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The challenge - next generation high precision
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The challenge - next generation high precision

Incoming true flux Modelling Input Measurement
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The challenge - next generation high precision
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Measurement Incoming true flux Modelling input

.4\  Improve theory

Use near detector

&:. Use external constraints
e scattering



22/\7 Why elect ns?‘

Electrons and Neutrinos have:

- Identical initial nuclear state

- Same Final State Interactions

- Similar interactions
(vector vs. vector + axial)

Useful to constrain model uncertainties




ﬁ\) Why elect

Electrons and Neutrinos have:

- Identical initial nuclear state
- Same Final State Interactions

- Similar interactions
(vector vs. vector + axial)

Useful to constrain model uncertainties

Electrons have known energies

Useful to test incoming energy reconstruction methods




E Reconstruction Requires Interaction Modelling
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E Reconstruction Requires Interaction Modelling
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v Experiments Fluxes Challenge our Understanding
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Improving the Modelling Input

Our goal 1s to leverage neutrino and electron scattering data to constrain
exiting models, and improve simulation environment
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Improving the Modelling Input

Our goal 1s to leverage neutrino and electron scattering data to constrain
exiting models, and improve simulation environment
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Improving the Modelling Input

Our goal 1s to leverage neutrino and electron scattering data to constrain
exiting models, and improve simulation environment

DOOE

Model Electron Neutrino
Unlflcatlon Scattering Data Scattering Data

Today: - New SuSA Inlp, - Coming new - New DUNE Prism  Tomorrow: See Julia
2p 1implementation inclusive results analysis Tena Vidal’s talk
- New proton
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transparency results
1pOn Results
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Complementary efforts

Collaborations Kinematics Targets Scattering Publications
E12-14-012 (JLab) E, = 2.222 GV Ar, Ti (e, )
’ Phys. Rev. C 99, 054608
(Data collected: 2017) 98 — 155, 175, Al, C (8, 6’p) Ph{/SSRee\\//D 105 112002
20.0, 21.5
o, 6, = -39.0, -44.0,
Jefferson Lab -44.5, -47.0
-50.0

ednu/CLAS (JLab) E.—=1,246Ge& H,D,He, (e, )
(Data collected: 1999, 2022) f. > 5 C, Ar, 40Ca, e,p, M, T,y Nature 599, 565

— 18Ca, Fe, Sn in the final state "nys-Rev.D 103113003
Jefferson Lab
Al (MAMI) E. = 1.6 GeV H, D, He (e,€)
(Data collected:2020) C, O, Al 2 additional
(More data planned) i Ca, Ar, Xe  charged particles
LDMX (SLAC) E. = 4.0 GeV (e ¢)
(Planned) €~ 0. < 40 e,p,n, T

oF b N\ in the final state

eALBA P E. = 500 MeV C, CH (e, €)
(Planned) AL s - few GeV Be, Ca

Adaptation from Proceedings of the US Community Snowmass2021
arXiv:2203.06853v]1 [hep-ex]



https://arxiv.org/abs/2203.06853
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e4dnu and DUNE

»
~0

CC events
in DUNE

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

arXiv:2203.06853v1 [hep-ex] A NF06 Contributed White Paper


https://arxiv.org/abs/2203.06853

15

CLAS Detector

Electron beam with energies up to 6 GeV

Large acceptance Counters

Superconducting
Toroidal Magnet

Charged particles above detection

Drift Chambers
threshold:

3 Regions

300 MeV/c tor p
150 MeV/c for Pyt

500 MeV/c for Py /

Time-of-Flight Scintillators
Electromagnetic

Shower Counters

Open Trigger



New Data from CLAS ]2

Acceptance down to 5°¢ Q%> 0.04 GeV?2
x10 luminosity [1035 cm—2s-1]
Keep low threshold, better neutron coverage

Targets: 2D, “He, 12C, 160, 40Ar, 40Ca

(1,)2,4,6 GeV (relevant for DUNE)

Overwhelming support from:

.y
1
T

X | EE. 7
A& by
IBEEUBE ::;:l‘ L
b ety
i lan
SOUTH POLE NEUTRIND DBSERVATORY el S

3¢ Fermilab . GIBUU

Overview
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CLAS A(e.,e’p) Data

First test of neutrino energy reconstruction with exclusive data!

