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Measure counts
Use an interaction model to deconvolute the v Flux.
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Measure counts
Use an interaction model to deconvolute the v Flux.

Ng rec’L) aO a(E L)s, (E)fs (£, rec)dE

measured vV Flux interaction model

Lots of complicated strong interaction nuclear physics
* (Quasielastic scattering

* Meson exchange currents

* Resonance production

* Deep inelastic scattering

e Rescattering and absorption
No good complete theories

Charge Exchange ®

Use effective, empirical, semi-classical (no interference) models
in Neutrino Event Generators

L. Weinstein, INT 2023



Measure counts
Use an interaction model to deconvolute the v Flux.

N rec’L) aO a(E L)s, (E)fs (£, rec)dE

measured v Flux interaction model

Event Generators: theory models,
e data, v ND data, ...

Electron Data
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Why electrons?

Monoenergetic
High intensity
Similar interaction with nuclei

— Single boson exchange
— CC Weak current [vector plus axial]
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Similar nuclear physics
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sant Nuclear Physics
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sant Nuclear Physics

resonance
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What we get (even for Opi)
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sant Nuclear Physics

resonance
Elastic NUCLEUS
B
DEEP INELASTI®
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Q; A Or v
4+ 300 MeV

Now add pion production through
resonances, DIS, etc!
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How do reaction mechanisms appear
in A(e,e’p)?

Single | ! /A
nucleon
knockout
Undetected
U | R == U U SETEE R hy O e pion =
I I ] - 18 - B
- Undetected 3 S . .
10 : >0 nucleon 5 E.gl - Undetected (_‘_\
8 F E S 12 | 2" nucleon -
6 | I E =
: | S
4 = — 6
: ] o
2 F - =
O o N P coo by =y . (o)
0 100 200 300 400 0 80 160 240 320
Missing Energy (MeV) Missing energy (MeV)
Emiss = 0)'_'Tb

w=E-—E'

L. Weinstein, INT 2023



From QE to “dip”

C(e,e’p)
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From Dip to Delta Region

C(e,e’p)
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What are correlations?

Average Two-Nucleon Properties in the Nuclear Ground State

Two-body currents are not Correlations
(but everything adds coherently)
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2N currents enhance correlations

tensor corr

e MEC and correlations add
: 360 coherently
2 — — 2p2h
% Em 140 i 45 75 90
& 30 O 6 epq(deg)
Corr + MEC . O(e,e’p) Ryckebusch

L. Weinstein, INT 2023 NP A672 (2000) 285



Physics Summary

Nuclei are complicated

* Neutrino interactions
— Continuous mixed beams
— Vector plus axial current

— Includes all reaction mechanisms
 MEC, IC, correlations, Delta, ...
* Final state interactions

— Need cross sections to extract oscillation parameters from
data

* Electron scattering can help!
— Monochromatic beam
— Vector current only

— Can choose kinematics and event topologies to select
reaction mechanisms

— Use data to measure cross sections



But!

How to use eA data to better describe vA4

Intera CtlonS? Papadopoulou et al, PRD 103, 113003 (2021)

° GENIE V3 arXiv:2106.09381
— Unified eA and vA code
Test:

* (Cross sections
e Hadronization

 Final State Interactions



eA vs VA similarities

)
:

]

Neutrinos
il

=" "2ii6GeV Cle, e/ )and GV o

e
z

KL

L

Electrons

gl

L. Weinstein, INT 2023

Electron events weighted by Q*

PRD 103, 113003 (2021)




Electron Data
Present

e Jefferson Lab

— Small aperture spectrometers (Hall A)
* (e,e’) and (e,e’p) data at fixed angles and energies

— Large Acceptance Spectrometer (CLAS)
e 1,2,and 4 GeV beams
* All channels (e,e’), (e,e’p), (e,e’pm), ...
* He, C, Fe targets
— Large Acceptance Spectrometer (CLAS12)
* (1), 2,4, and 6 GeV beams
* All channels (e,e’), (e,e’p), (e,e’pm), ...
* D, He, C, (O), Ar, Ca40, Ca48 and Sn targets



Inclusive (e,e’) cross sections

N

2 Erees )= &G 2(EL)S (BN}, (BB o E
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Now: selected target, energy, angle combinations
Sparse coverage, little to no O or Ar data

In progress: use large acceptance CLAS12 data
a) H, D, C, (O), Ar targets

b) (1), 2, 4 and 6 GeV at

c) 8560, <35°

—> Continuous g, w coverage

(M. Goldberg and A. Ashkenazi, Tel Aviv U)



Inclusive (e,e’) cross sections
Jefferson Lab HaII A C Ti and Ar (e,e’) 2.2 GeV 15.5°

50 —

= C(e e) j

o 40L = E12-14-012 i

U L P i

;(2 7 theory ]

< 30f J V]

N Data . L

< e -

F 10 - i - .

