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1. Why neutrino event generator?

Data Simulation
- Neutrinos interact with materials - If you try to simulate neutrino interaction by
- Particles propagate, and emit photons propagating neutrinos, you wait very long time
- Photons are recorded by sensors to make 1 neutrino interaction
- 1 event = 1 data trigger —> very inefficient simulation
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1. Why neutrino event generator?

Data

- Neutrinos interact with materials
- Particles propagate, and emit photons
- Photons are recorded by sensors

- 1 event = 1 data trigger
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Simulation /\ .

- Flux prediction ®(Ev) E,

- Neutrino events are generated based on ®(Ev)
and cross-section o(k,k’)
- Neutrino event generator

Events =fCI>®JdEv

- Generated events are distributed in volume
- Particle & photon propagation by Geant4
- 1 event = 1 neutrino interaction
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1. Why neutrino event generator?

GENIE
https://qithub.com/GENIE-MC
- Used by Fermilab experiments

NEUT
(no public website)
- Used by Japanese neutrino experiments

NuWro

https://nuwro.qgithub.io/user-quide/
- Independent generator

@
GIBUU

https://qibuu.he pforge.org/trac/wiki
- BUU transport to simulate hadron final states

NUISANCE
https://nuisance.hepforge.org/
- Data-Neutrino generator comparison framework
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The Giessen Boltzmann-Uehling-Uhlenbeck Project

Achilles (New!)

https://arxiv.org/abs/2205.06378
- Theory-driven better factorization
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1. Why neutrino event generator?

Reactor and Solar Astrophysical and

neutrinos collider neutrinos

Fast simulation <« Y
- Monte Carlo method 31.4F

*;:-:1.2;
Merge models to cover all kinematic phase space TN
- Inverse beta decay (IBD) 0.8
- Charged-current quasi-elastic (CCQE) goor
- Resonance baryon production (RES) §::
- Deep-inelastic scattering (DIS) N

- efc

F (Ga\W\

Nuclear effects
- Pauli blocking
- Fermi motion

n
- Final state interactions (scattering, absorption, etc)
- Nucleon correlations

Elastic
Scattering

- efc
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Formaggio and Zeller, Rev.Mod.Phys.,84 (2012) 1307

1. Why neutrino event generator?

Accelerator-
based neutrinos
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1. Why neutrino event generator?

Size of wave packet ~ momentum transfer (~energy)
hc = 197 MeV - fm - 200 MeV ~ 1 fm (size of nucleon)

g>>200 MeV
+—>
<<1 GeV neutrino beam
(reactor neutrinos, etc)
—_— >
g~200 MeV
+“—>
~1 GeV neutrino beam
(T2K, NOVA, HyperK, DUNE etc)
—= —
g<<200 MeV
+—>
>>1 GeV neutrino beam
(collider, astrophysical)
ING'S < v
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307
NUuSTEC, Prog.Part.Nucl.Phys.100(2018)1

1. Why neutrino event generator?

Neutrino interaction physics around 1-10 GeV

- J-PARC: T2K, Hyper-Kamiokande,

- Fermilab: MicroBooNE/SBND/ICARUS, MINOS+, NOvA, DUNE
- Atmospheric: Hyper-Kamiokande, ORCA, IceCube-Upgrade

Reactor and Astrophysical and

—

SBND
ICARUS

solar neutrinos - G. Zeller collider neutrinos
=1 A T2K/Hyper-K _
31'4: yEoVA baryonic resonance (RES)
uasi Elastic (QF) &1.2f MINOS+ \Y l
QV 1(9 )& x DUNE 3\/
! L | pe-Upgrade
= N TOTAL W+ ot
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v,CC cross section per nucleon E, (GeV) Deep Inelastic
ING’'S Scattering (DIS)
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Quasi Elastic

2. Charged Current Quasi-Elastic scattering (CCQE) :?\
The simplest and the most abundant interaction around ~1 GeV. i
Vv
u
_ / _ w
v,tn-op+u” (v, +X->X +u")
n i p

Neutrino energy is reconstructed from the observed lepton kinematics
“QE assumption”

1. assuming neutron at rest

2. assuming interaction is CCQE

V" M-—E,+p,cos6

CCQE is the single most important channel of neutrino oscillation physics
T2K, NOVA, MicroBoonE, Hyper-Kamiokande...etc
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Martini et al,PRC80(2009)065501 Quasi Elastic

Nieves et al,PLB707(2012)72; NPA627(1997)543 V)
2. Nucleon correlations in neutrino physics 31

2-particle 2-hole (2p2h) effect
- CCQE is identified from single outgoing charged lepton events
- Significant fraction of events are not from 2-body neutrino-nucleon interactions

- 2p-2h effect can add up to ~30% more cross section

Inclusion of the multinucleon 4 Genuine CCQE N\
emission channel (np-nh) T N

®
® MMiniBooNE +
4= | — gE+np-nb W :

. N Y,

-- QF
0} +f -
i Ww ————————————— i /Twc: particles-two holes {2p-2h]\
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NOVA, EPJC80,1119(2020)

10* Events

Quasi Elastic

2. Nucleon correlations in neutrino physics 1

2-particle 2-hole (2p2h) effect
- Essential to describe data

- The biggest topic in nuxsec community (T2K, NOvA, MINERVA, MicroBooNE, etc)
- 2p2h models in generators often require data-driven tuning

NOVA near detectordata-MC
comparison after fit

/"
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TENSION2016, Physics Reports 773-774(2018)1, TENSION2018, PRD105(2022)092004 Quasi Elastic

2. Generator tuning

!
W+
n p

1 o
Data tension — external: T2K vs. MINERVA vs. MicroBooNE ﬂ,, ﬂu‘h
- Different experiment cover different kinematic region i
- Challenging to describe all experimental data simultaneously PLLA. P

- Internal tuning of generator models is necessary |
0.94 < cos0"™ < 1.00 —— GENIE G1802a0211a, y'/dof=82.06/42

