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The challenge

T2K, Phys. Rev. D 91, 072010 (2015)
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The challenge - next generation high precision

Simulation of oscillation effects
T2K, Phys. Rev. D 91, 072010 (2015) 0_Zoin future DUNE
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The challenge - next generation high precision

N(Epee, L) o / &(E, L)0(E)fo (E, Eyee) dE

Measurement Incoming true flux Modelling input



The challenge - next generation high precision

N(Epee, L) o / &(E, L)0(E)fo (E, Eyee) dE

Measurement Incoming true flux Modelling input

Use near detector

& Use external constraints

e scattering



E. Reconstruction: Interaction Modeling

Ev= ZEoutgoing particles
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E. Reconstruction: Interaction Modeling

Ev= ZEoutgoing particles
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Ev= ZEoutgoing particles
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E. Reconstruction: Interaction Modeling

Ev = ZEoutgoing particles
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E. Reco Requires Interaction Modeling
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Incoming Energy Reconstruction

Tracking detectors:

Cherenkov detectors:

Assuming QE interaction Calorimetric sum
Using lepton only Using All detected particles
Eop - 2Me + 2M E; — m? -
Q(M—El+ ‘kl|0086’l) Eecal = LB ‘|‘Ep + €
[1pOa]

€ 1s the nucleon separation energy ~ 20 MeV
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VA Interaction Modelling

Neutrino event generators are used to simulate a vA 1nteraction

Among those:

_ GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

and more
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W Electron for neutrinos
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e4l

- Electrons and Neutrinos have:
Similar interactions

Same nuclear effects

Electron beam have known energy
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M: Playing the Neutrino game

Let’s analyse electron data as 1f i1t was ‘Neutrino data’
- Select a specific interaction
- Scale the electron data

- Compare to event generators
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CLAS Detector

Electron beam with energies up to 6 GeV

Large (~47) acceptance Counters

Superconducting
Toroidal Magnet

Charged particles above detection

Drift Chambers
threshold:

3 Regions

P, > 300 MeV/c

P> 150 MeV/c

Time-of-Flight Scintillators
Electromagnetic

Shower Counters

Open Trigger
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CLAS A(e.e’p) Data

Targets:
4He, 12C, 56Fe

Energies:
1.1,2.2,44 GeV

Vi flux (arb.)
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M Requirements and Limitations

a Consistency between electron and neutrino modes

o Test Inclusive distributions

o Account for differences such as radiative efftects
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Modelling Consistency

evete/ v3.0.6 tune G18_10a_02_l11a
electrons neutrinos

Nuclear model Local fermi gas model
QE Rosenbluth CS Nieves model
MEC Empirical model Nieves model
Resonances Berger Sehgal
DIS AGKY
FSI hA2018
Others Adding radiative correction
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Modelling Consistency

tune GTEST19 (SuSAv2)

electrons neutrinos

Fermi gas model

SuSAv2

SuSAv2

Berger Sehgal

AGKY

(Z4///4
v3.06 tune GI18 10a 02 1la
electrons neutrinos

Nuclear Local fermi gas model
QE Rosenbluth CS | Nieves model
MEC Empirical model | Nieves model
Resonances Berger Sehgal
DIS AGKY
FSI hA2018
Others Radiative effects

hA2018

Radiative effects




Modelling Consistency

Test on 1p0n event selection
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>
O
O
=
O
>
id
)
P
=
20
O
= B
0 0.5 1 1.5

Energy Transfer [GeV] Q* [GeV?/c?

evece, v3.0.6 tune G18 10a 02 11a Electron were weighted by 1/Q*



Modelling Consistency

Test on 1p0n event selection
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GENIE reproduced e inclusive data

>
O
& 1001
E!
S50
oS
I3
O_ b N ]
0 02 04 06 0.8
Energy Transfer [GeV]
ene

— v3.0.6 tune G18 10a 02 1la

Phys.Rev.D 103 (2021) 113003

d
dQ dE

[Ub/st/GeV]

)

(\®

<2

y | — \\ —~—t— 1
0.2 0.4 0.6 0.8
Energy Transfer [GeV]

28



29

GENIE reproduced v inclusive data
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Radiative effects

A first implementation of the radiative corrections to GENIE to account
for the following processes:

Loop
Corrections

Simplistic implementation based on Mo & Tsai
for ep interactions

30
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Adding radiative eftects

'H(e,e’p) E =4.325 GeV
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Coping with radiative effects

