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Focus of this lectures

« There is not time to cover all the interesting physics
associated with neutrino interaction modelling in generators

« You'll get a slightly biased choice of topics!

« We'll stay mostly qualitative, I'll try to give a conceptual
overview of the topics most relevant to ongoing experiments

« Lofts of places to learn more:

K. McFarland’s Lectures
S. Boyd's Lectures
T. Golan's thesis

* INSS lecture slides

« From eV to EeV (Formaggio and Zeller)
 NUSTEC White Paper

« Xsecs for Oscillations (Katori and Martini) G. Megias’ thesis

« e-scat vs nu-scat (SUSAv2 group) GiBUU based summairies (1,2)

« Semi-inclusive interactions (Donnelly talk at ECT* 2018)
(Which | liberally borrowed material from when making these slides!)
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https://npc.fnal.gov/inss/
https://npc.fnal.gov/inss/
https://arxiv.org/abs/1706.03621
https://arxiv.org/abs/1611.07770
https://arxiv.org/abs/1912.10612
https://indico.ectstar.eu/event/19/contributions/221/attachments/293/393/Trento2018_Donnelly.pdf
https://arxiv.org/abs/0804.3899
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/stuff/neutrinolectures/
https://warwick.ac.uk/fac/sci/physics/staff/academic/boyd/stuff/neutrinolectures/
https://idus.us.es/handle/11441/74826
https://arxiv.org/pdf/1602.00696.pdf
https://arxiv.org/pdf/1605.09391.pdf

Overview

* Inputs to Generators: Neutrino-nucleon interactions
o QE, RES and DIS

* Inputs to Generators: Neutrino-nucleus interactions
o Nuclear effects

* Neutrino event generators
o Filling in gaps in our inputs

« Benchmarking generators with measurements
o Inclusive successes and exclusive failures

« Why do we caree¢
o Neutrino interactions for neutrino oscillations

« Don't Panic! The future of neutrino interaction simulations
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Overview

* Inputs to Generators: Neutrino-nucleon interactions
o QE, RES and DIS
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Recap of neutrino scattering

Point-like: Masters Nucleus: very hard

homework problem /,/\.\
n p

Nucleon: mostly harmless

« Cross-Sections for point-like neutrino scattering with electrons or
quarks are relatively easy to calculate

* In most experiments, neutrinos interact with nucleons or a nucleus
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Recap of neutrino scattering

/g/\\:\ ‘ /r@\;\
Point-like: Masters Nucleus: very hard

homework problem -

Nucleon: mostly harmless

« Cross-Sections for point-like neutrino scattering with electrons or
quarks are relatively easy to calculate

* In most experiments, neutrinos interact with nucleons or a nucleus

* Next slides describe our baseline models for simulating neutrino-
nucleon interactions that go into event generators
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Neutrino nucleon scattering [SGIZQS;;}Q’S}
PROTON

DEEP INELASTIC
“QUARKS”
. (v = energy transfer,

Q 2 LJ sometimes called g,
— and sometimes v)

2m
CCQE CCRES CCDIS
(Quasi-elastic Scattering) (Resonant Meson Production) (Deep Inelastic Scattering)
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Increasing Energy Transfer
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QUOS"@'OST'C SCOTTGI’IHQ [See Aoron’slec’rures}

\\// . Let’s work with the “easiest”
Vi H neutrino-nucleon interaction: CCQE

I

W i (= charged current quasi elastic)
1
1

/\\ M W i 1 :
. p i pTACR S OLRICACRLY
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QUOS"@'OST'C SCOTTGI’IHQ [See Aoron’slec’rures}

Let’'s work with the “easiest”
neutrino-nucleon interaction: CCQE

(= charged current quasi elastic)

ol

1 _
MN_M_Z [u”yu(l —

8 My,

Vs)uv] [ap(--- )un]

There are four parts of this
matrix element

(1) The coupling factor,

which determines the
interaction strength

%

(2) The propagator,
accounting for the w
exchange

1
My,

It also has some other
parts at higher energies

)
ALSO WHAT?
ANY

“4

(3) The leptonic current, which
helps violate Parity and ..., uh
comes from

\
- WELL, UMM...
|

... Its pretty important
in QFT

/
A\

%

3\
[ﬁuyu (1 -ys)u,]

(4) The hadronic current, it
[mumble mumble] extended

objects [mumble mumble]
THATS NOT A SENTENCE.
YOU JusT SAID ‘RADIO—

- And those are the four
parts of the matrix
element!

\ Y
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https://xkcd.com/1489/

Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

€f2V 55
oM

f3V 'B‘i‘fA’Y ’75+&q Y5 -{-fé—A(PpB—FPT’?)’)%] Un,

Q+M

M = (M, + M,,) /2 q=py —pu=PF,— P, § = pp — fin U“V:%hua’)’y]

& is the difference between proton and neutron anomalous magnetic moments

« Along and horrible expression for generalised [ See Aaron's lectures ]
scattering of an extended object

« The f factors are the “form factors”

o Their Fourier transform represent a physical distribution
o Dipole — exponential

«  Most can be constrained via electron scattering with one exception
o Their Fourier transform represent a physical distribution
o fa. We guess the form ofl One free parameter: M, \
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

Equation shamelessly lifted from

T h e h O d ro n iC C U rre n-l- G. Perdue’s other 2012 INSS lecture

€f2V 55
2M

Jav ¢" + fa” 75+&q Vs +J%—A(P5+Pf)75] Un

J _uP [flV’Y +io e M M M
1
MZ(Mp+Mn)/2 q:pu_pu:Pp_Pn lej’p_:un O.pwzg[,yu,,yl/]

& is the difference between proton and neutron anomalous magnetic moments

« Along and horrible expression for generalised [ See Aaron's lectures ]
scattering of an extended object

« The f factors are the “form factors”

o Their Fourier transform represent a physical distribution
o Dipole — exponential

PACS 21 \
PACS 18 erratum

/Aside: recent lattice QCD updates

NME 21
1.2 RQCD20
. X I Mai
« Some generators benefit from recent 101 %%T a2 LHPC 17
calculations from LQCD 2 0 %
K ) - E?

. , 0.6 1
« These suggest a dipole doesn’t work nnual Review of Nucl Sl f l] fi 1{;5
232

tod HH =

) ) 0-47particle Science 2022 72:1, 205-
\ « See Aaron’s slides for more details! 0.00 025 0.50 0.75 100)

Q*/GeV?
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https://indico.phys.vt.edu/event/21/contributions/361/attachments/266/317/Perdue-INSS2012-NuXS-L2-v3.pdf

lectures

Llewellyn-Smith CCQE [sA

« Putting this all together gets us to the cross section for
neutrino-nucleon interactions we have in our generators:

do (vn-uz p) AIZG2c0320 [A(q2)¥B(q2)(s —u) C(Q )(s_u)z]
dlq | 8wE? M? M

vp-'t'n v
(s—u=4ME + q*—m?).