. . . 2 _
MicroBooNE CC inclusive double —— GENIE G1810a0211a, ¥ /dof=83.51/42

differential cross-section

. —— GENIE G1810b0211a, y’/dof=83.99/42
p, [GeV/c]

Nuwro 19.02.1, xzfdof= 73.37/42

——  NEUT 5.4.0, % /dof=87.33/42
¥ [ Data
le—39 0 ! 2

75 = GENIE (G18022a0211a, xz;’dof= 151.45/71

T2K CC inclusive double [ —— GENE G1810a0211a, xzfdof=110.72/?]
differential cross-section >0 = x10 —— GeNiE G1810b0211a, 3*/dof=109.28/71
= Nuwro 19.02.1, xzfdof=201‘27;’71

2.5
——  NEUT 5.4.0, 1 /dof=105.37/71
0.05 :
107! 10° 10' i T2K Data
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—— GeNEE G1802a0211a, x2/d0f=3535.69;’67
—— GENIE G1810a0211a, x2/d0f= 1308.98/67

0.60 < g3 [GeV] <0.80

MINERVA CC inclusive double E, .. [GeV]

differential cross-section
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RESonance

Vl I
3. non-QE background (resonance pion production) W
P'/T”<p
QE event = single lepton final state
Signal V8
y ;
/2 neutrino S8
. . . £} ?F 3
Kinematic measurement of outgoing charged lepton ‘ o i
-> reconstruct neutrino energy

Background is all other channels with the same
final state particles
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RESonance

3. non-QE background (resonance pion production) W

QE event = single lepton final state

Signal u  Rejected u Not rejected
(not backgroun (background)
V. v \Y
T pion absy
in nuclei

Kinematic measurement of outgoing charged lepton
-> reconstruct neutrino energy

Background is all other channels with the same
final state particles
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RESonance

3. non-QE background (resonance pion production)

QE event = single lepton final state

E background -> shift spectrum
Signal Rejected

(not backgroun

Not rejected

v (background)
- V. Yo
T pion absy
in nuclei
228 o ool QE assumption o
2aa comne: reconstructed neutrino | © L T2K collabo.
- energy (Ev<F) =
515!: n )
v 128 - Sin 2923
§ 100 i A
E F-| u
= =xn i
28 10 |
o - 4 :
Ge¥ [ Amzm
. . . . _IIIIIIIIIIIIIIIIIIII
S.olutlon: smulate neutrino-induced 0 05 1 15 2
ING'S pion production by event generator Reconstructed neutrino energy (GeV)
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MiniBooNE,PRD83(2011)052009 RESonance

Lalakulich et al,PRC87(2013)014602 A \/l"
3. Single pion production W
p'/f“<p

Final state interaction
- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

CC1r° production 4
i — GiBUU, with FSI |
\/“ o G‘ ‘Ih. S
! 5T 3 — — GiBUU, without FSI
A - " MiniBooNE CC 17°

[

do/dp_ [10™"cm /(GeV/c)/CH,]

o

=
=
]
=
T
o
o
=
oo

p_ [GeV/c]
ex) Giessen BUU transport model

- Developed for heavy ion collision, and now used to

ING'S calculate final state interactions of pions in nuclear media
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MiniBooNE,PRD83(2011)052009 RESonance

Lalakulich et al,PRC87(2013)014602 A \/l"
3. Single pion production W
p'/f“<p

Final state interaction
- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

pion scattering

o

CC1n° production +N > 7+N
\/ H I f._| — GiBUU, with FSI |
: 7T 3 —— GiBUU, without FSI
‘A *  MiniBooNE CC 17°

[

do/dp_ [10™"cm /(GeV/c)/CH,]

o

l L L
0.4 0.6 0.8
p_ [GeV/c]
ex) Giessen BUU transport model

S
=
(]

- Developed for heavy ion collision, and now used to

ING'S calculate final state interactions of pions in nuclear media
College
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MiniBooNE,PRD83(2011)052009 RESonance

Lalakulich et al,PRC87(2013)014602 A \/l"
3. Single pion production W
p'/f“<p

Final state interaction
- Cascade model as a standard of the community
- Advanced models are not available for event-by-event simulation

pion scattering

CC1r° production _ 4 +N > +N
1
T | <€ l
: 7T 3 3k —— GiBUU, without FSI
A ’ > L *  MiniBooNE CC 17°
=
|
g 2 1] - A N
::uu 1 e ™,
s T /1 l
— ! \\\
' ) el ]
% -~ “‘--h_h‘ _ |
o pion absorption =
05 t+NSDA+NS>N+N 06 08
p_ [GeV/c]

ex) Giessen BUU transport model

- Developed for heavy ion collision, and now used to

ING'S calculate final state interactions of pions in nuclear media
College
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MiniBooNE,PRD83(2011)052009
Lalakulich et al,PRC87(2013)014602

3. Single pion production

Final state interaction

- Cascade model as a standard of the community

- Advanced models are not available for event-by-event simulation

CC1m° production
! 7750
‘AL

n— \ p

CC1rn* production

\/M

NN

— n+N > n+N

ol

5 T < e -
& D — GiBUU, with FSI

o 3k —— GiBUU, without FSI B
Q

> - " MiniBooNE CC 17’

g 2r i N i
:acu i ™
“ L / |
= / *<

— s

1+ SO i

D-lr‘. J ~ o S

E ] “‘L“-. |

charge exchange
nt+N->n°+p

pion scattering

RESonance

l
\/
W+ ‘K+

p'/—A“<p

pion absorption

nt+N->A+N->N+N I 0.6

p_ [GeV/c]

ex) Giessen BUU transport model

You need to predict both

1. all pion production channels

2. all final state interaction

katori@fnal.gov

2023/05/19

- Developed for heavy ion collision, and now used to
calculate final state interactions of pions in nuclear media
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MINERVA, PRD100(2019)072005, EPJST230(2021)4243

3. Data tension

Data tension — internal: MINERVA pion data
- Challenging to tune pion and FSI parameters to fit all data
v,CCt* vs v, CCr® vs v,CCn~ vs v,CCn°

Simulating nuclear effects are hard

- Not much data for tuning
- Models may not be good,

Charge Exchange @

Elastic
Scattering

Pion Production

You need to predict both
1. all pion production channels
2. all final state interaction

do/dQ® (10 cm@/nucleon/GeV?)

do/dQ? (10 cm?nucleon/GeV?)

