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What is a Neutrino Event Generator

vy 0 v ~ =
Selects neutrino ‘events’ from interaction CC-DIS
W & Nn
models: N .
) . C C QE (1} Hadron Shower
o Over a range of neutrino energy and species,
@) For a number Of ‘primary, Channels Ve h/ Hadron Shower
m Neutrino--nucleus (COHPI, CvNS) !
m  Neutrino--multi-nucleon (2p2h)
m Neutrino--nucleon (QE, RESPI) + Others

m Neutrino--parton (DIS)
o In a nuclear environment:

m Fermi motion distribution \/»m
m  Removal energy
m Collective effects (RPA N —~
. cts (RPA) . R N AN (o
m Final state re-interactions of primary particles (Za”) @ ) o\
K 8\ X

nuclear model ' | primary interaction hadronization hadron transport
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Often factorises the simulation of nuclear model,
primary interaction, and FSls.



Why do we use them?

—] =

e \Want to learn about neutrinos.

e

NEUT 5.3.6, RFG v,C
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http://th-www.if.uj.edu.pl/acta/vol40/abs/v40p2477.htm

Why do we use them?

[

e \Want to learn about neutrinos, but see interactions

NEUT 5.3.6, RFG v,C

e

> 04 [ NEUT 5.3.6, RFG 1,C ]
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Why do we use them?

—

e \Want to learn about neutrinos, but see interaction final states.

NEUT 5.3.6, RFG v,C
— CC-Total

CC-Res. 1 - -DIS + n7 |
— 1, CC-Total
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Why do we use them?

| |

Need to work back from observables to learn about neutrinos:
Done via generators

NEUﬂTﬂE)f.ES,]RFG V“Cm ~ 04 NEUT 5.3.6, RFG 1,C N RFG 1,C, CC-Total 1

— Nnear (Xobs) = dxtrue Pnear (xobs |xtrue) :]Vtarga (Xtrue) ¢ (Eu)

=/

Smearing, Eff., Pur. Nisig (Xtinie)

—
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What are they trusted to predict?

Predict backgrounds for exotic

processes.
o Nucleon decay, dark matter, ...
For v-A cross-sections:

o Simplifies efficiency determination
o Predict purity of signal selections
o Propagate errors correctly to published data

L. Pickering 8



What are they trusted to predict?

!

—— ND data 3 E
—— Base Simulation E ER

Predict backgrounds for exotic

processes.
o Nucleon decay, dark matter, ...

For v-A cross-sections:

Data-Driven Prediction

; JE a
EI3 f =
‘‘‘‘‘‘

ND Fi E gy (G eV) 10° ND Eve 10° F/N Rati P(v,>v,) FD Events FD Reco Energy (GeV)

True Energy (GeV)  10° ND Events/1 GeV

True Energy (GeV) FD Events/1 GeV

E e s

WA R L L
P T R A

o Simplifies efficiency determination E. Smith, NOVA., NUFACT2019
o Predict purity of signal selections 10-3
o Propagate errors correctly to published data B f NEUT 5.3.6, RFG 1,C
For oscillation physics: oo | £ gg;ﬂ CCRes. 1r

o Predict observable distributions as a function ¢ ... e

Energy to correctly infer oscillation parameter !

values. -

B (GeV)

-1 -0.5 0 0.5

C. BronnerT2K. NUFACT2019  FRe. = /5
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https://indico.cern.ch/event/773605/contributions/3498114/attachments/1897026/3130086/ESmith_NOvA_NuFACT2019_8-26-2019.pdf
https://indico.cern.ch/event/773605/contributions/3487923/attachments/1898329/3132601/T2K_OA_Details.pdf

What are they trusted to predict?

—
Predict backgrounds for exotic  hen Smutton
processes: I —

o Nucleon decay, dark matter, ... F 3 ).- :— ¥ E : 4% y :H
For v-A cross-sections: 1d |l ‘i : DA T

gy (G NNNNNNNN Pv,~>v,) FD Events FD Reco Energy (GeV)

o Simplifies efficiency determination E Srmth NOVA NUFACT2019
o Predict purity of signal selections

x1073

o Propagate errors correctly to published data 5 NEUT 5.3.6, RFG 1,C
T2K Run 1-9 Preliminary
1 1 1 5 8 1sE- - Pre-ND it 2 60 - D CC-DIS + nm CC-Res. 11 A
For oscillation physics: e | £ . |
o Predict observable distributions as a function ¢« ... :
. o . 10F- 40 F
Energy to correctly infer oscillation parameter
values. e
0 0.5 1 1.5 E ,.?GcV)
0

-1 ] -0.5 ‘ )
C. BronnerT2K. NUFACT2019  FRe. = /5
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What are they trusted to predict?

—] =

—— ND data
—— Base Simulation

e Predict backgrounds for exotic

processes.
o Nucleon decay, dark matter, ...

e [or v-A cross-sections:

10° ND Events/1 GeV

Data-Driven Prediction

ue Energy (GeV)
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gy (G NNNNNNNN Pv,~>v,) FD Events FD Reco Energy (GeV)

o Simplifies efficiency determination E Srmth NOVA NUFACT2019
o Predict purity of signal selections 10-3
o Propagate errors correctly to published data B f NEUT 5.3.6, RFG 1,C
e For oscillation physics: g 2 e o
o Predict observable distributions as a function ¢ ;
Energy to correctly infer oscillation parameter !
values. N
e Progress made in two prong approach:
m Bottom up: Theory development oL« _
m Top down: Comparison and C. Bronner T2K. NUF,IA\CT2O(1)€3 (EQ" -~ E,)/E,

benchmarking against published data L. Pickering T
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How do we try and make them right: Theory

- V190508556
39 arxiv.: .
a~ 8Xl-0' T S SN TN B TR B S RSN R F
e Improve nuclear response models 2susa 218 S o . :
N generators: x2 Val.: 27/8 £2 6% — Total (SuSAv2) %
o eg. SUSAV2 Iplh+2ph2 PRD 94, 093004 8 st ey,
(2076) NE’ z } —— BS-RES “
o A . = e Nieves 2p2h E
e |Improve primary interaction = mb 3
bo% = -
models in generators: B e N
o0.0 0.2 0.4 0.6 0.8 1.0

o e.g. MKsingle pion production PRD 97, 3p, (GeV)
013002 (2018)
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https://arxiv.org/pdf/1905.08556.pdf

How do we try and make them right:

Theory

- V1905.08556
20 arxiv: .
a 8 x10 B N BV RN BN T N R TR |
e Improve nuclear response models 2susa 218 S o . :
N generators; x2 Val.: 27/8 L — Total (SuSAv2)
s F —— Total (Valencia) A
o eg. SUSAV2 Iplh+2ph2 PRD 94, 093004 % = S W SEwwoi  ©
(2016) E ;} —— BS-RES E
o A . = - e Nieves 2p2h E
e |Improve primary interaction S LF -f
olg .E E
models in generators: T8 P K
o e.g. MKsingle pion production PRD 97, oo o2 000 0'85pT (é'gv)
DI (2018) v\/' v, |
e |Improve simplifications in the MC: W , |
o Recent interest on un-doing the ‘ | X
primary interaction factorisation to | (& ‘4
C . | | ‘
better-capture initial and final state ) ® @) —
|

r "
§\
(5

physics and lepton-hadron correlations.