Neutrino reactions at accelerator energies, Llewellyn Smith, 1972

t2
A (I = 15aP) + iz (vl +€ 1favl? + £l + 46Re (v f5v))
32
16]%16 fovl

1
B~ (Re(fivfi) +ERe(fav f))1 C =y (lfwlz NPT L{ﬁ )

« It's along expression, but only one unknown (in a dipole model): M
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Neutrino nucleon scaftering [Sﬁicﬁ‘&[‘;?’s]
PROTON

Elastic
DEEP INELASTIC
“QUARKS”
FS.
a? w
2m
CCQE CCRES CCDIS
(Quasi-elastic Scattering) (Rescanon’r Mesonl Production) (Deep Inelastic Scattering)

: W !

W + Wi

1 T I

1 n 1

Increasing Energy Transfer
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lectures

Resonant Pion Production [SM}
CCRES

CC Single Pion Production (SPP) final states

vup = prt,  Tup—pipm
I/Mn—>,u_p7r0, ?“p—>,u+n7r0

-t +o = e
vy — 0 nm, U,n— Wi nm

D. Rein and L. Sehgal, Ann. Phys.
133, 79 (1981)

Stephen Dolan
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Neutrinos can excite a nucleon into a
resonance state, which decays to give a
nucleon + meson final state

The dominant resonance is A(1232) but
others can conftribute, as can non-
resonant pion production

And the conftributions from each should
have interference terms ...

Resonance models are complicated!

Whilst CCQE scattering on the nucleon
can described fully with 1 variable the
multi-particle final state for SPP requires 4.

do Contains polar
and azimuthall

dWdQ2dQ, “  ande
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Resonant Pion Production  |%egnooss

lectures

CCRES

Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)
« The model’s used in today’s neutrino generators
are often based on an approximate model from

the 1970s

ficing theoretical adequacy for simplicity. We
shall choose a relativistic theory which is naive
and obviously wrong in its s’»imglicigxI but which
is definite and in which we can calculate as many
things as possible - not expecting the results to

agree exactly with experiment, but to see how

closely our “shadow of the truth” equation gives

a partial reflection of reality. In our attempt to
maintain simplicity, we shall evidently have to
violate known principles of a complete relativistic
field theory (for example, unitarity). We shall
attempt to modify our calculated results in a gen-
eral way to allow, in a vague way. for these errors.
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Resonant Pion Production See Minoo's

lectures

CCRES

 New theory calculations tuned to precision electron
scattering data are on the horizon
o E.g.: MK model at NUINT 2022

« The axial component remains a challenge

cosf,*=0.9 cosf,*=0.7 cosf,* =0.5 cosf,* =0.3 cosf,* =0.1
o)
=
1=
¥
B
3lIg
W cosf,* =-0.1 cosf,* =-0.3 cosf,* =-0.5 cos0,* =-0.7 1.2 14 1.6
o i B N —— J-lab data
S o — MK model
ol 1= — — —
M 68% Cl
0
IrgwperiaI1C20II<ege1L“'ondont6 ! 2 4 61 1\7\/ (dé\/)’lin%% Kgabirnez1h2ad 4 16
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https://indico.cern.ch/event/881216/contributions/5048824/attachments/2537315/4367139/NuInt2022.pdf

Neutrino nucleon scattering [ *gtime:)
PROTON

Elastic
DEEP INELASTIC
“QUARKS”
FS.
a? w
2m
CCQE CCRES CCDIS
(Quasi-elastic Scattering) (Rescanon’r Mesonl Production) (Deep Inelastic Scattering)

: W !

W + Wi

1 T I

1 n 1

Increasing Energy Transfer
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Deep inelastic scattering  [sghineos

lectures
CCDIS

« Given enough energy, neutrinos can resolve the
quarks within a nucleon. This is deep inelastic
scattering.

« At high energies, the inclusive (i.e. integrating
over possible hadronic final states) cross-section
is fairly well understood (perturbative QCD):

nucleon Hadron
Shower

d?ov:V B G%ME,,
dedy  m(1+ Q2 /M3, 5)?

y2_22$F1($7 QQ) + (1 I ]\;Iz'y) FQ(xan) ]
+y (1 - %) 2F3(z, Q%)

Bjorken x and y

Q2 Q2
& = 3Mv — 2ME,y
Yy = Fhaa/E,

Q?* = —mi +2E,(E, — p, cosb,)
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Deep Inelastic scattering see Minoo's

lectures
CCDIS

- Atlow energies (or actually low Q%) QCD
becomes non- perturbative.

« Bodek-Yang: extrapolate down to low Q2
assuming some parametrised scaling. Fix the
details with e-scattering, apply to v- scattering

« But this is an empirical treatment that comes

= - o with uncertainties
N .25“049
v?.; C .-rf""h._" -
S = % — No Correction
0.2
T s e
¥ - by LELLT o N
L \ ~= NEUT Simulation
b ey
~ C ="
L i =
Sk \ H
3|S” BY Corect e
= [+ C
= orre ion S
0 0.5 1”“1.5“”2I 25 3 IIIS.E;I”4”“4‘._.§IAI_I_I>5
Q 2 (G e Vz) https://arxiv.org/abs/1012.0261
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https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS

The hadronic side of DIS interactions requires
more empirical freatments

Often the PYTHIA generator is used, but this is
really built for much higher energies than used in
most neutrino experiments

1 https://arxiv.org/abs/1012.0261
T. Katori

Stephen Dolan
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https://arxiv.org/abs/1012.0261

Deep Inelastic scattering

CCDIS « The hadronic side of DIS interactions requires

more empirical treatments

« Often the PYTHIA generator is used, but this is
really built for much higher energies than used in
most neutrino experiments

nucleon Hadron

“I would not trust PYTHIA for anything with less than 6 pions”

S. Prestel (a PYTHIA author)

https://arxiv.org/abs/1012.0261

Stephen Dolan
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Deep Inelastic scattering

CCDIS K030 LI LT LN L L LN BN LN SN L LN 'x
, : 'g_ 0.25 - Number of pionsin =
- DIS events at DUNE 1
0.20 -
- (From GENIE Ar23 tune) A
0.15 |~ -
0.10 f— —f
P nucleon Hadron 0.05 :_ _:
Y B I S e -

T 6 7 8
Number of piory

“I would not trust PYTHIA for anything with less than 6 pions”

e
N
w
H
()]

S. Prestel (a PYTHIA author)

https://arxiv.org/abs/1012.0261
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https://arxiv.org/abs/1012.0261

Future (“°Ar)

X'.Oﬁ.,.,..,.. .
3 —CCINC -
Zoaf- SBND —goorwen |
S| —conr ] e Low-W, CCOmt and A region
—ccois | well covered by SBN data

! « Timely data to guide

ongoing theory efforts

‘w@evy  * DUNE (ND here) has a
significant high-W

—r r ] r T3
—CC-INC

=t DUNE —ccag+2p2n | component
g I —CC-RES
> T — CC-Nn "
—ccois ] * Not well covered by theory

* No relevant data on “°Ar

0.5

23

0 1 2 '
DraqonsIW @)