-
™~
o

-
N
=]

100

aoi....___
605* % % —_—
40 t i

20k

00 02 04 06 08 10 12 14 16 18 20

— 25
@V +CHoWw+m+X | Dpatg (3.04e20 POT)
I POT Normalized B Coherent
Delta resonance 20
I Other resonances
I Non-Resonant 15

do/dQ? (107*° cmP/nucleon/GeV?)

70

POT Normalized
60

50

Q% (GeV?)
)V, +CH ="+ + (nuckeons) ¢ Data (1.06e+20 POT)
I Coherent 30
Delta resonance
Il Other resonances
Il Non-Resonant
20

40
30 TT
20 -5

10 3

0.0 0.5

do/dQ? (10*° cm?nucleon/GeV?)

N ‘
o

1.0 15
Q* (GeV?)

RESonance

L LI L AL
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¥
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Wilkinson et al.,PRD90(2014)112007, Mosel and Gallmeister, PRC96(2017)015503, GENIE, EPJST230(2021)4449 RESonance

TENSION2016, Physics Reports 773-774(2018)1, TENSION2018, PRD105(2022)092004 v -
] l\/

3. Data tension W

p'/f“<p

_ ANL vs. BNL data
Data tension — external ReanaIyS|s supports ANL result

- Tension between different experiments & il

- - o - = BNL ;

- Tension between different targets S 120, L E
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3 o ” BEEC 20 II { { :
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Nakamura et al,Rep.Prog.Phys.80(2017)056301, Sajjad Athar and Morfin, JPhysG48(2021) 034001

Snowmass21 white paper, ArXiv::2203.09030 \ ~_ -
4. Shallow Inelastic Scattering (SIS)
p— W& X
Shallow (low Q?2) inelastic (large W) scattering
- Higher resonances and hadron dynamics
- Quark-Hadron duality (low Q?2, low W DIS)
- Nuclear dependent DIS
Q3(GeV?)
2.0
1.5
1.0 Higher baryo
resonances ‘
‘mostly unknown
Shallow-Inelastic Scattering
mostly unknown
0.0 - —_—
0.5 .0 1.5 2.0 2.5 3.0 W(GeV)
ING'S
Coliege 2023/05/19 26

LLONDON katori@fnal.gov




Nakamura et al,Rep.Prog.Phys.80(2017)056301, Sajjad Athar and Morfin, JPhysG48(2021) 034001 DIS

Snowmass21 white paper, ArXiv::2203.09030 A/ \/
4. Shallow Inelastic Scattering (SIS)
p— W& X
Shallow (low Q?2) inelastic (large W) scattering
- Higher resonances and hadron dynamics
- Quark-Hadron duality (low Q?, low W DIS)
- Nuclear dependent DIS
Reactor and Solar ¢ 202h 5 Astrophysical and
neutrino oscillation — P G. Zeller collider neutrinos
>4 2k {J L\
31.4f baryonic RESonance
Quasi Elastic (QE) ‘-‘51.2:— N [
— Q : \
" SRR o ~~"
A B + -
W u70-8[ «’i<n
" p| go.6f P A" >
o [ —
0.4 Vz [
n u
% - \/
00.2-
A
- 0 y
10 p— e X
E, (GeV) Deep Inelastic
ING'S Scattering (DIS)
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Nakamura et al,Rep.Prog.Phys.80(2017)056301, Sajjad Athar and Morfin, JPhysG48(2021) 03400%0" . Invariant mass

Snowmass21 white paper, ArXiv::2203.09030, NUSTEC nuSIS workshop, ArXiv:1907.13252 & | lV:_l7 GeV |
. L 201~ : —NEUT -
* [ i — NuWro
4. SIS In event generators mew. | — oo
v,onFe, - 8
Shallow (low Q?2) inelastic (large W) scattering Ev=6GeV |

- Higher resonances and hadron dynamics o I}
- Quark-Hadron duality (low Q2?, low W DIS) o WIGeV]
- Nuclear dependent DIS g . Res | NEUT
- Difficult to connect different models M N DIS :
15— : ]
na E
S E
31 ”ILS“IIZI”IZASIHI}IHIJAS :1
W [GeV]

» 25x10"‘ T T T 7
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(‘AGKY model”) | ! § fnisi -
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Fieg,Kling,Schulz,Sjéstrand,PRD109(2024)016010, FASERnNU,ArXiv:2403.12520
Garcia,Gauld,Heijboer,Rojo,JCAP09(2020)025,Jeong and Reno,ArXiv:2307.09241

4. DIS In event generators

DIS cross-section model

- CS MS fo r ne Utrl no te IeS CO pes FASERv at 13 TeV with 150 fb™: ve + e FASERv at 13 TeV with 150 fb~: v, + b,
- NNSFnu in GENIE 120] ot pthia Forward Tune 500 e o e e
T ---- Pythia (default) ,-«‘ < kaon
8100 -~ SIBYLL2.3d P e g
. : . [ s Em
High-energy neutrino production il wilg g0
. . . . 2 — L - 2
- Forward production hadronization tuning « e ISR
- Collider and atmospheric neutrinos o _aiweal I
. . —— — ‘ ‘ —————— 0 = T °
19 +  NuTev 06 b CCFROT7 ] % iy - S % iy
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% 1-0 * NOMAD 08 * IHEP_JINR 96 ] Neutrino Energy [GeV] Neutrino Energy [GeV]
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NuSTEC 2024 summer school at CERN
https://indico.cern.ch/event/1331901