MICHIGAN STATE
UNIVERSITY

nuclear model prnimary interaction hadronization ' hadron transport '
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How do we try and make them right: Tune

In an ideal world, the model would
describe nature up to some
unknown parameters.

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

do/dQ? (cm?GeV?nucleon)

X100

—— Default, x>=10.6
—— ANL/BNL, x>=13.1
—— FrAbs, x>=5.5
Frinel, x?=5.8

Frinel+Q? x?=13.8

——— ]
—+ MINERVA v,CCIn* |

—— FrAbs+Q? x2=17.4 |

do/dQ? (cm?GeV?nucleon)

T T o E®E]T AT U]
—— MINERVA V,CCN*
—— Default, x2=14.8 ]
—— ANL/BNL, x?=16.7
—— FrAbs, x%=9.9 7

Frinel, x3=10.5

—— FrAbs+Q? x2=30.5

Frinel+Q? x?=28.2

1.0f

0.5

—— FrAbs, x?=46.4
Frinel, x2=47.2

_f_

—— ANL/BNL, ¥?=62.0 |

—— FrAbs+Q? y2=33.7 |
Frinel+Q’, X?=34.9 1

do/dQ? (cm?GeV?nucleon)

1 ar
[ i ¢ ¢ow g Pl w L Ll RS
8o 0.5 1.0 15 8o 0.5 1.0 15
Q*(GeV) Q* (GeV)
x10°% : | x103%9 : :
¥ = —_— o -
L —+— MINERVA y,CCI® | 20 —— MINERVA p,CCI° ]
) 0: —— Default, x2=35.1 —— Default, ¥2=10.5

150 \

1.00

—— ANL/BNL, x?=20.8
—— FrAbs, ¥=11.7 B
Frinel, x3=11.8
—— FrAbs+Q? ¥2=6.5
Frinel+Q?, x?=6.4

o

05 lO 15

GENIE 2126 Qe

V2)

ogg——
arXiv:1903.01558

m—
Q* (GeV?)
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How do we try and make them right: Tune

In an ideal world, the model would
describe nature up to some

unknown parameters:

o We don't live in that world.

o Confronting the models with a variety
of data will improve predictions and
highlight areas for theory
development.

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

do/dQ? (cm?GeV?nucleon)

X100

LI L B B I B
—+ MINERVA v,CCIn* |
—— Default, x>=10.6 ;
—— ANL/BNL, x=13.1 |
—— FrAbs, x>=5.5
------- Frinel, x?=5.8
—— FrAbs+Q? x2=17.4 |
------- Frinel+Q? x?=13.8 ]

do/dQ? (cm?GeV?nucleon)

P Frinel+Q? x?=28.2

T T T T T T T T

—— MINERVA V,CCNrm*
—— Default, x?=14.8
—— ANL/BNL, x?=16.7
—— FrAbs, x%=9.9

------- Frinel, x3=10.5
—— FrAbs+Q? x2=30.5

1 2-
[ TR B A A U L Ll R TS R
8o 0.5 1.0 1.5 8o 0.5 1.0 15
Q* (GeV?) Q* (GeV?)
x10°% : | x10°% : :
25T — :
I — MINERVA y,CCI® ] e —— MINERVA p,CCI° ]
-, —— Default, x2=35.1 7 —— Default, ¥2=10.5 i
g + —— ANL/BNL, ?=62.0 i —— ANL/BNL, X2=20.8 1
—— FrAbs, x?=46.4 ’ —— FrAbs, x?=11.7
....... Frinel, x2=47.2 ; - Frinel, x?=11.8

1.5}
1.0f

0.5

—— FrAbs+Q? y2=33.7 |
------- Frinel+Q’, X?=34.9 1

_f_

do/dQ? (cm?GeV?nucleon)

1.00

—— FrAbs+Q? ¥2=6.5
------- Frinel+Q?, x2=6.4

. C—

05 1o 15

GENIE 212.6 V)

Y —
arxiv:1903.01558
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How do we try and make them right: Tune

In an ideal world, the model would
describe nature up to some

unknown parameters:

o We don't live in that world.

o Confronting the models with a variety
of data will improve predictions and
highlight areas for theory
development.

Dangers of tuning:

o Propagate CV+uncerts from
well-described projection to poorly
described projection without extra
uncertainties.

o e.g. Tunein inclusive lepton variables
and predict hadronic shower variables.

X100

do/dQ? (cm?GeV?nucleon)
£

— ]
—+ MINERVA v,CCIn* |
—— Default, x>=10.6 ;
—— FrAbs, x>=5.5

—— FrAbs+Q? x2=17.4 |

ANL/BNL, x?=13.1 |

Frinel, x?=5.8

do/dQ? (cm?GeV?nucleon)

T T T T T T T T

—— MINERVA V,CCN*
—— Default, x2=14.8 ]
—— ANL/BNL, x?=16.7
—— FrAbs, x%=9.9 7
------- Frinel, x3=10.5

—— FrAbs+Q? x2=30.5

do/dQ? (cm?GeV?nucleon)

—+— MINERVA y,CCI® |
—— Default, x2=35.1 1
+ ANL/BNL, x2=62.0 |
—— FrAbs, x?=46.4 i

—— FrAbs+Q? y2=33.7 |

Frinel, x2=47.2 .