W = hadronic invariant mass
NuSTEC Summer School, CERN, June 2024

C. Wilkinson, NuPhys 2018
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Summary so far

«  Weak Interactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

Stephen Dolan NuSTEC Summer School, CERN, June 2024 24




Summary so far

«  Weak Interactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

* Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess
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Overview

* Inputs to Generators: Neutrino-nucleus interactions
o Nuclear effects

Charge Exchange

Elastic
Scattering

Absbrption

Stephen Dolan NuSTEC Summer School, CERN, June 2024




Beyond nucleon scattering

Point-like: Masters Nucleus: very hard

homework problem /,/\\
n p

Nucleon: mostly harmless

* |leave most details to other talks (e.g. Noemi's and Kajetan's)

« Here we will just do a little bit of nuclear effect zoology to see what
goes into our generators

Stephen Dolan NuSTEC Summer School, CERN, June 2024 )




Beyond nucleon scattering

* |leave most details to other talks (e.g. Noemi's and Kajetan’s)

« Here we will just do a little bit of nuclear effect zoology to see what
goes into our generators

Stephen Dolan NuSTEC Summer School, CERN, June 2024 28




Nuclear effects in a nutshell

« Fermi Motion o
012 RFG =—— |1
o Nucleons are moving targets o 041} LFG — |-
o Their momenta are not so different g 0.08 | SF — |
fhan typical E, for our experiments ... 8 (g |
£ oo04}
0.02 |
0

0O 0102 03 04 05 06 0.7 0.8
Nucleon momentum [GeV/c]

‘. q
-~ @
W ]
°. @
o -
o 0 ¢
o
Fermi
Motion
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Nuclear effects in a nutshell

=100

[0
o

[«2]
o

N
o

* Nuclear removal energy
o Nucleons are bound inside the nucleus

Removal Energy (Enmiss) [MeV
N
o

0 L1 1 11
0 50 100 150 200 250 300 350 400
Nucleon momentum (pmiss) [MeV /c]

o Some amount of energy is needed to

free them 100 T T T
: = RFG °

o Most models predict that removal energy ~ % g
and Fermi motion should be correlated 5 60 [ -
?40 — -

4 - i

23] _

T 00 7

S -

g 0 " PRI (S ST S H S ST SN S N N PRSI BTSSR

x 0 50 100 150 200 250 300

Nucleon momentum (pmiss) [MeV /c]
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https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via%3Dihub

Nuclear effects In nu’rshell°"”w°"ff°e

Scattering

Abs&rption

pion Production

&

-
 Final Stat Interactions (FSI) \V\/,l/
o Hadrons don't exit the nucleus cleanly
o They can re-interact inside the nucleus w

n -0

o ¢

p

@

o Distorts kinematics and changes the final state topology @
o Full calculation also changes inclusive cross section ':
O

31
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Nuclear effects in a nutshell

« Multi-nucleon Interactions

o Nucleons are interacting with each other
inside the nucleus

o Some interactions are with nucleons
bound together somehow

o Multi-nucleon “2p2h” final states

N. Rocco INSS 2019

NuSTEC Summer School, CERN, June 2024 32
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https://indico.fnal.gov/event/19346/contributions/51548/attachments/32048/39314/Noemi_Rocco_Lepton_nucleus_cross_section_theory.pdf

Nuclear effects in a nutshell

Phys. Rev. C 70, 055503“2}\

- Additional Correlations
o ‘longrange” intferactions between v

nucleons can act to shield target = %6¢ ' ' ' -
8 - 0.98 < cos 6 <1.00 .

o Difficult physics, usually 2 05 CRPAGENIE
. . > r &« e === GENIE w RPA n
parameterised and freated via 8 o4l iphi. e GENIEWORPA
"RPA" (random phase approximation) E - —— T2K Data -
S 03 -

T2 020 o Tl e e ]

o § - N

B2 0.1F =

— ok | 1., ,Plat credit;,0. Pags

1 1 1 1 1 1 1 I 1 1 1
.0 0.5 1.0 1.5 2.0 25 3.0

Muon Momentum [GeV]

33

Stephen Dolan NuSTEC Summer School, CERN, June 2024




Nuclear effects in a nutshell

Phys. Rev. C 100, 045501
ZO.9<|c:os9I <1.d |
i /7
20'W PB, N w/o PB

u

1

do/(dcos®. dT )(10” cm’/GeV)

states that are already filled B

A
o Reduction of cross section af low energy v v

transfer Borrowed from K. McFarland’s INSS 2014 lectures

- Pauvuli Blocking A, / 4
. . YR
o Nucleons cannot be excited into nuclear NI
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https://indico.cern.ch/event/300715/contributions/686791/attachments/566741/780675/INSS_2014.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case
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Conseguences of nuclear effects

Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

Fermi motion spreads the cross
section, removal energy shifts it!

Response /
LN

—_
o
o

o]
o

N
N
=,
o)
3
Nucleus LL‘]E 60
> —
w >
/ = 40
1 Q
1 <
I 53]
I = 20
|| Nucleon 2
1} . IS Ol b b b
3 \ M2 / w & 0 50 100 150 200 250 300 350 400
Q %\ N Reminder: w = energy fransfer Nucleon momentum (pmiss) [MeV /c]
=
300 MeV

Fig. from N. Jachowicz
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf
https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via%3Dihub

Conseqgquences of nuclear effects

« Altered cross section i
o Nuclear effects significantly alter the cross v " ”
section with respect to the nucleon case AVEEAY S @ )
RPA and Pauli blocking further suppresses Q

the cross section at low energy transfers .
Low energy fransfer region
L DL L L AL L L \' L A

Response 0.6 a

< - -

Elastic 5 - . 0.98 < cos 6 < 1.00 .

QE 2 05 - s e GENIE .

: 3 C = —— T2K Data .

K : - : e GENIEWRPA -

; Nucleus E O F .l ]

4 E pel a

w t 03fF ¢ I -

S C i o S i T g

V4 A DIS % r E . _‘.1 s o paltt T

Sy 1 0§ Reer e _

N = E .

g + .

" Nucleon N o 'g: 0.1 . + .

w Bla b ]

Q2 R inder: w = t f 3 00 ;J ............................ .
— Sominder. = energy franster 00 05 10 15 20 25 30

300 MeV

X . Muon Momentum [GeV]
Fig. from N. Jachowicz
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf

Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

2p2h adds a contribution where there
previously wasn't any “the dip region”

Response
Elastic
QE A

Nucleus

w

Nucleon

w
Reminder: w = energy fransfer

+—

300 MeV
Fig. from N. Jachowicz
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https://indico.mitp.uni-mainz.de/event/324/contributions/4413/attachments/3252/3941/jachowiczmainz.pdf

Conseqgquences of nuclear effects

Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

Electron scattering data

E=560 MeV, 6=60°, 4gp=508 MeV/e
5000 © 0" g 0 T

T

§ 0.56

4000F “dip region’

10.54
3000 _
0.52
2000F :

2p2h adds a contribution where there ok
previously wasn't any “the dip region” '