NUuSTEC

NUSTEC 2024 summer school

Neutrino Scattering Theory-Experiment Collaboration
. 5-13 Jun 2024
https://nustec.fnal.gov/ S
CrOSS-theory- Europe/Zurich timezone

NUSTEC CTGWG seminar and CEWG meetings
hitps://indico.al.govicategory/990/ generator WG
(CTGWG) Workshops

and Schools

Cross-

Petwe - NUSTEC
NuSTEC-News Facebook page

https://www.facebook.com/nuxsec

Outreach

Publications Long-term

NuSTEC, PPNP100(2018)1 - 3 .
https://www.sciencedirect.com/scienc commun Ity p I annin g L :

e/article/pii/S0146641018300061 ot =
B © 4

Subscribe “NUSTEC News” and working group mailing lists!
E-mail to listserv@fnal.gov, Leave the subject line blank, Type "subscribe nustec-news firstname lastname”

(or just send e-mail to me, katori@FENAL.GOV)

like “@nuxsec” on Facebook page, use hashtag #nuxsec
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https://www.sciencedirect.com/science/article/pii/S0146641018300061
https://www.facebook.com/nuxsec
https://indico.fnal.gov/category/990/

Subscribe “NuSTEC News”

E-mail to listserv@fnal.gov, Leave the subject line blank, Type "subscribe nustec-news firstname lastname"

Conclusion (or just send e-mail to me, katori@FNAL.GOV)
like “@nuxsec” on Facebook page, use hashtag #nuxsec

Neutrino event generatoris a fundamental tool for neutrino
experiments including the long-base neutrino oscillation experiments

1 to 10 GeV neutrino interaction measurements are crucial to successful
next-generation neutrino oscillation experiments

Recent new neutrino interaction models show nuclear and hadron
physics are important in neutrino event generators

Lank youfor your attenti@n!
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Zeller, “Section 52. Neutrino Cross Section Measurements”, PDG2022

1. PDG: Neutrino Cross Section Measurements

*

MicroBooNE, %%010?43‘( 21{?112%01 [2018) ¢ CCFR (1997 Seligman Thesis)
S 16 R TR Oy D COMS, 2 Con 4k 19
q, 4+ T2K, PRD 93, 072002 (2016) A BNL,PRD 25, 617 (1982)
0] & T2K(CH), PAD 90,052010 (2014) W GGM-8PS, PL 1048, 235 (1981)
g A ArgoNeuT, PRD 89, 112003 (2014) <% ANL, PRD 19, 2521 (1979)
. ® AgoNeuT, PRL 108, 161802 (2012) o gege 7p o2, 187 (1979)
PDG has a summary of neutrino y X SEONESTDBOICND @ Gawks o s o7
E 4 NOMAD, PLB 680, 19 (2008) ¥  IHEP-ITEP, SUNP 30, 527 (1979)
ton ata smce 1 ' 30 @ NuTeV, PRD 74, 012008 (2006) % SKAT, PL 818, 255 (1979)
cross-section d 2012! :
o
A Vo N - ' X
w’ e e S SR
. . ~ .%_.-%—‘
Focus of this talk is around a few GeV 3
o]
vV, N — p*X
0........| Ll T RN RN REENE AN TN AN ENE N N
1 10 100 150 200 250 300 350

E, (GeV)

G. Zeller

‘T2K/Hyper-K

Table 52.2: Published measurements of neutrino and antineutrino CC in-
clusive cross sections from modern acecelerator-based neutrino experiments.

- =

experiment measurement target

ArgoNeuT vy, [6.7], 7y [7] Ar

MicroBooNE v, [8.26], v, [22] Ar

MINERvA  », [9-11.16,17.27], ¥, [27), ¥,,/v, (28] CH, C/CH, Fe/CH, Pb/CH
MINOS Yy [29], Uy [29] Fe

NINJA Yy [12], zm (12] H»O

NOMAD vy, [30] C

SciBooNE v, [31] CH

T2K vy, [13,14,32-34], v, [23-25], 7, /v, [15] CH, H,0, Fe

o o ©
o N & O 0O o N B

v cross section / %(10“‘” cm?/ GeV)
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1. Next goal of high energy physics

Establish Neutrino Standard Model (vSM)
- SM + 3 active massive neutrinos

Unknown parameters of vSM

1. Dirac CP phase

2. 0,3 (0,3=40° and 50° are same for sin20,5, but not for sinB,3)

3. normal mass ordering m;<m,<mjs or inverted mass ordering mg<m;<m,

4. Dirac or Majorana

5. Majorana phases (x2) not relevant to neutrino oscillation experiment
6. Absolute neutrino mass

We need higher precision neutrino experiments around 1-10 GeV.

Low energy beam (~1 GeV) High energy beam (~few GeV)

- shorter baseline (lower flux reduction) - longer baseline (higher flux reduction)
- lower neutrino production - higher neutrino production

- lower interaction rate - higher interaction rate

- kinematic energy reconstruction - calorimetric energy reconstruction

ING’'S
College P, . _(L/E)=sin? 2qsin2(1.27Dm2(eV2)Mj
E(Ge)V)
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1. Next goal of high energy physics

Kinematics energy reconstruction Calorimetric energy reconstruction
- problem: it assume 2-body neutrino - problem: you need to measure energy

interaction with single nucleon deposit from all outgoing particles

» Februar
all

or  ME,—0.5m;

— Cal _ [
Ey M — E, + p,cos6 Ey Bt ; Ehaa
Low energy beam (~1 GeV) High energy beam (~few GeV)
- shorter baseline (lower flux reduction) - longer baseline (higher flux reduction)
- lower neutrino production - higher neutrino production
- lower interaction rate - higher interaction rate
- kinematic energy reconstruction - calorimetric energy reconstruction
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1. Next goal of high energy physics

Hyper-Kamiokande (Japan) DUNE (USA)
« Water target « Argon target
« 300 km baseline * 1300 km baseline
* Narrow band 0.6 GeV * wide band 1-4 GeV
* Low spatial resolution * High spatial resolution
* High time resolution E * Low time resolution
o — T2K/Hyper-K