- Targets: H, D, 4He, 12C,
40Ar, 40Ca, 56Fe

£

- Energies: =
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Inclusive e data and generators
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,e)E=2GeV 6=8

14000 —
12000
pl'e /I ,',7
10000 a,.y
..g 8000 — Matan
o N Goldenberg
06000
4000 Planing to extract Ar
2000 inclusive cross
O:I L1 | 111 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 | | | L1l | L1l | L1 1 | l SeCtion at Various Q2
0 02 04 06 08 1_ 12 14 16 18 2 22

w [GeV]
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,e) E=2GeV 6=9

12000
10000}
8000
- I Matan
S I
8 6000 - Goldenberg
4000
o Planing to extract Ar
00204 08 08 1 15 74 16 18 2 52 inclusive cross

w [GeV] section at various ()2
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Towards new Inclusive results on Ar

Ar(e,eYE=2GeV 6=10

CLAS12Z

12000
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counts

60003
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0O 02 04 06 08 1 _ 12 14 1.6 18 2
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OI | | | | Ll | | | i

2.2

Matan
Goldenberg

Planing to extract Ar
inclusive cross
section at various Q2
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,e') E=2 GeV 06 = 11

12000
10000} Pre /i
B 1 »
N /
8000 nal'y
(9p)
= Matan
§6OOO Goldenberg

4000

III||—|—|—|—'—|-|II!III

2000 .
Planing to extract Ar
002 04 06 08 T 92 74 16 18 2 22 inclusive cross
w [GeV] section at various Q?
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV =12

10000 —
8000 DI'@/I /i
: Jary
Matan
Goldenberg
Planing to extract Ar
002 04 06 08 T 92 74 16 18 2 22 inclusive cross
w [GeV] section at various Q?
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV 6 =13

80002—
7000
- i’)

6000 a,.y
"UEDSOOO;_ Matan
4000 Goldenberg
o m
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1000 Planing to extract Ar

%62 64 08 08 113 14 16 18 2 22 inclusive cross
o [GeV] section at various Q2
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV 6 =14

2000

6000 f—
5000 f—
"UE)4OOO i_ Matan
§ 3000 f_ Goldenberg

1000 Planing to extract Ar
o2 04 06 08 1 93 14 16 Ts 2 22 inclusive cross
w [GeV] section at various Q?
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Towards new Inclusive results on Ar
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Planing to extract Ar
inclusive cross
section at various Q2
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eY E=2GeV 6 =16

40002—
3500
3000
22500 Matan
§2000 ;_ Goldenberg
1500 -
10002—
5001 Planing to extract Ar
R I B TN inclusive cross
o [GeV] section at various Q2
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,e)E=2GeV 6 =17

3500
3000 f—
2500 f—
%’2000 — Matan
c:) - Goldenberg
O 1500
1000 f—
500F Planing to extract Ar
% o2 04 06 06 1 43 .14 16 18 2 22 inclusive cross
o [GeV] section at various Q?
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV 6 =18

2500
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C . atan
8 5% u Goldenberg
(&) L
1000 —
500(— :
- Planing to extract Ar
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w [GeV] section at various Q?
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV 6 =19
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Towards new Inclusive results on Ar

CLAS12Z

Ar(e,eYE=2GeV 6 =20
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400{—
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P L B B ey F e I TR T inclusive cross
 [GeV] section at various Q2
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Nuclear Transparency - New Results

The probability that a struck proton leaves the nucleus without significant
rescattering

Ta=N(e,e’p)or/ N(e,e’)

at Quasielastic regions (Xg around 1)
Using MC to determine QE dominated regions
10W Pl, hlgh Pp, 10W epq