U Theory: Benhar . |

17 1 15 20 22
E' (GeV) PRD 103,
PRC 98, 014617; 99 054608; 100 054606 113003 (2021)
Proton

1000F 2445 GeV, 6 = 20"

500

0 0.5 | 1.5 0.5 I 1.5

L. Weinstein, INT 2023 PRD 103, 113003 (2021)



CLAS: 1996-2015

CEBAF
Large
Acceptance
Spectrometer

DC: Drift Chamber
CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter

7.
Large acceptance for 6, > 15°
100 ¢cm 1, 2, and 4 GeV

' ' He, C, and Fe
Charged particle thresholds similar to

neutrino tracking detectors
L. Weinstein, INT 2023



CLAS12

e forward detector (5 —40°)

— Luminosity ~103° stcm™

Solenoid

_ P np5—1%
1%

— Neutrons:
* 50% effifor p>1 GeV/c

 Hermetic central detector (40
— 1350) u,.\\..i :
— 5 Tsolenoidal field
— pp > 350 MeV/c
— Neutron effi ~ 10—15%

 Data taken 21/22
(1), 2,4, and 6 GeV
* d, He, C, (0), Ar, #°Ca, “3Ca, Sn

L. Weinstein, INT 2023



Emphasize QE — A(e,e’p) Orr

* Choose Om events to enhance the QE sample
— Subtract undetected pions and photons

* Weight by Q* to account for photon propagator
Reconstruct the incident lepton energy:

* Cherenkov detectors:
2MN€E+2M yE;—mj
2(Mpy—E;+kjcos0;)
* Use lepton kinematics

* assuming QE

* Tracking detectors
_Ecal :Ee +Tp + €

e calorimetry

—Eyp =

L. Weinstein, INT 2023



Background Subtraction

Want 0 event sample
(e,e’) background: undetected pions and photons
(e,e’p) background: undetected pions, photons and extra protons

Data Driven Correction:

1. Use measured (e,e’pm/y) events,

2. Rotatemory around qto €
determine its acceptance, e

3. Subtract (e,e’pm/y) contributions




Background Subtraction

Want 0 event sample
(e,e’) background: undetected pions and photons
(e,e’p) background: undetected pions, photons and extra protons

Data Driven Correction:

1. Use measured (e,e’pm/y) events,

2. Rotatemory around qto €
determine its acceptance, e

3. Subtract (e,e’pm/y) contributions

4. Do the same for 2p, 3p, 2p+ m etc.
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QE-like C(e,e’),,, Cross Sections
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QE and MEC: SuSAv2 vs G2018 (Local
Fermi Gas + Dytman)
RES and DIS: Berger-Sehgal + Bodek- Yang

L. Weinstein, INT 2023 Khachatryan, Papadopoulou et al, Nature, 2021



Absolute QE-like C(e,e’p),,, Cross Sections
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A and E dependence

Ecqi =

Khachatryan, Papadopoulou et al, Nature, 2021



A and E dependence

Data/MC
disagreement
 Worse at higher E

Due to RES and DIS

L. Weinstein, INT 2023

Khachatryan, Papadopoulou et al, Nature, 2021



A and E dependence

SuSAv2
* Correct peak energy
* Incorrect cross

section

L. Weinstein, INT 2023

Khachatryan, Papadopoulou et al, Nature, 2021
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A(e, e'prT)

* Focus on resonance and DIS

— More important for DUNE

e Subtract higher multiplicity backgrounds

<.

JIA
Cat 2 GeV
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C(e,e’'pn™) at 2.2 GeV
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Analysis by A. Mand (ODU) and J. Tena Vidal (TAU)

C(e,e'pm™) at 2.2 GeV
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Proton Transparency

« Measure final state interactions (rescattering)
of struck particles to constrain event generator
models

« Methods

- Ratio of A(e,e’p) cross sections to PWIA models
- (new) fraction of quasielastic A(e,e’) events with a

detected proton
= CLAS6 data He, C, and Fe at 2 and 4 GeV
»= N. Steinberg, S. Dytman, M. Betancourt, in preparation



Proton Transparency

Data analysis
(e,e’) events (denominator)

Scaled Number of Events

Select bins of 6,
Choose E;,;..(8,) to reject non-quasielastic (RES and MEC)

events
o Correct for remaining non-QE fraction (GENIE)
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Proton Transparency: (e,e’p)/(e,e’) ratio

(e,e’p) events (hnumerator)
e Start with (e,e’) events

e Select non-rescattered protons:

max min
o Bpg " and p," cuts

e Purely data ratio corrected for non-QE electron events and for

(e,e’n)
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Proton Transparency:
comparison to previous data
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Proton Transparency: (e,e’p)/(e,e’) ratio
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Electron Data

Present

e Jefferson Lab

— Small aperture spectrometers (Hall A)
* (e,e’) and (e,e’p) data at fixed angles and energie|

— Large Acceptance Spectrometer (CLAS)  §
* Wide angular and momentum acceptance % -
e 1,2, and 4 GeV beams : 60
* All channels (e,e’), (e,e’p), (e,e’pm), ...
* He, C, Fe targets Lgutl,
— Large Acceptance Spectrometer (CLASlZ) i L
* Wide angular and momentum acceptance e '.TM”SM“?L’NJZ‘L,
* (1), 2,4 and 6 GeV beams
 H, D, He, C, (O), Ar, Ca40, Ca48, Sn

 Mainz (O and Ar gas jet targets) q,
* SLAC (LDMX arXiv:1912.06140) _, ...

L= T g\

ot
o

DUNE ND event rate (arb. units)

0.0

L. Weinstein, INT 2023 107! 10° 10!
Energy transfer w (GeV)



So how do use this wealth of e4 data?

Working Groups

e Electron Data analysis
* Modeling development
* GENIE tuning

* Implications for neutrinos



Goals -

XJNE
* lots of data taken and to come ;- CLAS
— Many beam energies and targets \ __

: "1122 44 66
— Many event topologies Inckent Eriergy [661)
* Inclusive scattering to constrain cross sections

O events to constrain QE
— pp and pn events to constrain MEC and FSI

e 17 events to constrain resonance and SIS/DIS
* Proton transparency measurements to constrain FSI

* Use these to tune generators to understand
cross sections and energy reconstruction

Oj (E)fai (E: Erec)

Unique hadronic models test!
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GENIE reproduced v inclusive data
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From A. Ashkenazi, Neutrino 2020
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Adding radiative effects
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