— MicroBooNE

— MINERVA (ME)

— NOvA

—_DUNE

£ ey
Low energy beam (~1 GeV) High energy beam (~few GeV)
- shorter baseline (lower flux reduction) - longer baseline (higher flux reduction)
- lower neutrino production - higher neutrino production
- lower interaction rate - higher interaction rate
- kinematic energy reconstruction - calorimetric energy reconstruction
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TK, Martini, JPhysG45(2017)1
Kowalik, Nulnt18 (Toronto)

1. Typical neutrino beams for oscillation experiments

e.g:) J-PARC _neu_trlno b_eam (T2K) )
- pion decay-in-flight (high flux) :j@— 5 - i 00
- off-axis beam (narrow band) ‘ [ N
- but has components up to ~ 10 GeV i
. INGRID Muon Monitor
- typlcal beam 1-10 Gev r:on;ltorsﬂ;edstability measuf:es;c)he mt:ion profile measure the F:iroton beam
. . of v flux and direction after beam dum intensity, direction
- ~4% normalization error (best case) " '
& 2
2 102 EE
T £ — T2K/Hyper-K
% 10 < — MicroBooNE
— LA )
& 10°
10°
10
10°
105|||| L 1 RN I P I L
0 5 10 15 20 25 0 | 2 3 4 5 7 8
E, (GeV) E, (GeV)
ING'S
College P, _(L/E)=sin’ 2qsin2(1.27Dm2(eV2)Mj
LONDON E (GeV)




Smith and Moniz, NPB43(1972)605 Quasi Elastic

Ashkenazi (Neutrino 2020), https://zenodo.org/record/3959538 v l

2. Fermi motion :?\

Fermi motion
- Measured energy is smeared from the true energy if you assume nucleon at rest
- High resolution detector can measure all outgoing hadrons

- initial nucleon momentum can be reconstructed (no Fermi motion smearing)

% I629cm2/GeV-sr

ke = 0.271GeV
3 & = 0042 GeV 8
2 | EUPER ]
Cherenkov detectors: 2K Tracking detectors:
b %‘N Assuming QE interaction Calorimetric sum
° :‘.EN | “ngi | Using lepton only Using All detected particles
€, :0500Gev | 2Me + 2M E; — m?
_ - k.
4 6 -80° QE T (M — E, + |ki|cos6)) Ea=E+E;"+¢
<> [1pO7]
8] i | 1
0 Q.1 0.2 03 04 05
Binding energy w, LEPTON ENERGY LOSS (GeV)
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Smith and Moniz, NPB43(1972)605 Quasi Elastic

MiniBooNE, PRD81(2010)092005 Vi
2. Pauli blocking :?\

Pauli blocking

- Low momentum transfer reaction is forbidden.

- data show more suppression than what Pauli blocking can = RPA(?)
- In the global Fermi gas model, Pauli blocking looks unphysical

_ -39
% IOzgcmzlGeV-sr _ x10
II"F *0.271GeV <| 18 :_ ] MiniBooNE data with shape error
3 - C
€ =00420Gev o 16 FOlT] e RFG model (M'=1.03 GeV, k=1.000)
> C
Q 14 il S T e RFG model (M$'=1.35 GeV, k=1.007)
O 12t .
> _ NE = RFG model (M} =1.35 GeV,k=1.007) 1.08
E 10+
~N St ) N
"“g %‘N NO“G" 8 o
= 58.7; =
Ok zsN' - e, 6 C
£, =0.500GeV L 4
}i 8 : 600 2 :— ..............
i | L 0 :I L1 | L1 | | L1 | | 11 1 | 11 .l.“.l.“.I“.I.“-““I.“I““I“.rul.“| { kel sl |-| { kel el e |
% ol 0.2 03 04 05 0 02040608 1 1.21416 18 2
indi , LEPTON ENERGY LOSS (GeV) 2
Binding energy w QzGE (GeV?)
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Smith and Moniz, NPB43(1972)605
Bodek and Cai, EPJC79(2019)293

2. Nuclear Shell structure and binding energy

Binding energy ~ unobserved energy

Quasi Elastic

- Energy to cost to release 1 nucleon, not constant

- Separation energy + excitation energy + recoil energy
- Separation energy: energy to release 1 nucleon from the shell (~15 MeV, depends)
- Excitation energy: energy used to excite leftover target nucleus (~1 MeV)
- Recoil energy: kinetic energy of recoil target nucleus (~2-3 MeV)

% I629cm2/GeV-sr
ke ® Q.271GeV

€ = 0042 GeV

&[S
2ot 28 -
£, =0.500GeV
} 8 -80°
PEN
o i ] 1
0 Q.l 0.2 03 04 05

Binding energy w, LEPTON ENERGY LOSS (GeV)
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Electron scattering on proton

EO EI:E()*I/

electron electron

Eer = Eo + |Vert| Elg =E + |Veg|

q=(v,q3)

. By = /(k+qs)?+ M?
k. E; = Mp —¢
proton

Ef = B} — |Upsi| + |Vl

Unobserved energy
2
e’ =8P +(ED) + K

A—1
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T2K, PRD98(2018)032003
MINERVA,PRL121(2018)022504

2. Nucleon correlations in neutrino physics

We want to constrain nuclear model from neutrino data
- Final state hadron measurement is the key

1 muon + 1 proton sample

- 5 dof (mu E and cos6, proton E and cos6, mu-p opening angle).
- Low statistics, and these are converted to 3 kinematic variables.
x10% GiBUU 2p2h weight o (T+1)
'I—o—IMIINEIFiw[\IIIIIIIIIIll
Loeeees GIBUU T=0 N, , : 18.0/12

| — GIBUU T=1y2N,, : 15.9/12
| ——T2K

Data prefer advanced nuclear models, but it's
not easy to identify which 2p2h model is right