Frinel+Q?, =34.9 ]

do/dQ? (cm?GeV?nucleon)

15F

1.00

------- Frinel+Q? y?=13.8 ] ar RN\ Frinel+Q? x2=28.2

1; 27

oo o5 { ¢ ¢ 63 i ¢ {544 L Ll R TS R
8o 0.5 1.0 1.5 8o 0.5 1.0 15

Q* (GeV?) Q* (GeV?)

x10°% x10°%
25T ‘ —_— : _—
b 20 —— MINERVA p,CCI° ]

—— Default, x?=10.5 ]
—— ANL/BNL, x?=20.8 -
—— FrAbs, ¥=11.7 B
------- Frinel, x3=11.8

—— FrAbs+Q? ¥2=6.5
------- Frinel+Q? x2=6.4 |

0.53 —
vy — 0'8.70‘ ——35 To 15
? (GeV? 2 (GeV?
GENIE2126 Y 5xiv1903.01558 ¢
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Meet the Generators

=
NEUT 54.0 Valencia: Rein-Sehgal +  Bodek-Yang Pythia 5 Tuned
- 1p1h+RPA lepton mass low Q2 Salcedo-Oset
- 2p2h effects cascade
GENIE v3.0.4 Valencia: Rein-Sehgal Bodek-Yang AGKY+Pythia 6 | Tuned
G1810a_0211 + - 1p1h+RPA 16 resonances | low Q? effective
bug-fixed splines = - 2p2h non-interfering single
(BC Tuned) interaction
(hA)
NuWRO v19.02 - Benhar SF w/  Delta + Pythia Bodek-Yang Pythia 6 Tuned
opt. pot. Low W low Q? Salcedo-Oset
- Valencia: cascade
RPA & 2p2h

L. Pickering 17



Notable Recent Developments

—] [

e NEUT:

o Nieves Iplh, LFG nuclear model
o Improved multi-pion production from BC tune
o MK pion production, Bug fixes in R-S pion production

L. Pickering 18



Notable Recent Developments

Phys. Rev. C 100, 015505 (2019)

== =
e NEUT. o ]

o Nieves Iplh, LFG nuclear model o8}

o Improved multi-pion production from BC tune : o7

o MK pion production, Bug fixes in R-S pion production 5 :
e NuWro: | e e

o Updates to spectral function / Y= HH:Labzooz :’HJLM;OOS .

o Update of FSI cascade by comparison to nuclear R lSetl

transparency data.
o Integration of electron scattering simulation.
L. Pickering 19


https://indico.ectstar.eu/event/53/contributions/1182/attachments/799/1032/niewczas_060619.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.015505

Notable Recent Developments

Phys. Rev. C 100, 015505 (2019)
=

—
e NEUT. o ]
o Nieves Iplh, LFG nuclear model o8}
o Improved multi-pion production from BC tune : o7
o MK pion production, Bug fixes in R-S pion production 5 ::
e NuWro: 2] 5
o Updates to spectral function / Y= HH:Labzooz :HJLM;OOS —
o Update of FSI cascade by comparison to nuclear R lSetl
transparency data. T d m‘:gzéfciwaenx 1 E = 0.96] GeV & 0= 37.5°
o Integration of electron scattering simulation. ; 72:“”‘ T VData  ~Total -QE
e GENIE: §°°°° 11 I:w; MEC  -RES  ~Other
o Version 3 released! : "'s Default j] Improved
o Extensive v-N tuning to bubble chamber data | } :.-"“"‘. ] -t
o Many improvements to electron scattering | 7 1 o
simulation (c.f. Or Hen e4nu Plenary) T f’[fE‘.E-(G,V,‘ fﬁf,ﬁ
o Some significant bug fixes S *Genie R-2_12_10

A. Papadopoulou @ Nulntl8 | Pickering 20


https://indico.ectstar.eu/event/53/contributions/1182/attachments/799/1032/niewczas_060619.pdf
https://indico.cern.ch/event/703880/contributions/3159098/attachments/1736740/2809339/apapadop_NuInt2018_LAquila.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.015505

What we want out of comparisons to data

| . . . . -
e Range of: §oaf mend o s
O Neutrino energies g 3l
<

=}

g’ MICHIGAN STATE
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What we want out of comparisons to data

e Range of:

O Neutrino energies
O Targets

UNIVERSITY L. Pickering 22



What we want out of comparisons to data

e Range of:

Neutrino energies

Targets
Final state topologies
Observable projections

o O O O

UNIVERSITY L. Pickering 23



What we want out of comparisons to data

—

e Range of:

Neutrino energies

Y

Targets
Final state topologies

o Observable projections
e Sensitivity to:

o Model choice

oy,c (107 em?nucleon™

o O O

o Free parameter central values ’%“ NEUT 5.4.0 E
o Free parameter uncertainties = o e =33 ]
-8 § ...... RFG X%?FG = 45.8 é
o X%’F =10.0 E

©O B N W A 0O O N
T T

O T

! I I
0.2 0.4 0.6

& MICHIGAN STATE T2K data: PRD98, 032003 (2018)
UNITVERSITY Plot arXivii810.06043
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What we want out of comparlsons to data

-

e Range of:

Neutrino energies

-1

nucleon

Targets
Final state topologies

o Observable projections
e Sensitivity to:

o Model choice

oy, (107%em?

o O O

o Free parameter central values '%“ Z_ | NEUTS.40 B E

o Free parameter uncertainties 09{ 5 il Xjrc =33 ¢

e Ability to make quantitative IS i A UE belt
statements about GOF i !

e Give nature fewer placesto 13 \\_‘\ E
hide! e e o "%, (Glle V;

S
S

UNIVERSITY Plots:arXivi810.06043

2 MICHIGAN STATE T2K data: PRD98, 032003 (2018) MINERVA data:

-39
‘7’1\ 8 >:(10 T T T T T T T T T
® 75 i NEUT540

O GE A i 4 WINERvA 7
5 g i ——LFG Xirg =621 E
o S5F P RFG  Xhrg = 3215
S  4ES i ——SF X&r=1049 E
= g E
NE 3K =
e E
ola” ’ E
o8 1 _:
0 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
0 0102 03 04 05 06 07 08 09 1
3p, (GeV)

PRL 121 (2018) no.2, 022504
L. Pickering 25



Comparisons to Bubble Chamber data

—
e (quasi-)free of any nuclear effects. 5[ ANL, PRD 26 537, CCQE
o [ .
o Granular reconstruction and unambiguous ”5200%# NuWro 19.02, x*~59/48 bins
(] .
final state topologies. E 3 GENIE 3.0.4, 7°~76/48 bins
Z i m NEUT 5.4.0, x?>=83/48 bins
o Allows tuning of ‘primary’ neutrino 100 %
nucleon/part interaction. I *’i?_
L +;:;
O_ R T s i SO0 ecet el
0.5 1 1.5 ) 2 5
Q(‘.(‘.OF (GeV )
m |-
o » ANL, PRD 28 11 (1983), p+m*+1°
s 150 m .
s N NuWro 19.02, x2=9/8 bins
g i GENIE 3.0.4, x2=10/8 bins
c 10 .
2 F NEUT 5.4.0, x?=11/8 bins
= [
- ‘:F_:l ‘

OO

£’ MICHIGAN STATE
UNIVERSITY p, (GeV)




Comparisons to Bubble Chamber data

—

final state topologies.

o Allows tuning of ‘primary’ neutrino
nucleon/part interaction.