Useful to constrain the FSI models

Better model independency

Noah
Steinberg
Fermilab



Nuclear Transparency - New Results
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Nuclear Transparency - New Results
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Nuclear Transparency - New Results
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Less model dependent measurement
Consistent with previous results on C, Fe

First measurement on He

Noah
Steinberg
Fermilab
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M 1p0x Event Selection

Focus on Quasi Elastic events:
1 proton above 300 MeV/c
no additional hadrons above detection threshold:
150 MeV/c for Pyt

500 MeV/c for Py
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Incoming Energy Reconstruction

Cherenkov detectors:

Tracking detectors:

Assuming QE interaction Calorimetric sum

Using lepton only Using All detected particles

2Me + 2ME; — m?
2(M — E; + |k;| cos 0;)

Eop =
(O]

Ecal = E; + ES™ + ¢

[ 1pO]

€ 1s the nucleon separation energy ~ 20 MeV



Inclusive (e.,e’)ox Energy Reconstruction

+Data E=1.159 GeV
1= —SuSav2 (Total)
—QE —MEC
| I roditi
o % —RES Papéfio;?otllou
| = @I
5 50.5
S| "¢
@) [ ) g Mariana
..... \ Khachatryan
¢
O | — N =
0.6 0.8 1 1.2 1.4

C(e ’e,)()rc EQE [GeV]

2M e -+ QMEZ — ml2
2(M — E; + |ki| cos 6;)

Eog =
33 Nature 599, 565 (2021)
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Inclusive (e.,e’)ox Energy Reconstruction

E=1.159 GeV

Nature 599, 565 (2021)

0.8 1
C(e,e’p)on Ecal [GeV]

Afroditi
Papadopoulou

Mariana
Khachatryan



Reconstructed (e,e’p)ipox Calorimetric Energy

1.159 GeV 2.257 GeV 4.453 GeV

—SuSav2 (Total)
—QE —MEC
—RES

--G2018

1 15 2 2 3 4
(e.e p)lpOn E., [GeV]

40 Nature 599, 565 (2021)



Reconstructed (e,e’p)ipox Calorimetric Energy

L1185 G 2251 Gie V- 4.453 GeV

—SuSav2 (Total)
—QE —-MEC
—RES

--G2018

1 155 2 2 3 4
(cc p)lpOn GV

41 Nature 599, 565 (2021)



Reconstructed (e,e’p)ipox Calorimetric Energy

L1185 G 2251 Gie V- 4.453 GeV

—SuSav2 (Total)
—QE —-MEC
—RES

--G2018

1 155 2 2 3 4
(cc p)lpOn GV

42 Nature 599, 565 (2021)
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Focusing on different reaction mechanisms

Standard Transverse Variables

pV
d
82

Heavy Pr /°

nucleus

—> —> —>
Pr = P + PP
Sensitive to

hit nucleon momentum

p
/
/// A P T
v/
Py
7 |
7
J 2
e, op T
: BaT
6OLT

Sensitive to
Final State Interactions



Transverse missing momentum

2257 GeV
. == Data
0.5 :' . = SuSav2 (Total)
— 041 A" —QE  =MEC
%5 : . =RES
S 030 ---G2018
- . é N~
e 02 o MM
\ o ’~~
0.1 © o _* _—
° ' 6% e
D 0.2 0.4 0.6 0.8
C(e,e’p)lp(hE P, [GeV/c]

44 Nature 599, 565 (2021)




p1 sensitivity to interaction mechanisms

2.257 GeV
. == Data
0.5 :' 3 = SuSav?2 (Total)
~ oald A -QE =MEC
%§ . =RES
S 030 ---G2018
e ]
S 02
0.1 L g
| :
y . 04 0.6

C(e,e’p)lpoyc P, [GeV/c]

Nature 599, 565 (2021)

| 0 <P, <200 [MeV/c]

(e.e ’p)lp(m Ecal [GeV]