N
o

=
o
o
(8]
& 3D Projection v Transverse Plane 1V g | - GIBUU T=0 x2/N, : 19.2/8
.—’\ il z T g | — GIBUU T=1%2N,,: 34.4/8
N T 2 = 2 2
"';._I::‘. m -
5 10
TR ===
___%i .......
=}
o
I Xianguo Lu (Warwick) 1
00 50 100 150
da; (degrees)
ICL;I/gg% Importance of axial 2BC is understood qualitatively,
LONDON we need more gquantitative understanding 2023/05/19 41




Jachowicz and Nikolakopoulos, EPJST230(2021)4339

2. Models using 2p-2h

Martini et al
Flux-averaged differential cross-sections allow _ ' P
nuclear theorists to compare their models with - i ]
data without implementing them in generators = | o hf o
f. B ..P;_."; *x .xll .I §
Martini et al — Lyon 2p2ph model iy L's;: |
Nieves et al — Valencia 2p2h model . = qﬁ*; -_
SuSAv2 — Superscaling+MEC ' R '
Giusti (—_:‘t al — Relativistic Green’s function Nieves et al
Butkevich et al — RDWIA+MEC -
Lovato et al - GFMC g 111 e |
Jachowicz et al - CRPA+MEC . ] S 2
; -4 ) 1 {18} < Cors B < (50
All models can fit with data, are they all correct: s Exp. datax0.9
models? 3 "l . 51
0 ; . *I'\'"-i--i 0
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Lovato et al
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Wiringa et al, PRC51(1997)38, Pieper et al, PRC64(2001)014001 Quasi Elastic

Lovato et al,PRX10(2020)031068 (2020) V) !
2. Nucleon correlations In neutrino physics :’i

Ab-initio calculation A A
- Quantum Monte Carlo (QMC) W) = Sl_[ L U]+ Z ~TNI %)

- Predicts energy levels of all light nuclei 11 oyl Lk
. . . i<j i,j
- Consistent result with phenomenological models
- Ground state includes correct nucleon correlations 2N potential 3N potential
(AV18) (IL7)
) light nuclear state energies MiniBooNE CCQE cross-section
-20 C +__/1+ ] 0.8<cos 9u<0.9
C 2+ 7127 ’ + ] T T T T T T T T
R N e A 47 o
~“He 6, .1+__\7‘?8He rrml] . :J;’f’ 1 o GFMC 1b ===
40r L1 /v e 7z 20f GFMC 12b ——
- 7 1+-—\i:—*312- ;E: . ] = | VTN T PWIA -----
% _50__ Ll - __049L1 3f§+ ;:_'_ A+ - g
= - 8L1 —_—0 5f2+_A 2t 7 5 1.5 |
— 60k 1/2- + 3* =
= - SBe 50- T, B2t )
g n V2" g jﬁ 1 = 19
_ 3/2- | w U
m —70: 9Be IOBG 3¢ é
80iGFMC Calculations g ] ¢ o L
- —— ~qd T
ol A Dt =
0F o7 B =3 0.0
L S = 12C—_ . 0 200 400 600 800 1000 1200 1400 1600 1800

T,(MeV)
8 .
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Frankfurt et al,lJMPA23(2008)2991, JLab HallA, Science320(2008)1476 Quasi Elastic

Sobczyk, Neutrino2014, Piasetzky et al, PRL106(2011)052301 Vi z
2. Nucleon correlations in neutrino physics :{w\

Ab-initio calculation A A
- Quantum Monte Carlo (QMC) 1Wy) = Sl_[ L U]+ Z ~TNI %)

- Predicts energy levels of all light nuclei ijk
. . : i<j k#i, j
- Consistent result with phenomenological models
- Ground state includes correct nucleon correlations ZN(XSthf;Ua' 3N Izﬁt;)nt'a'

80% | .
Physics of nucleon correlation

pa— - heutrino interaction
-0v
‘ PNNSRC™ Prucl PP

- Direct WIMP detection
- EMC effect
- etc

Single nucleons

. n-p . n-n pP-p Pruc=2.4x10%*g/cm?3
ING'S

College _ .. .
LONDO‘% katori@ind Nucleon correlation is a very hot topics!




Benhar et al, PRL105(2010)132301, EPJST230(2021)4309
TK, Martini, JPhysG45(2017)1

2. New paradigm of lepton scattering experiments

Flux-averaged differential cross-section
- Incomplete kinematics, reconstruction of Ev, Q2, d3, W, X, Vy,... depends on models

Electron scattering Neutrino scattering
- well defined energy, well known flux - Wideband beam (unknown Ev)
—> reconstruct energy-momentum transfer - cannot fix kinematics
—> measure each process - inclusive measurement (CCQE, RES...)
spectrometer /\
- )4----
> neutrino  target
electron target beam (=media)

beam
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Khachatryan et al., Nature 599(2021)565

2. New paradigm of lepton scattering experiments

Flux-averaged differential cross-section
- Incomplete kinematics, reconstruction of Ev, Q2, d3, W, X, Vy,... depends on models

Electron scattering _ _

- well defined energy, well known flux Neutrino experiment don't

—> reconstruct energy-momentum transfer reponstruct Ev _(e}nd Q2)
with great precision

- measure each process

2 all

E — Cal _ Z {
v M —E, + p,cos6 By Byt : Ehaa

Reconstructed beam

electron energy spectrum + Data —~ o0k 1.159 GeV (x1/2)
by or G ke - '
. . . —RES —DIS
- QE kinematic (HyperK)g | -~ tg 1.5r
- Calorimetric (DUNE) =, | 2 4o}
e N 3 W el
ING’S 0 = 0.6 OI.B 1I§ o 1_I2 1_I4 0 -----

CO//€g€ Cle,e), EQE_(G;e 06 0-8 1 D
LONDON ka’[orl@\?nal.gov 202\?35_/,(3)L}D/)}jglT E_ (Gey) “°




MINERVA, PRL116(2016)071802,PRD99(2019)012004
NOVA, EPJC80(2020)1119

2. New paradigm of lepton scattering experiments

Flux-averaged differential cross-section
- Incomplete kinematics, reconstruction of Ev, Q2, d3, W, X, Vy,... depends on models
- New kinematic variables from hadrons