“ 305

40.48

oA iamesil o caRe O 5
—— \ % 0.1 0.2 0.3 04

DIS

ucleus

- 00

Nucleon

>

w
Reminder: w = energy fransfer

+—>

300 MeV

Fig. from N. Jachowicz
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Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

* Increased dimensionality
o Less constrained particle kinematics

v l v [
\/ \/'/
w é Y
2 @
n p " .o P
* ¢ @
& ®
dO'Vg dso-v{’
dQ>2 dQ(k")dQ(py)dE,’

CCQE on the nucleon is fully

constrained with one kinematic variable CCQE on the nucleus needs five!
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Conseqgquences of nuclear effects

« Altered cross section

o Nuclear effects significantly alter the cross
section with respect to the nucleon case

* Increased dimensionality
o Less constrained particle kinematics

« Altered hadronic final state

o Final state intferactions hide/distort the
interaction channel

CCQE CCRES
v l v l
\éw/ \§W/
o & »
n S & D n .e &8 P
. @ a 4 =
o F \.0 ﬁ/ é \,

Final state interactions (FSI) can cause different interaction
modes to have the same final state

Stephen Dolan

Charge Exchange ©
-, Elastic
Scattering

Absérption

pion Production

Interaction Interaction
Modes Topologies
N \\//ccmr

CCQE v (CCQE-like)
/:/\;\ /@\
\/'/ \‘\/'/ cClm

CCRES W; wi (CCRES like)

B " T
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Overview

« Neutrino event generators
o Filling in gaps in our inputs

UNIVERSAL NEUTRINO GENERATOR

SSICRAT

Stephen Dolan
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Meet the generators

Stephen Dolan

UNIVERSAL NEUTRINO GENERATO!
& GLOBAL FIT

s
R
[~
0
o
<
2
[

NuWro
*

\
\
°
»
©
-
)
c
o
©

W

ACHhilLES GiBUU

ﬁfxperimen’rs model all this using neutrino interaction event genercﬂors\

/

Used by T2K, SK, Hyper-K

Updated according to
experiments needs

Very widely used

Large dev team separate
from experiments

« Few devel

« Wide range of models available
* Driven by theory

opers
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event genercﬂors\

7 NuWro [ amams gmms 3 gmam
* * Poit e et 8o B e e
L L
~ Yo |
3 v
o © i
0 -
by \ V/ °
c
s \ o ;
= / © -
1 . &
°°t R
oA ri no 3 N

UNIVERSAL NEUTRINO GENERATOR

GENIE NuWro ACHhiIILES GiBUU
2 i /

New generator from theorists
Only QE for the moment, but with novel FSI
e/nu-scattering equivalence built in from the ground-up

Stephen Dolan

« Full theory in its own right

« Predicts nu/e/hadron scattering in the same framework
« Very different philosophy to other generators

 Few developers
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event generators\

Id
NuWro | oo s
. N ‘ PATar
- g ETH
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Y »
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Ing v
o
c
2 \ v
/ e
’l«o “
¢ ®
tp; e
UNIVERSAL NEUTRINO GENERATOR n [+ €

GENIE NuWro ACHhilLES GiBUU /

* Most generators contain many possible model configurations
« "GENIE"” or "NEUT” on a plot does not imply a particular one

« These configs sometimes have ... creative naming schemes

o E.g. GENIE's "G21_11c_02_11b" model
o This page decodes some of them
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https://hep.ph.liv.ac.uk/~costasa/genie/tunes.html

Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event generators\

Id
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o
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/ e
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tp; e
UNIVERSAL NEUTRINO GENERATOR n [+ €

GENIE NuWro ACHhilLES GiBUU /

* To be used in experimental analyses, generators must be able
to produce fully exclusive neutrino interactions. l.e.:
o The full list of final state particles
o The 4-momentum of each one
o For all interaction channels
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Meet the generators

ﬁfxperimen’rs model all this using neutrino interaction event generators\

. NuWrg | i oo smmms & swmow
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UNIVERSAL NEUTRINO GENERATOR

GENIE NuWro ACHhilLES GiBUU /

* To be used in experimental analyses, generators must be able
to produce fully exclusive neutrino interactions. l.e.:
o The full list of final state particles
o The 4-momentum of each one
o For all interaction channels

* The generators take theory inputs where possible, but ultimately
ad-hoc approximations to “fill in the gaps” are needed
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Theory inputs

Four broad types of theory inputs to event generators:

o Nucleon-level calculation only
o Inclusive calculations
o Factorized calculations

o Exclusive calculations
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Neutrino-nucleon calculations

The most basic inputs are only neutrino-
nucleon calculations: no nuclear effects

&_ (Vn"Q p) M2G? COSze [A(q2)$8(q2)(s u) C(qz)(s_u)z]
M?

1% I dig?| “pp->'2*n 8wE2 M
TSN— (s—u=4ME,+q*—m?).
w Generators are forced to “dress” the
interaction with nuclear effects themselves
n 14
4 Luke’s python generator does exactly this!
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Neutrino-nucleon calculations

The most basic inputs are only neutrino-
nucleon calculations: no nuclear effects

&.( vn->Q~ P) M2G? COSzo [A(qz)IB(qz)(s u) C(qz)(s_u)z]
M?

v I dig?| \pp-'e*n 8T E? M
TSN— (s—u=4ME,+ q*—m?).
w Generators are forced to “dress” the
interaction with nuclear effects themselves
n 14
4 Luke’s python generator does exactly this!

This is often still the level of input we work with

E.Q.:
CCQE GENIEV2 or NEUT's “Smith-Moniz” Fermi gas model
All RES interactions in GENIE or NEUT
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here

Inclusive calculations come “pre-
integrated” over hadron kinematics
2 2 .=
dAO-Vl |k | G MJ‘W,LLO\"
dQ(F)dE, K] i

\// E.g. Inclusive quasielastic charged-current neutrino-nucleus

reactions, J. Nieves et al, 2004

g w Nuclear effects are “baked in” to the
g model used for the integration
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here
Inclusive calculations come “pre-
integrated” over hadron kinematics

d20',,1 |k | G2 7N

MmO )
Only predicts lepton kinematics! - ,w‘W ,
ype T_ dORE] |k AT
- ]—}- ——————— ~
(\ - l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
e - reactions, J. Nieves et al, 2004
g w Nuclear effects are “baked in” to the
g model used for the integration
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here
Inclusive calculations come “pre-

integrated” over hadron kinematics
d20',,1 |k | G2 7N

MmO )
Only predicts lepton kinematics! 2 w‘W ,
ype "S_ dORE] |k AT
- ‘[—}- ——————— ~
(\ - l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
T - reactions, J. Nieves et al, 2004
§ w Nuclear effects are “baked in” to the
. & model used for the integration
n s : p

This is what we have for most 2p2h and some
CCQE models
E.Q.:

SUSA or Valencia 2p2h

SuSAvV2 or CRPA in GENIE v3
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Exclusive calculations

Exclusive model: can describe all
final state particle kinematics

— T R
\ PR ~ o
” ~

\ 12}
@ /
\ n @ - p /
‘La® ¢ ——®
N ®- -
’
S o _
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Exclusive calculations