(quasi-)free of any nuclear effects.
o Granular reconstruction and unambiguous

N
p—
QI\ |o\\
J

Number of events

umber of events

V]
()

T A—’@ T T T
=32

0

ANL, PRD 26 537, CCQE
NuWro 19.02, x?>=59/48 bins
GENIE 3.0.4, x?>=76/48 bins
NEUT 5.4.0, x?>=83/48 bins

b, — erirel
2 2 2
CCOE (Gev )
L ANL, PRD 28 11 (1983), p+m*+70
15 =
i NuWro 19.02, x2=9/8 bins
] 0: GENIE 3.0.4, x2=10/8 bins
NEUT 5.4.0, x2=11/8 bins
L '_-_—I
07 | | | | | | | ‘
0 1 2 3 4
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Comparisons to Bubble Chamber data

-

\\\“ r
R

(quasi-)free of any nuclear effects.
o Granular reconstruction and unambiguous

final state topologies.

o Allows tuning of ‘primary’ neutrino

nucleon/part interaction.

umber of events

/

Data is old with large statistical errors

and often unknown systematic errors

(largely flux).

MICHIGAN STATE
UNIVERSITY

Number of events

100

200 %#

ANL, PRD 26 537, CCQE
NuWro 19.02, x?>=59/48 bins
GENIE 3.0.4, x?>=76/48 bins
NEUT 5.4.0, x?>=83/48 bins

CCOE (Gev )

i ANL, PRD 28 11 (1983), p+7*+1
15 p=

i NuWro 19.02, x2=9/8 bins
1 O: GENIE 3.0.4, x2=10/8 bins

NEUT 5.4.0, x2=11/8 bins
L t—:l
L | L | L | L | ‘
00 1 2 3 4
p, (GeV)
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Comparisons to Bubble Chamber data

-

e (quasi-)free of any nuclear effects.
o Granular reconstruction and unambiguous
final state topologies.

o Allows tuning of ‘primary’ neutrino
nucleon/part interaction.

e Data is old with large statistical errors

and often unknown systematic errors
(largely flux).

e GENIE v3 provides tuned models
through extensive comparisons to a
wide range of BC data.

g’ MICHIGAN STATE
UNIVERSITY

umber of events

Number of events

100

/

200 %#

ANL, PRD 26 537, CCQE
NuWro 19.02, x?>=59/48 bins
GENIE 3.0.4, x?>=76/48 bins
NEUT 5.4.0, x?>=83/48 bins

O oo b — erirel
2 2 2
CCOE (GCV )
L ANL, PRD 28 11 (1983), p+m*+70
15 p=
i NuWro 19.02, x2=9/8 bins
] 0: GENIE 3.0.4, x2=10/8 bins
NEUT 5.4.0, x2=11/8 bins
L t—:l
07 | L | L | L | ‘
0 1 2 3 4
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https://hep.ph.liv.ac.uk/~costasa/genie/tunes.html

Let’s Play... y-by-eye!
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Let’s Play... x-by-eye!

e F[or each ‘data set’, guess which MC prediction fits the data better.
S - ' ' 7 SoisF 3
§ —@®— Data o § —®— Data f§
2 MC A 5 MC A
O @]
0.1 0.1

0.05

Something (A.U.)

0.05

Something (A.U.)

L. Pickering 31



How About Now??

[

Data set a Data set 3
correlation matrix correlation matrix

L. Pickering 32



What you expected?

[
30.15 -— T T T T - T T T T T T —- 30'15 C T T T T T T T T T ]
<v' —e— Data o $ —e— Data
g —— MCAY2=26 g —— MCA ¥2=22x10*
S  —— MCBy2=16x10 3 ——— MCB %2 = 1.1x10?
0.1 0.1
0.05 I 0.05 I
0 0 ’
Something (A.U.)
5 5 25 1 =
_ E E 09 &
Systematic parameter = 2 08 .
allows shift in a = 07 Systematic parameter
15 06 allows normalization

Something. e.g.

0.5
separation energy 10 04 change. e.g. flux
03 uncertainty.
5 0.2

0.1

= MICHIGAN STATE L -
UNIVERSITY Bin number Bin number L pICkerlﬂg 33




Nuclear data: MiniBooNE CCQE

Data sets without published correlated
errors are difficult to use in a global fit.

MiniBooNE CCQE(like):

(@]

Many bins, no published error matrix.

PRD 81 092005

d’c 2
dTudcoseu(cm IGeY)

25

PRD 93 072010

s MiniBooNE data (5N;=10.7%)

I:I MiniBooNE data with shape error

Ximin/ NDOF
All 117.9/228
MINERVA 30.3/13
[MiniBooNE | 65.7/212 |
v 69.1/142
7 46.1/83
MvA vs MB| 117.9/228
vV VsV

117.9/228 | pickering 34



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.092005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072010

Nuclear data: MiniBooNE CCQE

Data sets without published correlated
errors are difficult to use in a global fit.

MiniBooNE CCQE(like):
o Many bins, no published error matrix.

o What should the contribution to the global GOF be
m Fully uncorrelated: ~ 3, ,;..(Data—MC)?

m Fully correlated: ~ > icpin:(Data—MC)7/NBins
o Inreality, probably somewhere in between.

o If used naively, will incorrectly dominate a tune and
more data won't help...

But, we want to use the information that
this data holds, so cannot just ignore it...