L L L B L B

14 | Neutrino Beam —4— NOvA ND Data =
s s Default GENIE

----+ QE Weights —

—— + RES & DIS Weights

—— + NOVA 2p2h

Visible hadronic energy deposit: Ey.q, Eavail
- Sum of all hadron energy deposit 5

- Strongly correlated to energy transfer (g, or o or v) ‘s
- Sensitive to 2p2h 2

10* Events

i
Sl ] N NN NN
(2]

g0 —
Vertex activity Eorpse 7
. . 0.0 01 0.2 03 04 0.5
- Some of all hadronic activities around the vertex Visible E,, (GeV)
- Low energy nucleons (=2 nucleon emission)
w
=
L
©
E
I ——
Q
e
g 061 :Z::|E2.a.4 _:::i:::ir
ING,S 0.4} GENIE+RPA+2p2h === GENIE+2p2h
College aton@ialaoy e
LONDON atori@fnal.gov 0 50 100 150 200 250 300 350 400 450 500

Untracked Vertex Energy in 150mm (MeV)



MINERVA, PRL116(2016)071802,PRD99(2019)012004,EPJST230(2021) 4243, PRL121(2018)022504
NOVA, EPJC80(2020)1119 , Buizza Avanzini et al., PRD105(2022)092004, T2K, PRD98(2018)032003,

: : i These studies suggest
2. New paradigm of lepton scattering experimenty ., nuclear models fit

neutrino data without
tuning

Flux-averaged differential cross-section
- Incomplete kinematics, reconstruction of Ev, Q2, d3, W, X, Vy,... depends on models
- New kinematic variables from hadrons

Visible hadronic energy deposit: Ey,q4, Eavail 1e-39

- Sum of all hadron energy deposit T2k o s
- Strongly correlated to energy transfer (g, or o or v)
- Sensitive to 2p2h

Nuwro 19.02.1, 3*/dof=65.32/8

NgUT 5.4.0, % fdof=6.11/8
i Data

do/ddpy [em’/(GeVi/c)nucleon]

4
Vertex activity 2T
- Some of all hadronic activities around the vertex . e
- Low energy nucleons (=2 nucleon emission) o e Gevie)] |
: MI NE RVA ceNiE G1802a02]1a, ;(Zfdof=157.?6.-'24

GeMIE G1X10a0211a, ;u;z.-'-.iof =106.04/24
oENE G1810b0211a, ' /dof=97.29/24
wuwro 19.02.1, 121'd0f= 151.99/24
NEUT 5.4.0, ' /dof=99.82/24

Transverse kinematic Imbalance (TKI) variables
0P+ ~ nucleon momentum distribution

do/dépy [cmza’(GcVa’c}fnuclecn]
=y

8(11‘ -~ FSI N 3D Projection v Transverse Plane 'L‘l;
- 7 | 26—
L Sl
= 27
ING'S T :
College \ | SN - B
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Nakamura et al,Rep.Prog.Phys.80(2017)056301

4. Higher baryonic resonances

Cross section

- Higher resonances and hadron dynamics
- Quark-Hadron duality (low Q?, low W DIS)

- Nuclear dependent DIS

DCC model

- Channels are coupled (nN, nnN, etc), total

amplitude us conserved

- Most of axial form factors are unknown

o (X 1078 cmg}
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11

4. Quark-Hadron duality

Cross section

- Higher resonances and hadron dynamics
- Quark-Hadron duality (low Q?, low W DIS)
- Nuclear dependent DIS

Bodek-Yang correctionis a phenomenological
model to reproduce duality-like behavior,
accepted by all neutrino simulation

DIS # Bjorken limit
DIS = Q? average of all resonances
'DIS-like' duality averaging procedure

3 Q? bins

%715/5;’(; Christy, NUSTEC SIS workshop

LONDON https://nustec.fnal.gov/nuSDIS18/ katori@fi *

Nachtmann
variable
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Proton F2 function GRV98-BY correctionvs. data
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https://nustec.fnal.gov/nuSDIS18/

nCTEQ, PRD80(2009)094004 DIS

HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028 v,\/ I~
4. Nuclear dependent DIS
p— WX
Cross section Nuclear PDE
- Higher resonances.and hadrgn dynamics . shadowing, EMC effect, Fermi motion
- Quark-Hadron duality (low Q?, low W DIS) | jkely due to nucleon dynamics in nucleus
- Nuclear dependent DIS - Various models describe charged lepton data
- Neutrino data look very different
¢ -Fe nuclear correctionfactor v-Fe nuclear correction factor
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MiniBooNE, PRL100(2008)032301,PRD81(2010)092005:88(2013)032001

5. MiniBooNE

Mineral oil (CH,) Cherenkov detector
- 41t coverage, <E>~800 MeV beam up to 2 GeV
- Measure Cherenkov radiations from charged particles

- Some calorimetric (scintillation)

Avrbitrary

||| —T2K
— MINERvVA
— MiniBooNE

0o 1 2 3 4 5 6 |:7n(Ge\/§
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MiniBooNE, PRL100(2008)032301,PRD81(2010)092005:88(2013)032001

Avrbitrary
—

5. MiniBooNE

Mineral oil (CH,) Cherenkov detector

- 41t coverage, <E>~800 MeV beam up to 2 GeV

- Measure Cherenkov radiations from charged particles
- Some calorimetric (scintillation)

— T2K
— MINERvVA
— MiniBooNE

MiniBooNE CCQE measurement

MiniBooNE detector

(spherical Cherenkov detector Cherenkov 1

e
12C L \

Cherenkov 2

v-beam

LR
P

(Scintillation)

n p
ING'S

1& katori@fnal.gov

2 3 él‘r 5 6 I:](Ge\g

muon like Cherenkov
light and subsequent
decayed electron (Michel
electron) like Cherenkov
light are the signal of
CCQE event
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T2K, NIMA659(2011)106