All of the nuclear dynamics still lives in here
Exclusive model: can describe all \

final state particle kT?Tci’rlcs A5, ) O(I;V“‘\"
N7 S~ aQ(R)dQ(py)dEy  HO -
7’ N\
7 \

’ v [ . : : :
/ ~— \\ E.g. Semi-inclusive charged-current neutrino-nucleus reactions, O.
\ Moreno et al, 2014

/ \
|' W . Some theory models can do this, e.g.
! ! Relativistic Mean Field (RMF)
° @
\\ n ) i p /I
N “==® / Byt now this is much more challenging to
AN _ - calculate and to implement in event generators
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Exclusive calculations

All of the nuclear dynamics still lives in here
Exclusive model: can describe all \

final state particle kT?Tci’rlcs A5, ) O(I;V“‘\"
N -7 ~~. aQ(k)dQ(py)dEyr Moo
7’ N\
e vV [ N

/ ~— \\ E.g. Semi-inclusive charged-current neutrino-nucleus reactions, O.
\ Moreno et al, 2014

/ \
|' W . Some theory models can do this, e.g.
! ! Relativistic Mean Field (RMF)
° @
\\ n ) i p /I
N “==® / Byt now this is much more challenging to
AN _ - calculate and to implement in event generators

No generator does this ...
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Exclusive calculations

All of the nuclear dynamics still lives in here
Exclusive model: can describe all \

final state particle kinematics 5 7N
_ 4oy ~L, JWHO
dQ(k')dQ(py)dE,r THOS_~
v [
\/ E.g. Semi-inclusive charged-current neutrino-nucleus reactions, O.
Moreno et al, 2014
g W Some theory models can do this, e.g.
Relativistic Mean Field (RMF)
o @
n s @. p
~ . @ But now this is much more challenging to

calculate and to implement in event generators

You might want to
fake a look at my
NEUT branch

No generator does this ...
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Factorized Calculations

Plane Wave Impulse Approximation (PWIA)

Exclusive model: can describe all
final state particle kinematics

- If we assume an inferaction with a single,
N~ N non-relativistic nucleon and that there’s
7y I \ no FSI or RPA correlations we can write

S TS— v the cross secftion like this:

/ \ 50.
\ ve ~S(E P )L,y WS(w + M — E ,
W : d.Q(k )dQ(pN)dE{; ( m pm) uv ( m = p)

/ Slngle nucleon tensor

A o ."‘}"’/ “Spectral Function” contraction
70 (no nuclear effects)

60
50
40
30
20
10

]
-
o
o

[0
o

[¢2]
o

N
o

e b b e b b v b v by v Ly aa g

o

Removal Energy (Emiss) [MeV
N
o

0 50 100 150 200 250 300 350 400
Nucleon momentum (Pmiss) [MeV /c]

Stephen Dolan NuSTEC Summer School, CERN, June 2024


https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via%3Dihub

Factorized Calculations

Exclusive model: can describe all
final state particle kinematics
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S
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Nucleon momentum (Pmiss) [MeV /c]

Plane Wave Impulse Approximation (PWIA)

If we assume an interaction with a single,
non-relativistic nucleon and that there's
no FSI or RPA correlations we can write
the cross section like this:

\ So-v{’

\ ~S(E,,, L, W&(w+M—E ,
: d.Q(k )d.Q(pN)dEg ( m pm) /1% ( m p)

Slngle nucleon tensor
contraction
(no nuclear effects)

“Spectral Function”

This is what some newer generators use for CCQE -
some predictive power for nucleon kinematics. An FSI
cascade is added on top ad hoc but this only affects
the nucleon.

E.g.
SFin NEUT
SFin NuWro
Starting point in Achilles
Fermi-gas QE in GENIE v3

Stephen Dolan
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics
can | calculate?

Nucleon-level Lepton and nucleon

calculation before FSI
Inclusive Lepton only

calculation

Factorized Lepton and nucleon

calculation before FSI
Exclusive Lepton and nucleon

calculation

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005

60
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics How accurate is
can | calculate? the calculation?

Nucleon-level Lepton and nucleon Do not trust!
calculation before FSI
Inclusive Lepton only As accurate as the
calculation underlying theory
Factorized Lepton and nucleon  Approximations can
calculation before FSI limit predications
Exclusive Lepton and nucleon  As accurate as the
calculation underlying theory

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005

61
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input  What kinematics How accurate is FSI/RPA?
can | calculate? the calculation?
Nucleon-level Lepton and nucleon Do not trust! Not included
calculation before FS
Inclusive Lepton only As accurate as the Can be included
calculation underlying theory
Factorized Lepton and nucleon  Approximations can Not without
calculation before FSI limit predications approximations*
Exclusive Lepton and nucleon  As accurate as the Can be included
calculation underlying theory

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics See e.g.: Phys. Rev. D 91, 033005

62
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What can | calculate@¢

« Summarising what the theory inputs give us:

Theory input

What kinematics
can | calculate?

How accurate is
the calculation?

FSI/RPA?

Example use in
generators

Nucleon-level
calculation

Inclusive
calculation

Factorized
calculation

Exclusive
calculation

Lepton and nucleon
before FSI

Lepton only

Lepton and nucleon
before FSI

Lepton and nucleon

Do not trust!

As accurate as the
underlying theory

Approximations can
limit predications

As accurate as the
underlying theory

Not included

Can be included

Not without
approximations*

Can be included

Most nonQE/2p2h +
older QE calcs.

Most 2p2h, SuSAv2 /
CRPA QE in GENIEvV3

SFQE in NEUT, NuWro,
AChilLES. Default QE in
GENIEv3

Not yet widely
available

* Possible to include in an ad-hoc way, but doesn’t reliably allow for a calculation for
alteration of outgoing nucleon kinematics

Stephen Dolan
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Filling In the gaps

« Generators take theory inputs where possible, but we found

these are often limited:
« Only capable of predicting a subset of observables
« Only valid within some range of kinematic phase space
* Only valid for certain processes

* Need to “fill in the gaps” to get to a useable event simulation
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Summary so far

«  Weak Inferactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

« Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess

« Neutrino-nucleus interactions
o Nuclear effects: there are lots of them, they significantly change the cross section
o Not all models can predict everything!
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Summary so far

«  Weak Inferactions with neutrinos
o Point-like scattering is “easy” to calculate
o Interactions with nucleons is more challenging due to their finite extent

« Neutrino-nucleon interactions
o QE: almost calculable with some form factors
o RES: much more difficult, lots of diagrams to consider
o DIS: easy for inclusive high Q2 hard at low Q2 hadronic side a total guess

« Neutrino-nucleus interactions
o Nuclear effects: there are lots of them, they significantly change the cross section
o Not all models can predict everything!