PRD 81 092005

d’c 2
dTudcoseu(cm IGeY)

25

PRD 93 072010

s MiniBooNE data (5N;=10.7%)

I:I MiniBooNE data with shape error

2 /
Xmin/ NDOF

All 117.9/228
MINERvA | 30.3/13
[MiniBooNE | 65.7/212 |
v 69.1/142
U 46.1/83
MvA vs MB| 117.9/228
vV VSV

117.9/228 | pickering 35



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.092005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072010

MiniBooNE CCQE-Like

[
. -0.3<cos(6,)<-0.2 O MiniBooNE, PRD 81 092005 (2010), v,CCQE-Like
e Not possible to 20! "
NuWro 19.02
calculate useful 8 s GENIE 3.0.4
GOF, so I'm not e " NEUT 5.4.0
. ! < . -0.2<cos(e;,)<-0.1 [ -0.1<cos(6,)<0 [ 0<cos(6,)<0.1 0.1<cos(6,)<0.2
gOIﬂg to attempt 3 20 20;— 20:-
tO - 10 10 + 10 :*+
< A f* g
(] The data here |S 8 0 3}, 1 15 2 % os 1 15 2 %05 1 15 2 15 2
o~ 0.2<cos(6,)<0.3 [ 0.3<cos(6,)<0.4 [ 0.4<cos(6,)<0.5 0.5<cos(9“)<0 6
the ‘less corrected” £ = 20/ = 20}%
] + [ o i
CCQE-like data: o R ‘°E*=-* 10 et wi-m
¢ ® b ©Y = Y —
o NoO pionless § I T T 0.5‘! 1 15 2 © EE;—**'?' 15 2 © :**5"" ‘ 2
p O 0.6<cos(6,)<0.7 [ + 0.7<cos(6,)<0.8 [ ++ +0 .8<cos(6,)<0.9 tﬁg 9< cos(e )<1
=) g S : g
delta decay a " A wp Ay & #{fﬁ
. B %G :r"=+ 10}%! ':_+ 10’—§.,:I Ei{, 10 ﬁ i
subtraction S G < . k ﬂﬁ#
* : 0 —A—A—l—n—t—t—t—:&m 0 I | Hieie 0. 0

(SU bset Of M EC " os ! 15 e 05 1 p}l5(Ge2v/c)05 1 15 2
diagrams). L. Pickering 36



MINERVA Opi

neutrino-mode

e Transverse and
longitudinal lepton
momenta

(@)

Kinematics
observed by
detector: minimal
correction required
Sensitive to energy
and momentum
transfer in a known
flux

0.15

" cm? GeV? c2/A x10%

'p

t

do/dp

0.2

o
o

o
o
a

o

b
3

o
'

<
w

o ©
g

v
3

w o

N

-

o

-

0< p: < 0.075 GeV

2 4 6 8 10

. MINERvVA, PRD 99 012004 (2019), quCOn
NuWro 19.02, x?=345/144 bins
GENIE 3.0.4, %°=440/144 bins
NEUT 5.4.0, x?>=640/144 bins

3

0.075 < p: <0.15 GeV 0.15< p: <0.25 GeV 2r 0.25 < p: <0.325 GeV 0.325 < p: < 0.4 GeV
1 + + 4
1.5 2 =
= = B J »i;
4 4 - &
0.5 1
A ;’F ** 0.5¢ 4:...‘ =
—— == —— o *1—'
2 4 6 8 10 %2 4 6 8 10 g 2 4 6 8 10 %2 4 6 8 10
H +T+ 0.4<p)<0475GeV| 3 E}«} 0.475 < p!, < 0.55 GeV ﬁ 0.55 < p} < 0.7 GeV 2 — P 0.8 <p) <0.85 GeV
= i+ 2F b 15E 4
& 2 = E &
2 & 1; 4 ki =
& 1 = - 05F o
e o I e, E O
L 0 1 L I 0 L 1 h 0 Fo L h
2 4 6 : 8 10 o2 4 fj 8 10, 05 2 4 6M 8 100.01,.2 4 6p 8 10
,* 0.85<p <1GeV 1<p;<125GeV | o . 1.25 <p) < 1.5 GeV 0.008 1 1.5<pl <2.5GeV
& 0.2 ﬁ 0.03F 0.006
il 6 0.02[ PH‘ l— 0.004 [- =
"' .*_ &f - 0.01F 0.002 E_l—:
o 0 I s, ‘ : | L e ——
5 10 15 20 5 10 15 20 5 10 15 20
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MINERVA Opi

neutrino-mode

Transverse and
longitudinal lepton
momenta

0.2

0.15

o
o

o
o
a

b
o o

0< p: < 0.075 GeV

2 4 6 8 1

NuWro 19.02, x?=345/144 bins
GENIE 3.0.4, %°=440/144 bins
NEUT 5.4.0, x?=640/144 bins

« MINERVA, PRD 99 012004 (2019), VMCCOn

3

[«}]
o
o
-
. . 0.075 < p!' < 0.15 GeV 0.15 < p" < 0.25 GeV 2r 0.25 < p" < 0.325 GeV 0.325 < p" < 0.4 GeV
o Kinematics :0.4E FreEs ‘ﬁi& A 1.s+ﬁii " | A
033l ‘e B oy
observed by ~ o2 +; sl T Ooe
. . 0 2 L 7 5EF e -
detector: minimal = . e CF ™
t- . d l> gé lll é 8 10 Oé 4 6 8 10 4 2 4 6 8 10 0»2 4 6 8 10
correction require ) %fﬁ 0.4 < p} <0.475 GeV 3&%} 0.475 < p! < 0.55 GeV ﬁ 0.55 < p! < 0.7 GeV 2 o 0.8 < p! < 0.85 GeV
o Sensitivetoenergy ©O :I7c i 2 B 155 A b
o i+ £
and momentum E ¢ L P a 8 5 I
Re iy el
transfer in a known = S B S S S TN S N N A S S S N P N S S BT
flux jb_"" ik 0.85 <p! < 1Gev ' 1<p! <125 GeV 0:04 125<pi<15GeV | b 15 <pl <25 Gev
) ) i
Predicted ~well for % O_Si
bulk of distribution: = 4 .
. 5 10 15
o Higher angle poorly.