5. T2K near detector complex —T2K
— MINERvVA

— MiniBooNE

Avrbitrary
—

INGRID, FGD, POD, ECal, TPC, SMRD

- Plastic scintillation trackers (except gas TPC)

- 0.2T magnet for momentum measurement

- <E>~600 MeV off-axis beam

- variety of targets (CH, H,O, Pb, Ar)

- Limited coverage (combination of sub-detectors)

0o 1 2 3 él‘r 5 6 I:Y(Ge\g

SMRD

UA1 Magnet Yoke

Downstream

Barrel ECAL

yi@fnal.gov 2023/05/19 54



T2K, NIMA659(2011)106, T2K,PRD93(2016)112012
PRD98(2018)032003

5. T2K near detector complex

INGRID, FGD, POD, ECal, TPC, SMRD

- Plastic scintillation trackers (except gas TPC)
- 0.2T magnet for momentum measurement

- <E>~600 MeV off-axis beam

- variety of targets (CH, H,O, Pb, Ar)

- Limited coverage (combination of sub-detectors)

neutrino CCOr double differential cross sections
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WAGASCI,PTEP(2019)093C02
NINJA, PTEP2021(033C01)

5. T2K near detector complex

WAGASCI
- water target

Dowrntraar MRD Ostectr
Magmised e

T

Sidde MAD Delector |
it

NINJA
- emulsion detector
- Multiple hadron tracks

An example of v — iron interaction (2016 NINJA iron target run)
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5. ND280 Upgrade
/%

ND280 Upgrade ¢
- Out: POD detector SuperFGD
- In: High Angle TPC (HATPC)
- In: SuperFGD

Drift volume

MicroMegas

High Angle
TPC

UAI Magnet

— | Downstream
| PODw Cal

ECAL

P4 N U F G DS
Loﬁ%//ééff} katori@fnal.gov 2023/05/19 57




MINERVA, PRL111(2013)022501:022502

5. MINERVA

Scintillation tracker

- <E>~3.5 GeV on-axis beam

- variety of targets (CH, Pb, Fe)

- Small acceptance due to MINOS ND
- charge separation by MINOS ND

- internal flux constraint (DIS, v-e)

Avrbitrary
—

— T2K
— MINERvVA
— MiniBooNE

O

{

Liquid
Helium

Steel Shield
Scintillator Veto Wall

ING'S
I& katori@fnal.gov

Elevation View
F 3
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£
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g 2 I 5
= C = o=
g Active Tracker g 8 gl B E E
5L pepfld eE|l 2§ |= 9
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» o 2T T T
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it I
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+ 5m a— 2 111 —M
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MINERVA, PRL116(2016)071802

5. MINERVA

Scintillation tracker

- <E>~3.5 GeV on-axis beam

- variety of targets (CH, Pb, Fe)

- Small acceptance due to MINOS ND
- charge separation by MINOS ND

- internal flux constraint (DIS, v-e)

Arbitrary

||| — T2K
— MINERvVA
— MiniBooNE

. . Beam test + better scintillator
Kinetic energy P :"##Fﬂ [ - good hadron measurement
Kinetic ener n L~ - —> kinematics is completelyfixed

& i - model-

________________ dependent
0 " S ® | visible hadron energy

I i

Total energy m° e _ total hadron energy 5
l
' Ev
!
Q2

On average, we see available hadronic energy E.vail # qo:

Eavail = Z[Pmmn and 7= KE) + (Total E of other particles except #igutrons)  °°



MicroBooNE, JINST12(2018)PG2017 VENu (Virtual Environment of Neutrinos)
VENU http_://venu.physms.ox.ac.uk/ http://venu.physics.ox.ac.uk/
5 M |CrOBOON E - smart phone app for MicroBooNE data

86ton LArTPC

- <E>~800 MeV BNB on-axis beam

- Single phase LArTPC, 3-wire-plane reading
- 3mm pitch

- photon detection system

-ArgONeUT, LArIAT, SBND, ICARUS, prOtODUNE, DUNE MicroBooNE Run 5975, Event 4262

Georgia Karagiorgi

_.
9
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‘MicroBooNE Simulation Preliminary |
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°
(E,,) =800 MeV |

P N |
00 05 1.0 15 20 25 30 3.5& 40 43 5.0
et B BNB Proton Target |

N

-y m MiniBooNE
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http://venu.physics.ox.ac.uk/

MicroBooNE, JINST12(2018)P02017, PRL125(2020)201803

5. MicroBooNE

g86ton LArTPC

- <E>~800 MeV BNB on-axis beam

- Single phase LArTPC, 3-wire-plane reading
- 3mm pitch

- photon detection system

- ArgoNeuT, LArIAT, SBND, ICARUS, protoDUNE, DUNE

MicroBooNE CC mu+p differential cross section P

Outgoing proton kinematics are
measured to reconstruct Fermi

mOtI O n -0.65 < cos(0,) < 0.95 Simulation $ MicroBooNE Data 15+ -0.65 < cos(8,) < 0.95]
GENIE Nominal Bl MC

100 1. 15F —GENE 06
NuWro 19.02.1
NEUT v54.0 2™ e

Multiple Coulomb scattering to 5t — 10} -omvoon._..4= {T

do
dcos(@,)

but mostly understood

do
dp,
o
dp,

estimate escaping muon ener ERE: by e 5f 7. =T ;e
p g gy S ol T } § g g;l ""T&ﬁs <cos(®,) <095| § %‘f
00 '5 I -0.6I5 < cos(S;) <08 2 I -0.65 I< cos(ﬂpi <08 . O
Large cosmic ray background, 5 107 i 10} T 5
| E .o H

: T ' %iim'“f“ iﬁf:};

e —

Low statistics for hadron 0 - 1] S e - - - -
0.4 0.8 1.2 02 04 06 0.8 04 06 0.8 1.0
measurements py [GeV/c] cos(6) pp [GeVi/c]
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