« Neutrino event generators
o Many generators on the market, each with different use cases
o Take theory where possible, but need to “fill the gaps” for a complete calculation
o This limits generators predictive power
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Example: 2p2h / Py

. d?c
 Theory give us:
(The “inclusive” cross section) dqodqs
Exclusi fi a0
° XCIUSIve Cross secrtion:.
(what we actually need) dqodqsdp.dp;

« How do we get therel?
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A generator’s view of an interaction
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A generator’s view of an interaction

‘ |
nuclear model | | primary interaction '|  hadronization i | hadron transport
— G i R = — LN R — —— - — — — ~— S— ——— — —

« Generators need to “dress” our primary inferaction with extra physics

Stephen Dolan NuSTEC Summer School, CERN, June 2024 69




Fermi moftion

« Choose nucleon(s) inside the nucleus bound with some
v removal energy and moving with some Fermi motion

g T i .
| N |
| N |
| || |
| © Ve
| nuclear model | | primary interactionl \ hadronization /I | hadron transport |
- Benhar SF — LFG
0.14
= REG NEUT 5.5.0, v,'60
0.12 RFG = |1
L2 9 % B - LFG ———
=
> I SF e
g 0.08
S 006 |
=
< 0.04
0.02
0 1 ! L H
0 90192 03 04 05 06 0.7 08

Nucleon momentum [GeV/c] Prnics (MeV/c)
miss
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Final state inferactions

s
1
1
l
@ ® i
nuclear model | | primary interactionl \ hadronization /I | hadron transport

— e e— e — e— e =’ — e — — — e e—— e

Charge Exchange ®
. Ly Elastic
Scattering

« We now have a nucleon inside the nucleus, but
it still needs to gets out: Final State Interactions

Pion Production

71
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e Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard b

®
. . . nt
ball scattering within the nucleus
v
\/’“ 0 .

: Absorpti
/____\/;ZY___\I _____ I/____\ J sorption
[ h I [ | S ,

' GI S e e
[ ) ' Il I . .

| @D Q? ® { 9 Pion Production

| hmflezﬂnoiel Jl | B-rim_a-ry in_tera_ctio_n/ ! \ _hadLoanatign /I I\haimriansgort/l
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Ly Elastic
Sca;tering

Final state inferactions

* |Infranuclear cascade models: classical billiard L

®
. . . nt
ball scattering within the nucleus
v
\/'v,l a .
zw Absorption
/————\/*\———\I _____ I/____\ ) p
| h ' I I E ,
l el S e o
| I | Ify I . .
: @D Q? ® ! .| Pion Production
| hmflezﬂnoiel Jl | ﬂrimiry in_tera_ctiog l \ _hadLoanatign /l l\hairoriansgort/l

1. Step the particle through the nucleus a distance
equal to its mean free path between interactions
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Ly Elastic
Sca;tering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

| « ) ~
| ) h I | - :
| @ hy | | Ify I ® °
| I | Ify I . .
Pion Production
: ® ?9 IR

S WO . SRR o SO lgsiiraipiin ) [ Simphin it oglls

1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it
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Ly Elastic
Sca;tering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

| « ) ~
| ) h I | - :
| @ hy | | Ify I ® °
| I | Ify I . .
Pion Production
: ® ?9 IR

S WO . SRR o SO lgsiiraipiin ) [ Simphin it oglls

1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it
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Ly Elastic
Sca;tering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

| « ) ~
| ) h I | - :
| @ hy | | Ify I ® °
| I | Ify I . .
Pion Production
: ® ?9 IR

S WO . SRR o SO lgsiiraipiin ) [ Simphin it oglls

1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it
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Charge Exchange °®
" Elastic
Sca;tering

Fmol s’rd’re m’reroc’nons

Reactlve (TunedFSl)

¢ (mb)

Reactive (OIdFSI)
Quasi-elastic
Absorption
Single CX

= Production

Pion Production

%200 400 600 800 1000 3200 1400 1600
n* Initial Momentum (MeV/c) 'l

Step the particle through the nucleus a distance
equal to its mean free path between interactions

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or

not, if it does choose a process according to its
Cross section

See e.g.: Phys. Rev. D 99, 052007
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Charge Exchange °®

Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

5 ‘:,
N 4 ¢ S .
i | S e o)
Il | B
Pion Production
® I
|

— o — " — w— o— NSRRI SRR J B TN DA

Absorption 1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

Abs&rption

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or
not, if it does choose a process according to its
Cross section

4. Generate the interaction
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Charge Exchange °®

Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

5 ‘:,
N 4 ¢ S .
i | S e o)
Il | B
Pion Production
® I
|

— o — " — w— o— NSRRI SRR J B TN DA

Charge Exchange 1. Step the parficle through the nucleus a distance
equal to its mean free path between interactions

Abs&rption

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or
not, if it does choose a process according to its
Cross section

4. Generate the interaction
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Charge Exchange °®

Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

5 ‘:,
N 4 ¢ S .
i | S e o)
Il | B
Pion Production
® I
|

— o — " — w— o— NSRRI SRR J B TN DA

Pion Production 1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

Abs&rption

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or
not, if it does choose a process according to its
Cross section

4. Generate the interaction
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Charge Exchange °®

Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

5 ‘:,
N 4 ¢ S .
i | S e o)
Il | B
Pion Production
® I
|

— o — " — w— o— NSRRI SRR J B TN DA

Elastic scatter 1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

Abs&rption

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or
not, if it does choose a process according to its
Cross section

4. Generate the interaction
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Charge Exchange °®

Elastic
Scattering

Final state inferactions

* |Infranuclear cascade models: classical billiard
ball scattering within the nucleus

5 ‘:,
N 4 ¢ S .
i | S e o)
Il | B
Pion Production
® I
|

— o — " — w— o— NSRRI SRR J B TN DA

1. Step the particle through the nucleus a distance
equal to its mean free path between interactions

Abs&rption

2. Check whether it's outside the nucleus, if it is add
this particle to the final state and stop FSI for it

3. Use MC methods to determine if it interacts or

not, if it does choose a process according to its
Cross section

4. Generate the interaction

5. Returnto 1.
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Ly Elastic
Sca;tering

Final state inferactions

* |Infranuclear cascade models: classical billiard

)
ball scattering within the nucleus
"\/vu

zZw Abssrption

| « ) ~
| ¥ H I | - :
| ) ! Il | ® o
| | I . .
' ' @$ : Pion Production
: | 1

S WO . SRR o SO lgsiiraipiin ) [ Simphin it oglls

« Note that FSlis totally factorised from the rest
of the interaction

« Unlike theory-tfreatments of FSI, cascades

don’'t change the cross section as a function
of lepton kinematics
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Example: 2p2h / Py

. d?c
 Theory give us:
(The “inclusive” cross section) dqodqs
Exclusi fi a0
° XCIUSIve Cross secrtion:.
(what we actually need) dqodqsdp.dp;

« How do we get therel?
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Example: 2p2h

. d?c
 Theory give us: —_—
(The “inclusive” cross section) dqodqs

Exclusi fi Lo
° XCIUSIve Cross secrtion:.
(what we actually need) dqodqsdp.dp;

« How do we get therel?

