI 10 §_ + _____ : | 5 § —e— Data
— oA L il 1 — cENE
S 10 + | 't
5 100/
o 1_ 2 — QEL
o g 1 I p— No FSI

1 2

47
(e,e'lpln”) Ec, [GeV] =E, + E, + T, +¢



(X7~ Beam energy miss-reconstruction

|

4:_ | | _| I i _
10 Iplz < | 2257 GeV B 4.453 GeV |~ Data
03? 1.159 GeV o __ | | — GENIE ha

— Non-RES

= I_,_r"*lhh 1
06 084 107 1.3

47
J. Tena Vidal @ BDX & Beyond



X7 Beam energy miss-reconstruction

|

- —— Data
| — GENIE

‘_|4 4:— | | _| | = | | |
10 1]7 17 L L 2.257 GeV P 4.453 GeV
_ 1.159 GeV | [ |- a

—— Non-RES

% Peak) 1159 2.257 4.453

Only a fraction of

Data 68% 37.7% 19.5% events at 5% of real f

GENIE 717.9% 65% 63%

beam energy |




s MC does not describe bias

— 4:_ | | B ] - EE | ' '_  : ' | I
10 1]7 17 L L 2.257 GeV . 4.453 GeV
- 1.159Gev i@ | |

. —— Data
| — GENIE

— Non-RES

% Peak) 1159 2.257 4.453

Iplz~ Data 6/% 22% 8%

GENIE 17% 52% A%




Beam cnergy miss-reconstruction

1p1ﬂ
1.159 GeV

.

2. 257 GeV

|

% Sk T RTINS SR
-

1 - Pealpredicted by GENIE not observed in data

4.453 GeV

—e— Data
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Hadronization biases £,

1 1.10<M, ,[GeV]<1.30 1.30<M, ,[GeV]<1.50 M, ,[GeV]>1.50

> 10° 1~ Dasa
(D 102_ ) — GENIE
vg § T
i —— Non-RES

— 10+ i

= §

O _
= T — QEL
B BN | | N S S 1 I A o SRS | B No FSI
o

% Peak) | Total M, C[1.10,1.301GeV | M, c [1.30,1.50]GeV | M, ,> 1.50 GeV
Iplz™ 299, 22%, 299, 40%
Data

GENIE 52% 31% 45% 85% 46




X =

Larg

Ipla™
1.159 GeV

er bias for 1plz™

2.257 GeV

|

4.453 GeV

I i Peak predicted by GENIE not observed in data

60_ 1p171'+

N
O

20~

| |
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®
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. % :
06 0384 107 13 1
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—e— Data
| — GENIE
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The GENIE Event Generator

Tune name in GENIE: GEM21 11a_ 00 000

Process Model

Quasi-ELastic and

Two-Particle Two- SUSAvZ mode!

RESonance
Broduction Berger-Sehgal model
Non-RESonance Bodek-Yang model, scaled with multiplicity
(SIS) dependent parameters

Deep Inelastic Bodek-Yang model

Scattering
Final State
UNIVERSAL NEUTRINO GENERATOR , hA model
& GLOBAL FIT Interaction model

https:/genie-mc.github.io/ Hadronization

Hodel AGKY model (KNO+Pythia)

Nuclear Model Local Fermi Gas

48

(*) This is the GENIE model used in the talk



Pion-Production is key for Oscillations

B DUNE Near Detector Flux

.y Far Detector Flux

Neutrino Flux

DEEP UNDERGROUND ~
NEUTRINO EXPERIMENT

Total -

DIS+Hadronization

I

LOI1109G SSO.JN)

QEL+2p2h :

J. Tena Vidal @ BDX & Beyond
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Constraints for accelerator experiments

arXiv:2203.06853v1 [hep-ex| A NF06 Contributed White Paper =0

J. Tena Vidal @ BDX & Beyond



Compolementary efforts

Collaborations Kinematics Targets Scattering Publications
E12-14-012 (JLab) E, = 2.222 GeV Ar, Ti (e,€’)
(Data collected: 2017) 6. = 15.5, 17.5, Al, C (e, €'p) Phys. Rev. C 99, 054608
20.0. 21.5 Phys.Rev.D 105 112002
. ) 0, = -39.0, -44.0,
Jefferson Lab 445 -47.0
-50.0
e4nu/CLAS (JLab) EF.=1,246GeV H,D, He, (e,€)
(Data collected: 1999, 2022) 6. > 5 C, Ar, 40Ca, e, P, N, T,y Nature B89, 565
48(:3, Fe, Sn in the final state Phys.Rev.D 1023 113003