In addition we’re ignoring events with:

- A photon 1n close proximity to the final state electron

- E’<0.25 E;
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Adding radiative effects to GENIE
'H(e,e’p) E =4.325 GeV
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Coping with radiative effects

In addition we’re ignoring events with:

- A photon 1n close proximity to the final state electron

- E’<0.25 E;
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M 1p0x Event Selection

Focus on Quasi Elastic events:
1 proton above 300 MeV/c
no additional hadrons above threshold:
P> 150 MeV/c

P2 > 500 MeV/c



Background Subtraction

Diffterent interaction lead to multi-hadron final states

Gaps can make them loop like QE-like events with outgoing 1ulp
6 180

Frrprrl

120
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Background Subtraction

Diffterent interaction lead to multi-hadron final states

Gaps can make them loop like QE-like events with outgoing 1ulp
6 180

Frrprrl

120

¢
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Data driven Background Subtraction

9 180 -
Using events with two 2

detected hadrons o diE 0k e i

- Rotating p,it around g

- Determine event acceptance

- Subtract contribution to QE-like

Same for final states with more than 2 hadrons

Systematics due to: ¢qrdependency, and acceptance

;s resulting with 2%-5% (depending on incoming energy)



39

Unflolding

- Background subtracted distributions
from data normalised by

Luminosity

- Applying acceptance corrections

and radiative corrections

Resulting distributions are comparable
to calculated / simulated cross section

predictions
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10

D B N 0

15

10

0

1.6
1.4F
1.2F

1.159 GeV

IZC

(a)

(d)

CYTTI Y
|

130000000000

0.8
0.6fF

(g)

0.6

0.8

i

(e,e’p)lp()n E., [GeV]






Disagreements between Data and MC
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Disagreements between Data and MC
E=1.159 GeV
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Disagreements between Data and MC
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e
PT
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MC vs. (e,e’p) Data: Pr=P; + P?
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Multiplicities
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Future Plans -Approved run for CLAS ]2

Acceptance down to 5° Q2> 0.04 GeV?

x10 luminosity [103> cm—2s-!]

Keep low thresholds
Targets: 2D, “He, 12C, 10, 40Ar, 120Sn

2,4,6 GeV (relevant for DUNE)

Data was taken by January 2022

Overwhelming support from:

(\ % ID“’EBI"_"IBE J< Hyper-Kamiokande T2 iZ\ @

MINERVA
2 Fermilab _8& o b5 (Zentes wBooN®
v erml a ¢ ® Sel;BiegeLnJBoltzmann-Uehling-UhIenbeck Project \g N s-‘<g

47



48

Summary

- Testing vA Models using wide phase-space

e¢A data.

- Data-MC disagreements for QE-like

lepton+proton events

- Especially for high transverse momentum.

- Large potential impact on DUNE

- Our data will help improve models

- More data coming very soon
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Complementary efforts

Collaborations Kinematics Targets Scattering
E12-14-012 (JLab) E. = 2.222 GeV Ar, Ti (e,€)
(Data collected: 2017) 6. = 15.5, 17.5, Al, C (e, €'p)
— 20.0, 21.5
6, = -39.0, -44.0,
..o'gf_fe'rson Lab P 445 -47.0
-50.0
e4nu/CLAS (JLab) F.=1,246GeV H,D, He, (e,€’)
(Data collected: 1999, 2022) B > 5 C, Ar, 0Ca, e,p, N, T,y
/7 48Ca, Fe, Sn in the final state
Jefferson Lab
LDMX (SLAC) E. = 4.0 GeV (e, €)
=1 As>» 6. < 40 e, D, M, T
o b "\ in the final state
Al (MAMI) E. = 1.6 GeV H, D, He (e,€)
C, O, Al 2 additional
MAINZER MIKROTRON _ Ca, Al’, Xe charged particles
eALBA A E. = 500 MeV C, CH (e,€)
(Planned) ALeB A - few GeV Be, Ca

Table 5: Current and planned electron scattering experiments.

Taken from the Electron Scattering white paper draft



Thios time we Ul have Lo be nemote
Yext time cn “[el uie

NuSTEC introducing:
Expanding our palette

Improving the art of neutrino

nuclei modelling with charged
lepton scattering data

28/3/22 - 31/3/22

@ Tel Aviv University Registration


https://indico.fnal.gov/event/50863/registrations/3179/

W Visit e4nu.com



http://e4nu.com

Thank you for your attention