Generate remaining particle kinematics using a best-guess approach

« Sample struck nucleons 4-momenta independently from some spectral function

and combine into a 2-nucleon “cluster”
o Assumption: no correlations between nucleon’s momentum/energy

« Give 4-momentum transfer (qo, g3) to the cluster

« "“Decay” the cluster to two nucleons
o Assumption: momentum transfer shared evenly between the nucleons

« Put both nucleons through an FSI cascade

o Assumption: the FSI model is reasonable
o Assumption: FSI doesn’t change the inclusive cross section
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Examp\e 2p2h

1? Phys. Rev. C 102, 024601 [}’ 1:
Generator Sl omsiew W B Recent theory

12-

._‘
o

attempts at - Generator |[° calculation of

subleading proton
—

semi-exclusive _ ] 02, = semi-exclusive
Cross section 90 1 90 Ccross section

0 02 04 06 08 1 12 1.4 16 1.8 0 0204 06 08 1 12 14 16 18
\ p, [GeV] leading proton p, [GeV] leading proton /

Generate remaining particle kinematics using a best-guess approach

« Sample struck nucleons 4-momenta independently from some spectral function

and combine into a 2-nucleon “cluster”
o Assumption: no correlations between nucleon’s momentum/energy

« Give 4-momentum transfer (qo, g3) to the cluster

« "“Decay” the cluster to two nucleons
o Assumption: momentum transfer shared evenly between the nucleons

« Put both nucleons through an FSI cascade

o Assumption: the FSI model is reasonable
o Assumption: FSI doesn’t change the inclusive cross section
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A generator’s view of vN scattering

4
| \ |
nuclear model || primary interaction '\  hadronization | hadron transport |

— —— e— — =’ iy’ - — {— S ./ o o = s N il ——— —— Pt

» This approach allows generators to produce complete simulations from
incomplete theory inputs

« But, does it work?
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A generator’s view of vN scattering

« Generators do what they can with what they work with

« But the “gap filling” implies significant approximations
which limit their predictive power

* When relying on generators, it's crucial to consider what these
approximations are and to assign associated systematic uncertainties
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General rule of thumb

Lepton kinematics
(except maybe at low energy transfers)

Lepton-hadron correlations
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Overview

Stephen Dolan

Benchmarking generators with measurements

©)

Inclusive successes and exclusive failures

Steel Shield

EEEEEEE ow
M I
Side HCAL
| =5
Side ECAL Ei i
§ ;E g,__ v-Beam il § %
2| T £3 T T 82
3 5 P E' - £ 8 £
; ?,g Active Tracker E-E §§ EE |y §
3 Region H S ']
2 5 g s | = g Za
E|  Liquid .§g 8.3 tons total © Qe
8| Helium z ons | 30 tons ;i
Side ECAL 056 tons
Side HCAL 116 tons
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An experiment’s view of an inferaction

T2K

Final State

P\ /p

/¥

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016

« See Deborah’s talk for details on how these
measurements are made!
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CCOtT measurements

Interaction
Topologies

Interaction
Modes

Flux (10' /ecm?/GeV/102'POT)

CCQE v

(1 p‘IM

B, (GeV)

« Dominant community focus for
~10 years

/_< * The thing we know “best”

g'\ « Signal process for T2K/HK
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Which observablese

Just the muon?¢
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QOur current models vs data

Phys. Rev. D 99, 012004

. . = 4 15< p“/GeV <20 20< p"/GeV <25
CCO1m muon kinematics 3 —+— MINERVA Data
—+— Data: shape uncertainty O — MnvGENIE v1 )

0.70 < true COSGu <0.80 [ ] Flux normalization uncertainty 2 — QE Ns!
2T T T T T T T Martini et al ~ 2 _slessonant 3 |
- % C NS e Nieves et al NQ — 2p2h

5 (2 I T ZliZ\ —_ % 0 - = - 2p2h without fit
= |8 [ § , . .
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02F | B o
. i ] -OI— O .
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True P, (GeV) N %10 ! % 20

0.85 < true cos6, < 0.90 2
_ T e e e
ol : :

g0 |E - .
Slz ' 19.1016/j.physrep.2018.08.06% 1
o508l g sEe— . : :
2 [ ] —}— MINERvA CCQE+2p2h] pT (G eV)
\—;0_6L J < —— GENIE 2.12.0alt E
@ [ ] Qu —— NEUT53.6 ]
':’S § 0.4 . Ng 15 —— GiBUU E
-8‘ : ] :/ch): 10 NuWro 11q
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QOur current models vs data

Phys. Rev. D 99, 012004

. . = 4 15< p“/GeV <20 20< p”/GeV <25
CCOm muon kinematics | 3 —— MINERVA Data
—+— Data: shape uncertainty s — MnVGENIE v1
0.70 < true cosB, < 0.80 [ ] Flux normalization uncertainty S — QE
- i < 2 — Resonant
2T T T T T T T T T Martini et al ~ DIS
> Y & U (PR Nieves et al 2 S
wlz F 3 2p2h
52 1 > - - - 2p2h without fit
® |5 B N 5
T |O R O
— S 08 (E 35< pl(GeV <4.0
= -
~—— I (6]
@ 0.6:— %l x 2
CEM: o
ja=] '&0 4 =
A

0.2
00102 03 04 05 06 07 0
True P, (GeV)
0.85 < true cos6, < 0.90
S ) "L L L L B B IR g
i % 1.2: ]
g0 |E ] i
Slz ' 19.1016/j.physrep.2018.08.06) (
%2 - - 25x10’39
—|© 0.8 — T T T ]
2 F ] —}— MINERvA CCQE+2p2h]
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Forward Angles

« The very forward region is especially
sensitive to interactions with low
energy fransfer (w)

« Things don't look so good here ...

0, 0.93< coseu <1

n F T T T T T —T—1 .
c E —— GENIE v3 SuSa v2 (103.5)
|S 8E TZ/E\ -~ - NuWro SF (114.5)
g S 7F == NEUT LFG (44.8)
2 g 5 E — GIBUU (112.7)
'o -
O 4t
= C
D 3E
L8 2f
o|o
Q_i
©

10" 2x10™" 1 2 345
Muon momentum (GeV/c)
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Does this make sense@

We describe intermediate muon

0.70 < true cos6, < 0.80 . . . .
T e s kinematics in CCOm measurements quite
S E ] well with most models
AR '
'2 § 0.8:— E"""": —
N == Expectede
o | =+ —
%204_ eeaae :"""‘—;
= ]
0.2~ | =
717
True P, (GeV)
0.85 < true cos6, < 0.90
/‘?12-_' AR DL DL DAL AL DL B B | '_.-‘
S b E
=8 | ]
Ego.s} B
= = -
T 0.6 .
0|8 ]
-3'8‘0.4_— ]
A
L e —
0-..‘{’1...|...|...|...|...|...|.'
0 0.2 04 06 08 1 1.2 1.4
Truepll (GeV)
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dpdcosf

o

T
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dpdcos6
o o o
.T 1 OI\ LI |T LI

e ¢
[
T T T
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0 0.1 02

0.3

0.4
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0.85 < true cost <0.90
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RPN U SRR B
1 1.2 1.4

True P, (GeV)

Does this make sense@

We describe intermediate muon
kinematics in CCOm measurements quite
well with most models

Expected?