MC vs. (e,e’p) Transverse Variables

(b) da.. < 45°, MicroBooNE Preliminary (c) 135° < da < 180°, MicroBooNE Preliminary

---GiB No FSI (32.6/11) —GiB FSI (1.2/11) ---GiB No FSI (50.1/13) —GiB FSI (4.6/13)
G18 No FSI (6.7/11 G18 FSI (5.7/11 0,3_ e et G18 No FSI (65.2/13 GI8FSI(44/13
0.25 I‘

| FSI/No FSI L 6l FSI/No FSI
1 - ] 02 I Al A { 1
0sf H 2F __'_J_( %\—*
0.15 —

0 02 04 0.6

00 0§2 04 ) 0f6 Ot8 OO 0{2 04 0.6 0.8
ﬁpT [GeV/c] (‘)pT [GeV/c]
x10~° 12C @1.159 GeV, dau <45° <103 12C@1159GeV, 135°< bay < 180°
s, 8 B
|
= :
6 :
g8
00 .-'
o 4
o5
ol g 2
)
S
; 0 = o | 0 . | ] e
N 0 02 04 0.6 0.8 1 0 0. 04 06 038 1
: Afroditi (e ,e'p)lpou P, [GeV/c] (e ,e'p)lpOn P, [GeV/c;7

‘ Papadopoulou .
@ANL arXiv:2301.03700 [hep-ex]
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https://arxiv.org/pdf/2301.03700.pdf
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Generalizing Background Subtraction

Different interaction lead to multi-hadron final states

Gaps can make them loop like QE-like events with outgoing 1plp
0 180

120 [
60 [T
0 o

¢



Background Subtraction

Different interaction lead to multi-hadron final states

Gaps can make them loop like QE-like events with outgoing 1plp
0 180

120 [

¢

48
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Data Driven Background Subtraction

6 180,

Using measured (e,e’pt) events

120 i 30k sk A8

Rotate p,7 around q

T ey e At |
- ] 1l
S Al o LS
60 B = ¢ E=S =
H

Determine event acceptance

[

- Same for final states with more than 2 hadrons

Julia
Tena Vidal

Subtract (e,e’pst) contribution 0 0 50 100 150 200 250 300

0 350
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First Look at Multi hadrons final state

(e.e’ InlpOm), (e.e’2p0)

1600
1400
1 2005
1 oooE
800
600

400

Arbitrary units (#events)

o for every el, (1n1p)

—Allint. |
—QEL |
—MEC

" RES |

k G21 Before

®

Arbitrary units (#events)

o for every GI, (2p)

== All'int.

—QEL |

—MEC
RES

‘lDIS ‘

G21 Before

i 40:
*
‘i.n' 20:
oy, {
w ] 0 Mn. _inn n
02 04 06 0.8 1 1.2 14 16 0 02 04 06 0.8 1 1.2 14 16

Implementing different 2N final state in MEC SuSA

Julia
Tena Vidal
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First Look at Multi hadrons final state

(e.e’ InlpOm), (e.e’2p0)

o for every GI, (1n1p)

1400 ~Allint. |

/(;)\ —QEL
-OGEJ' 1200 —MEC |
RES
o 1000 DIS |
E L
12) 800
s G21 After
> .
S 400
o |
< 200 o
{ ™
00 02 04 06 0.8 1 12 14 16

® = E, - E, [GeV]

120
100
80
60,

40

Arbitrary units (#events)

20{
0

o for every el, (2p)

==Allint.
—QEL

RES
- DIS

1 ]h
(mnﬂ}h{lﬁmﬂﬂm Al nnd nar

—MEC |

0

02 04 06 08 1 12 14 16

® = E, - E, [GeV]

Implementing different 2N final state in MEC SuSA

(e,e’Ipls) - coming soon

Julia
Tena Vidal



UMVE PRISM
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M 21\l Basic Idea

Some parts of the
DUNE near
detector can move

Neutrino beam

Each position will be

exposed to a different
flux

Far off axis

3 30
Neutrino Energy (GeV)