Jgfe'gon Lab

Only effort with data already taken and expected exclusive measurements, best coverage

Al (MAMI) E. = 1.6 GeV H, D, He (e,e€’)
(Data collected:2020) C, O, Al 2 additional
(More data planned)f Ca, Ar, Xe charged particles
LDMX (SLAC) E. = 4.0 GeV (e, €’)
(Planned) &€*N 6. < 40 e,p,n, T

ad b N\ in the final state
cALBA E. = 500 MeV C. CH (¢, ¢)
(Planned) ALB A - few GeV Be, Ca

Adaptation from Proceedings of the US Community Snowmass2021

arX1v:2203.06853v1 [hep-ex]




A

Reactor v,  Atmosphericv/v Solar v, Supernovae Geo-neutrinos

Source Expected rate Energy range

Reactor ~ 60 / day E E

SN burst ~ 7300 @ 10 kpc in few s E E
DSNB ~ 2-4 [ year
Solar (¢B ) O(100) / day
Atmospheric ~ O(100) /year _
Geo-neutrinos ~ 400 / year : |

0.1 1T 10 102 10° 10* MeV

Vanessa Cerrone @ NuFact 2025

J. Tena Vidal @ BDX & Beyond


https://indico.cern.ch/event/1528564/contributions/6619082/attachments/3128283/5551388/nufact2025_cerrone.pdf

Reactor Neutrino Experiments

» Best limits to 6, by reactor experiments

e JUNO set to determine v-MO & oscillation

parameters to sub-percent level

 Water and scintillator detector

* v-Reactor, SuperNova, Solar, Geo., Atm.

» Started data taking August 2025!

 Oscillation signal at the MeV range

* Main signal driven by Inverse Beta Decay (IBD)

* Low uncertainty (0.1%) associated to this process
from Cabibbo angle and Axial coupling

Arbitrary units, [MeV 1]
H—
(-

et
o O
1 1 1 1

S
&)

Oscillation probability

.................................

0.0)
-
1 1 1 L
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—— No oscillations

----- Only solar term

Inverted Ordering
—— Normal Ordering
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MESA : Mainz Energy-Recovery Superconducting Accelerator

ELBE-type Superconducting Cavities: | : :
25 MoV pas y (3 rcirultion acs ]

1 module = 2x 9-cell TESLA/XFEL cavities
Op. temperature: 2K
CW operation (100% duty cycle)

Operation Modes:
Extracted beam (P2, DarkMESA): Epeam = 155 MeV, Ipeam = 150uA
Energy Recovery (MAGIX): Ebeam = 105 MeV, Ipeam = ImA

Energy Recovery mode:
The beam i1s reinserted after 3 recalculations in

couterphase: the energy goes back to the cavities
and the beam 1s dumped at 5 MeV.
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The MAGIX experiment

Pb Glass

gi. darkMESA

Photo-
Multipliers

MAGIX

Jet Target & quadrupole
Scattering Chamber A\ Dipoles
\.

Scintillation
Detectors

Luca Doria, JGU Mainz ELBA - XVII



The MAGIX experiment
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) Rotation: 150-165¢

ELBA - XVII

Detectors:
« Low-mass GEM-based TPC.

» Plastic Scintillators for triggering and veto.

Timing

» TPC trigger: ~1 ns

- coincidence time STAR—PORT: ~100 ps
Focal Plane resolutions (p-dependent etc)
» positions: ~100 pm angles: ~3.5 mrad

Expected Resolution

* dp/p: 6 x 1073
. In-plane angle ¢p: 6.5 mrad

. oop angle 6p: 1.6 mrad vertex yp: 60 um

Acceptances

- momentum acceptance: = 15 %

* solid angle: 18 msr
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