predicted

L. Pickering 38



MINERVA Opi neutrino-mode

30 . =
0 0 <p, <0.075 GeV NuWro 19.02, x?=345/144 bins
. . —_— -
o MaJOI’Ity of N 1o0f ﬂ GENIE 3.0.4, x2=440/144 bins
H -
. E 0 - mm— ——
difference comes @ | NEUT 5.4.0, x=640/144 bins
= . ; .
. c 2 L 15 20 4 30 30
frorn h|gh angle o 0.075 < pl. < 0.15 GeV 0.15 < p! < 0.25 GeV 0.25 < p! < 0.325 GeV 0.325 < p < 0.4 GeV
-~ 20} 20 20 20F
. il .
bins ® 1o f 10 0f 0 o
3 — .._‘ %
2 o:"""L P ] 0 = — '.,,-‘::'_ oﬂ".ﬂ -
£ L — s
-10 1 1 1 -10 L L L -10 1 1 1 -10 L 1
O 3 5 10 15 20 . 5 10 15 o 5 10 15 oy 5 10 15 20
~ o.4<p$<o.475 GeV 0.475<p:<0.55 GeV| 0.55<p:<0.7 GeV 0.8<p¥<0.85 GeV
; 20 20 20 20 |
~ (e — |
- 10F f 10 I:L' 10 10 I:
o ot o D o pEm= N — -
s [ : | [N—
=2 -10 : : : -10 : : ] -10 : : : -10 ; :
aQ = 5 10 15 20 o 5 10 15 20 oo 5 10 15 B0 e 10 15 20
- 0.85 < p: <1GeV 1< pi <1.25 GeV " 1.25< p: <1.5GeV _15< pﬁ <2.5GeV
E 200 20 20 _—
O 1of 10 10 | I
= == — | 50
No 0 "r:l-"n.:——’_ 0 e 0 == e e 1
x_10£ L L L _10£ L L _10£ -u L L 0L._._.'._IJ L I )
< 5 10 15 20 10 H15 20 5 10 15 20 5 10 15 20
(GeV/c)

MICHIGAN STATE
UNIVERSITY

\\\“ r
R
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MINERVA Opi neutrino-mode

wob 0<p, <0.075 GeV NuWro 19.02, x2=345/144 bins
. . —_— =
e Majority of g 10 ﬂ GENIE 3.0.4, x2=440/144 bins
difference comes g NEUT 5.4.0, 2=640/144 bins
. c 30 30
from hlgh aﬂgle 0.15 < p < 0.25 GeV 0.25 < p' < 0.325 GeV 0.325 < p" < 0.4 GeV
w T 20 T 20l T
bins. B o o o
Q o oMl L
e Could mask out 5 1. B
| o 0 . 5 10 15 20
bad bIﬂS, but when E ol 0.8 <p! <0.85 GeV
3 g
to stop p-hacking... ¢ v ; 0 —
o oF' " oE‘ﬂ-H——:_.
]
_g _;8 5 10 15 2 _;8 10 15 3 1‘;'8 5 10 15 20
- 0.85<p’ <1GeV 1< pi <1.25 GeV " 1.25 < p’ < 1.5 GeV _15< p’; <2.5GeV
= 20F g 20 20 ! ook
O 10f 10 10 | I |_,_
— 50_
NO 0 .':1..I:l_=_‘_=’ 0 ‘7'5-_-;._‘:,—: Y] P S— [ -
x_ﬂ)ﬁ : p : —10£ L L _10£ f . = 0, -"J ) !
< 5 10 15 20 5 10 H15(G20V/ ) 10 15 20 5 10 15 20
ev/c
# \|CHIGAN STATE P

D>

UNIVERSITY
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[

MINERVA Opi anti-neutrino-mode

+-by-eye GOF seems

worse (to me) than
calculated GOF.

Possibly because of

PPP:

(@)

Smaller MC
normalization can

give ‘artificially’ low

x> if uncertainty is
not fully
characterized.

Need to be wary of
PPP when fitting.

—
6))

x107% x10~%
< | 0015<p'<025Gev| < | 025<p'<0.4Gev
(\é) 2‘ NO 2_
% | > [
c(\'? 1 c(\? 1+-é
5 1 5 ¥ &
%f Fm: %f .
SO0 1589 5 10
b P, (GeV/c) © P, (GeV/c)
L x10°% L X107
L M L n
% 2H+ 0.7 <p. <1GeV N: A 1<pl<1.5GeV
5
o | © | ma
o | ¢* a L
Qn. . == Q7 (Yol e e
sO05 0 1589 510
© P, (GeV/c) © P, (GeV/c)

tl

do/dpp cm? GeV?2 c2 /A

x1

0—39

1

0.4 < pi < 0.7 GeV

o't

i

G s

&

05 10 15
o (GeV/c)

MINERVA, PRD 97, 052002 (2C

NuWro 19.02, x2=79/58 bins

GENIE 3.0.4, x2=91/58 bins

NEUT 5.4.0, x2=88/58 bins
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MINERVA 1pi neutrino-mode

e MINERVA have released a number of pion datasets, each with multiple projections
o Lots of information, much more than shown here.

o Fairly poorly predicted all around.
e arXiv:1903.01558: discusses some of the difficulties seen fitting these data.

—e— MINERVA, v, ", y?=16/8 bins —e— GENIE v3.0.4, ’=10/8 bins NEUT 5.4.0,72=16/8 bins ~ —e— MINERVA, v, 1", ?=27/7 bins —e— GENIE v3.0.4, x2=12/7 bins NEUT 5.4.0, ¥2=23/7 bins
wdforns. NUWFO 19.02, x2=30/9 bins o MINERVA, v,Na*, x2=28/9 bins NEUT 5.4.0, 2=35/0 bins e NUWF0 19.02, y2=22/7 bins  wwdfons MINERVA, v, N, x2=25/7 bins NEUT 5.4.0, 2=71/7 bins
coeeiorns NUWFO 19.02, 32=38/8 bing  «w-snee GENIE v3.0.4, x2=37/8 bins MINERVA, V10, x2=30/8 binS  swsreue NUWFO 19.02, 12=36/7 bins -+ GENIE v3.0.4, x2=75/7 bins MINERVA, v, 1, £3293/7 bins

= 1 '5 I T— Y 1 .5

© g « .

S L — o«

3 1 © 1 |

© = S : I

T

05

O q00 200 300

T, (MeV)
L. Pickering 42
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Single Transverse Variables

—] =

e Recentinterestin
lepton-hadron correlations:

o Can be more sensitive to certain . 3D Projection U Transverse Plane 17
effects than \ i_ 4
lepton-/hadron-only

o Efficiency/smearing corrections
need to be treated with more
care.

e Direction/magnitude of
momentum imbalance is
sensitive to initial and final
state effects PRD 98 032003 (2018).