2 3 4 5
Neutrino Energy (GeV)



Ju(VE PRIS I Leveraged to M

Broad band fluxes are responsible for almost all of the degeneracies

we have between different nuclear effects.
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E,, [MeV]

3500
3000
2500
2000
1500
1000

500

O - T T ] ] I I I L
0 500 1000 1500 2000 2500 3000 3500 4000 4500

0.98<cos(6,ep)<0.99
- DUNE flux T, -
= 2p2h E
- T <

E\, [MeV]

Amir Gruber
Co-advisory w. Stephen Dolan




(Ve PRI Leveraged to M

Using PRISM to build a quast mono energetic flux

Flux matrix ? Target Flux

e T g le-5 T
100 - —— Target
. | p] Linear combination
75 |
50 - 44 ‘l
6% S ) |
bt
C?U 5 25 - 8 5 )
2 — |
B Ok |
4 Ig 8 £ 21 (
o O ._‘u
& =25 1 = \ )
1 ' l
5 -50 - ‘ " l
-75 01 "
-100 T T T T T T e | T T T T T T T T T
0 10 20 X 30 40 50 0 10 20 30 40 50 0 1 2 3 B 5 6 7 8
Off axis angle [mrad] Off axis bin number E, [GeV]

Amir Gruber
Co-advisory w. Stephen Dolan
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(V= PRI Leveraged to eal)

The best solution can have large uncertainties

Thin enough flux is satisfactory

- employ regularization to penalize solution with large coetficients

Virtual g = 750 MeV, o = 70 MeV flux, 1 year of data

> 14000 ~ 14000
= =
oy, 11 o ORI | NI EPRPPRR: TR SRR FRUPRE - IRANMHIC WO DN oo oo st B oo w3 oo eSS
© ©
OO DO st a3 3G S & 10000—..... {{ .......................................................................................................................................................
8 8
= =
W w {
NCUOIE i L = v gsiosgssss s g e g A A A BRSNS

| 7 i "'mqum ;
Qe . ;ll" ""' ilu QUL LU { ;
-2000flfl.... ....................
-4000} 1“’1‘1"” """ 1111 iii 1111 iii 1111 iii tlll iii 1111 iii 1111 iii 111111 : i
1000 2000 3000 4000 5000 6000 7000 8000 1000 2000 3000 4000 5000 6000 7000 8000
E, [MeV] E, [MeV]
Ordinary least squares Tikhonov regularization (Ridge regression) with « = 10712
u =750 MeV u="750 MeV
o="71MeV < » 0 =78 MeV

Amir Gruber
Co-advisory w. Stephen Dolan




SGUNVE PRICM Leveraged to €21/

Measurable: mreco = <Ev> - E1  a proxy to o smeared by flux width

\

If we assume CS change negligibly across flux we can assume all
smearing comes from flux and unfold

Unfolded result fora u =750 MeV o =78 MeV virtual flux (20 years of data)
Tikhonov regularization (a = 0.0071)

— True
1.50 4 = CEQE
-~ 2p2h
-=: RES
1.25 4 === Other
Norm Unc
1.00 - i stat @ Shape €D Mixed Unc
N'_‘%
go 0.75 -
®
m
|
8 0.50 -
03
BB 25
0.00 - --z--_--_--c__-----------_---_:i _____
-0.25
v %
I~ .50
| 2 : B : O s I 1ls 3 ! -
0.00 L 4 B . 4 T p e ¥ " > & - : T = g e e Ry
Y .
-0.50 1 3
£ -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Q w [GeV]

First proof-of-concept, works for many energies

Amir Gruber

Will be part of DUNE TDR Co-advisory w. Stephen Dolan
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Summary

VA interaction uncertainties limit osCillation parameters eXtraction

Use of semi-exclusive €A data to explore
VA uncertainties

- Energy reconstruction

- Comparison to event generators

Data/model disagreement even for electron QE-like events

Muon, Electron and neutrino scattering data is on the way to constrain
models



Thank you for your attention