UNIVERSITY L. Pickering 43



Transverse missing momentum

[

—y

X
—
|
[
©

T2K, PRD 98 032003 (2018), v,CCOnNp

e Signhal phase space cuts chosen for
detector capabilities:

NuWro 19.02, ¥?=65/8 bins

GENIE 3.0.4, ¥>=18/8 bins

(cm? nucleon” GeV' ¢)
o o™

o Results in less model-dependent efficiency 4i ] NEUT 5.4.0, 2-6/8 bins
correction. -+ tf
o T2K: gg 2. L
m 500MeV<p, 0 N
m 250 MeV < py,1<cos(d) <-0.6 5p, (GeV c™)
o  MINERVA: _ gx10°%
= 450 <p_ <1200 MeV, 0 <8 < 70° & o —
= 15<pu<10GeV,0<0<20° ~—u ¢ e@ T e
3 4H+ l% NEUT 5.4.0, x2=79/24 bins
£ t}k
g oo By,
P e
O I [T B | —e— .
0 0.5 1 1.5 2
g’ MICHIGAN STATE 8p. (GeVic)
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Transverse missing momentum  MINERvA: PRLI2I (2018)

2,022504 -
1.2

L

—

08<C
o6 8
o

3p_ (GeV/c)

e MINERVA error matrix provides a tight
shape constraint around the peak which
drives the high GOF.

04
02
0

~-0.2

04

-0.6
-0.8

L £ i -
0. 0.6 0.8 1 1.2 1
SpT (GeV/c)

—39

_ gx10

c

8 MINERvA PRL 121 (2018) 022504, VMCCOTENp
) L

> ——— NuWro 19.02, x2=102/24 bins
£ 6

§ L +.H ———— GENIE 3.0.4, x?>=85/24 bins
(0] 1

(O] 4«L+ $ NEUT 5.4.0, ¥>=79/24 bins
N\ e

E i W

L I

o 25 ta.

[Ze) - )

Q il

©

© ——

O | T | ——

0 0.5 1 15 2
g’ MICHIGAN STATE 8p_. (GeV/c)
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Transverse missing momentum  MINERvA: PRLI2I (2018)

2,022504 -
1.2

—

e MINERVA error matrix provides a tight
shape constraint around the peak which
drives the high GOF.

e Equivalent matrix for the T2K result

-0.6
exhibits anti-correlations between ke b ZI_?B
. . 0 ’ ’ GeV/c
neighbouring bins: T2K: PRD9S, 032003 (2018)
o More expected for uncertainties that cause bin | g

migrations.

= =07 = T~ —oT — 05

ﬁ MICHIGAN STATE 22 ol
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MINERVA CClInclusive: Low recoil

—

[

Interesting/enlightening
projections:

MINERvVA, PRD 116, 071802 (2016), vHCCInc NuWro 19.02, x2=1200/67 bins

GENIE 3.0.4, x°>=1300/67 bins NEUT 5.4.0, x°>=4100/67 bins

o Inclusive models described 4 4 4
x10 x10 x10
by g0/93 < 0<q<0.2GeV | < 0.2<q,<0.3 GeV | < 0.3<q,<0.4 GeV
o Butrequires % 4 % 4 i % 4 +%
= =
model—depgndent | t 2 t oo A t o L'ﬁ_,_
reconstruction of EAvail & B il 2 &
k.. N g Al s~ AR I N ‘ s
and true momentum g Q01 02 03 049 D 01 02 03 04¥ b 01 02 03 04
8 E... (GeV) § E.. (GeV) E.... (GeV)
tra nsfe r. © avail avail avail
) x10°* x10°* x10~*
e GCOF is awful for all 5 | 0.4<q<0.5GeV | T | 110.5<q<0.6GeV| T | 0.6<q,<0.8 GeV
Y 4f L 2 4+ ¥4t
g . S 4 il > M 4] > 7
available models: 3 ,i . § 8 8 | +f_§
o Inconclusive when 5 2%’ = B 2;++J L £ 2 e
. . N - N z & =
comparing one bad fit to 2 A IR BN SN T e, N aa
) & Q02 04 06 08Y D 02 04 06 084 D 02 04 06 08
anOther bad flt 3 Eavail (GeV) 3 Eavail (GeV) 3 Eavail (GeV)

MICHIGAN STATE
UNIVERSITY

-
S
(5
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MINERVA CClInclusive: Low recoil

Interesting/enlightening

projections:

(@)

Inclusive models described

by q0/93

But requires
model-dependent
reconstruction of EAvail
and true momentum
transfer.

GOF is awful for all
available models;

@]

Inconclusive when
comparing one bad fit to
another bad fit.

MICHIGAN STATE

UNIVERSITY

x10742 x107*2
O.2<q3<0.3 GeV

0. 3<q <0.4 GeV

f*a

|||||||\
00 . 0 03 04
GeV)

T T T A T T
-
.p.

do/dE,,d, cm? GeV ¢ /A
\S}
]
I =

do/d Em,,q3 cm? GeV? ¢ /A
N

ava|l (

Low energy transfer region especially poorly predicted.
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MINERVA CClInclusive: Low recoil

7

%

»

A

do/dE,, q, (cm*/A Per 1 GeV?/ ¢)

do/dE , q, (cm?/A Per 1 GeV%/ ¢)

X102

' 0<q,<02 GeV/e

GENIE v3.0.4
(x> = 1250/67 bins)

MINERvVA

S

\so llllllllllllllllllllllll

(PRL 116, 071802)
% 0.1 0.2 03 4
EA\'A (Ge

X1942 T 1 1

- 'l' O.5<q3<0.6 GeV/c A
4 — c—
yoy _'
S S—y 0.6

ICHIGAN STATE

<=

N

I
IVERSITY

. 0.8
E,, (GeV)

do/dE,, q, (cm*A Per 1 GeV?/¢)

3

q_(cm’A Per 1 GeV¥ ¢)

V.

do/dE

x«x0®
6 O.2<q%<0.3 GeV/c]
4 GENIE v2.12.10 |
C ——— Default+ EmpMEC 7]
2I- (> = 2830/67 bins) -]
% o 0.2 03
E,. (GeV)
x10~+ . . :
i + 0.5<q3<0.6 GeV/c ]
A _
2_. pa—
0 0.2 0.4 0.6 0.8
E,. (GeV)

do/dE , g, (cm’/A Per 1 GeV%/¢)

do/dE, g, (cm*/A Per 1 GeV¥/c¢)

6

0 0.1 0.2 0.3 0.4
E,, (GeV)
X] (')42 1 1 1
4 _l_‘_lg.6<q%<0.8 GeV/c =
3 + =
2 -+ =
i = =
——— n
O " L " 1 " L
0 0.2 0.4 0.6 0.8
E,, (GeV)

X107

0324 04 GVl

NUISANCE feb9b96a
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Comparisons to Nuclear data: MicroBooNE

Liquid Argon is a key
detector technology for
the next generation of

experiments
o Need to understand neutrino
interactions on Ar40 target.

Data release:
o Reconstructed distributions
o True-»reco folding matrix

Potentially useful
technique to reduce
model bias in published
data.

do/dp;**° cm? GeV' c/A x10%°

MicroBooNE, arXiv:1905.09694, v,CCinc
NuWro 19.02, x?=73/37 bins

GENIE 3.0.4, x°=84/37 bins

NEUT 5.4.0, x?=87/37 bins

4 ? 1<c0s(6,)<-0.5 4 -0.5<cos(6,)<0 [ 0O<cos(8,)<0.27
s 3 r
2F 2 5
1 1 [ o
s “Ben °
0 05 y 5 3 25 0 05 § 75 5 25 0 05 j 5 3 25
10 0.27<c0s(6,)<0.45 E 0.45<c08(6,)<0.62 5E + 0.62<c0s(6,)<0.76
E 10F E i
L £ 10~
5 L i L
C . 5 5
0 o
E 9 cF ! F
0 05 y 5 3 25 o 05 1 15 2 25 % 05 1 5 2 25
- 0.76<c05(6,)<0.86 20( 0.86<c08(6,)<0.94 20 0.94<cos(6,)<1
E — 151 = 15 i
10} + 10F e == 10 +
5t — 50 5
|l = = ‘ ‘ ;
% 05 j 15 3 25 ] 1. 25 % 05 i 15 3 25

°p;93'3 (GeV/c)
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What is needed from Data Measurements

| —
e Minimize model bias while maximising
efficacy of data:
o Lots of recent and rediscovered work on robust
statistical techniques to avoid bias in unfolding.
o Thoughtfully chosen observable event
projections:
' MICHIGAN STATE
] L. Pickering 51




What is needed from Data Measurements

—

e Minimize model bias while maximising

efficacy of data:
o Lots of recent and rediscovered work on robust
statistical techniques to avoid bias in unfolding.
o Thoughtfully chosen observable event

projections: .
m  What can a detector measure with good, ® o1 oz 03 g4 05
well-understood efficiency? x107%

T2K, PRD 98 032003 (2018), v,CCOnNp

m  What projections require minimum
interaction model-dependent corrections?

o Sensible phase space restrictions.

NuWro 19.02, ?=65/8 bins

GENIE 3.0.4, x?>=18/8 bins

NEUT 5.4.0, x?=6/8 bins

(cm? nucleon GeV'¢)
o o
| T |\ ‘ 17 ‘
—] ]

N
|
o
4

do

T
N
[ B

o 05

dop

o
T

]
5p.. (GeV c’)
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What is needed from Data Measurements

- _—
e Minimize model bias while maximising : B¢
efficacy of data: g o4l s
o Lots of recent and rediscovered work on robust 03 ‘ 242
statistical techniques to avoid bias in unfolding. o] | 02
o Thoughtfully chosen observable event 01’ '-’ :Z.:
projections: |l 170.8

m  \What can a detector measure with good,
well-understood efficiency?
m  What projections require minimum
interaction model-dependent corrections?
o Sensible phase space restrictions.
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What is needed from Data Measurements

[

-

\\\“ r
R

Minimize model bias while maximising
efficacy of data:

(@)

Lots of recent and rediscovered work on robust
statistical techniques to avoid bias in unfolding.
Thoughtfully chosen observable event
projections:
m  \What can a detector measure with good,
well-understood efficiency?
m  What projections require minimum
interaction model-dependent corrections?
Sensible phase space restrictions.
Publish correlated errors wherever possible:
m Between projections

m Between datasets.
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Future: 1

—] [

e |ast few years seen increase in sophistication of Opi analyses
o Lepton/hadron correlations
o Less Model-dependent selections and projections
o Would be very useful to see similar renaissance in pion production datasets.

e Future MicroBooNE (and SBND) data sets will be critical for model
builders to benchmark and develop before DUNE and Fermilab Short
Baseline program.

L. Pickering 55



Future: 2

e These last two years have seen an uptick in model development:
o GENIE tuning, v3, NEUT and NuWro model developments, ECT* Trento workshops
o Lots of progress due to closer interaction with theory community, need to continue!

—y

e But given how much LBL programs will rely on the predictions and

uncertainties, the community is quite under person-powered...
o Plenty of room for important work and novel intellectual contribution

e Can learn a lot of the necessary nuclear physics from electron
scattering: GENIE + NuUWro have e-A modes, ongoing work by e4nu.

e See what GiBUU has to say for itself...
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Summary

—y

e The loftiest goals of neutrino oscillation physics depend on the

accuracy of event generator predictions and associated
uncertainties.

e Recent UU—)OqT data releases have been more statistically robust, but

GOF between available models is generally poor

o Room for improvement in generator predictions, xsec analyses and data releases
and global fitting methodology.

o Correct, correlated errors are a comparators best friend!

e More recent work on removing assumptions in generator
factorization and implementing state-of-the-art predictions is
promising!
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Thanks for listening
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https://doi.org/10.1016/j.physrep.2018.08.003
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Signal definitions

o 12K:1802.05078
« MINERVA: 1805.05486

e (GENIE norm may not be quite right to a few %, its fine
for here, but probably not best to show these plots as is
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Stuck pion rate: da
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do/dpn,. (cm?/GeVc!/ A)
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More pn

e Also wanted to look at stuck pi vs. 2p2h

o GiBUU predicts no second peak for
QEL, but NEUT does.

e And FSI/Nuclear momentum/binding
model changes:

o LFG/SF in NEUT qualitatively similar,
contrary to NuWro

do/dpn,,, (cm*/ GeVel/ A)

o FSI mostly interacts with signal
selections
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**** NuWro w/ LFG

e May be interesting to look at energy
evoliitinn acwell (cee lact RACKI IP)
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MINERVA 1pi neutrino-mode

PRD 92 092008 -
e Forthecharged pion analyses: g 2~ o g
N o . . . uH) 1.6;— Sim. Background g 70? _ﬁsx:sigj ng:
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or samples (m+, O, u, v):
o Difficult to consistently use
together in a meta-analysis.

15
projection...? i

10F / j#

doldT, (10*2 cm?MeVinucleon)

056160150200 350 300 350 400
F MICHIGAN STATE Pion Kinetic Energy (MeV) _
UNIVERSITY L. Pickering 64



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092008

MiniBooNE 1Pi+
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MINERVA: Initial state neutron momentum

Momentum imbalance in
all three dimensions is
sensitive to initial state
fermi nucleon

momentum distribution.
o GOF is poor for all models.
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