Yesl!

« Generator approximations are
reasonable

 The details of the hadron kinematics
don't matter so much

* The impact of FSlis small
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Does this make sense@

We describe forward going muon kinematics
in CCOm measurements badly in many models

06 T T L L B B LR 2
E . . 0.98 < cos 6 <1.00 = EXpeCTed )
2 05 - T T GENIE ]

2 C &= : —— T2K Data n
- 0.4 - E E--. ----- GENIE w RPA h
> - : .y i
V) B 5": gl l ]
T 03 it " -
"N & L e s s e S i
o 02f I S, P .
o* F F n
bl 0.1 + + .
“o|® C 1 7
o C pet 7]
8 0.0 "'I ............................ u

0.0 05 1.0 15 2.0 25 3.0
Muon Momentum [GeV] N
Models with RPA do better here
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Does this make sense@

We describe forward going muon kinematics
in CCOm measurements badly in many models

o BT ' T Expected?

g - 0.98 < cos 6 <1.00 ]

L 05 i e GENIE ]

2 E : : —— T2K Data n YeSI

'.'> 04 — E l . @02 Em GENIE w RPA E H

5} i .

E 03 § 2 i . .
R L] T i g_.f_-_::.;: =+ * Generatfor approximations for many
= 2p ¢ I e 1 models are not valid at low
oot + + - momentum transfer

§ 0 0 ;'l": ........................... .

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Hivon Homentum (G Models with RPA do better here

Makes sensel!

* Provides some modelling of physics
beyond the generator’'s approximations
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Which observablese

Lepton and protone

Correlations between the muon and proton kinematics allow us to
disentangle nuclear effects from neutrino energy
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Generators vs data: a horror story

* No generator can come close 1o See many more informative
describing global data measuring generator comparisons in the
|ep.|.on_h0dron correlations TENSIONS 2019 report (arxiv:2112.09194)

—— GENIE G1802a0211a, Xz/dof= 3535.69/67
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Does this make sense@

b| - 6 [heReLP98.032003 We describe lepton-nucleon
:;8 AT T2R nawro 11 EE correlations badly
. Jﬁ —+— Result - ]
= 193 | —LFG |7
5 C e RFG _:
: 2 ==SF 4
2 SOOI coves ovenvvowisovsnpoorcross e
r 03 04 05 06 07 08 09 1 11 4
= =
0 - 1 1. I e L
0 0.2 0.4 0.6 0.8 1
dp_ (GeV)
- 5 Phys. IR?V.l Lett. 121.022504
b‘o. 2 A
TR 45 i ° °
o “resur 3 Exclusive or factorized models do better here

— LFG
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Does this make sense@

P e o s e s e S We describe lepton-nucleon
U!b% NS A W: NuWro 11q | - correlations badly
T - —— Result - |
5 % (G TR o T RFG E E
g - I Yes!
2 = " S O T =
15— \ 03 04 05 06 07 08 09 1 11—5—
: ) : « Most of our models rely on ad-hoc
00 "0z oa 06 o8 1 model combinations to predict

nucleon kinematics

NuWro 11q -

+resut | 4 EXclusive or factorized models do better here
—— LFG ]

Makes sense!

« Fewer approximations in predictions of
nucleon kinematics

8p (GeV)
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What can we meaqgsure

| GENIE 2128, 6, cu (E,) », Flux (arbitrary norm.)
L — - Total - T2K: ND off-axis

e CC-RES I NOvA: ND off-axis
Interaction Interaction —— -
Modes Topologies

o(E,)/E, (10*®cm?nucleon 'GeV ™)

’./. » Key contributor to all experiments

9"\ « The thing we don’t understand well
- at all ...
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Pion production measurements

Similar story:

* Models generally able to predict

lepton kinematics reasonably well
o Evenin the forward region!

arXiv: 1803.08848 __
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CB GENIE
(e}
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=
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e
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9 1.5
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S 10
Q-'i -
3
o
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0.0

.0 __Phys. Rev. D 100, 072005

_ 0.90 <cos 6, <1.0

" ol

1 M .

A I P P P P P P P
0 02040608 1 12141618 2
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Phys. Rev. D 101, 012007
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Pion production measurements

102 Phys. Rev. D 100, 072005

Similar story: —~ 6
: S| ER ——v, CCn* (25.4/14) j
+ Models generally able to predict 5 K.
lepton kinematics reasonably well 3wl T e gl
o Evenin the forward region! |
ml!
: : : =z 0
« But pion kinematics are poorly 8
described across experiments
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So, how did we do?¢

Lepton kinematics
(except maybe at low energy transfers)

Lepton-hadron correlations
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Overview

« Why do we caree¢
o Neutrino interactions for neutrino oscillations

J&

v 7 "

SBN
Program DEEP UNDERGROUND

AN~ A —— NEUTRINO EXPERIMENT

T2
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

See Clarence’s lectures
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum

See Clarence’s lectures
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum

3. Differences in the cross section for v, /v, (and v/v)
« SO we can use v, appearance to probe CP-violation

See Clarence’s lectures
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Three things we need to model

(a non exhaustive list)

1. The energy dependence of neutrino cross sections
« So we know how to extrapolate from our near fo far detfectors

ﬂ/\odels differ by 5-10% in the region of interest for DUNE and Hyper-K \

« Significant, given the expected statistics for DUNE and Hyper-K
— GENIEV3 10a — GENIEV3 10b Plots adapted from: Eur. Phys. ). C 82,808 (2022)
— GENIEv2 — NEUT — NuWro
GiBUU — SuSAv2 — CRPA
ST T T T T T >
8 | 1 &
o ] o
2 = & °
‘E 10F P—_ U'C)
°© 1 Z
- ] 05
X 5k - |
wof
©
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Three things we need to model

(a non exhaustive list)

2. The smearing of our neutrino energy reconstruction
« So we can infer the shape of the oscillated spectrum

0.15 LI B R L L DL L R N BN DN RN A B RN B B
- Plots from C. }Nilkinson { —GENIE 10a —— GENIE 10b — GENIE 10c
I 1 —CRPA — SuSAv2 NEUT

— NuWro

_: « Significant model differences in
predictions for neutrino energy bias

0.05

—J ¢ Crucial to conftrol this for precision
' measurements of oscillated
spectrum
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Three things we need to model

(a non exhaustive list)

3. Differences in the cross section for v, /v, (and v/v)
« SO we can use v, appearance to probe CP-violation

-~

Stephen Dolan

(Ve/V,)/(ve/v,) “°Ar CCINC r

Ratio w.r.t. GENIE 10a

0.8

-
(S

' I Significant model differences in
1?‘ ] models at low neutrino energies

Tes 1 <+ Perhaps only asmallimpact on

---;ll-'f-];-l-'c--\;v:”;,-----'- —GENIE 10a — GENIE 10b — GENIE 10c
L ron e RO 1 crPa — SuSAv2 NEUT

— NuWro

I ]l + Likely to be the dominant
1 uncertainty on the v, event rate
for Hyper-K

o
[

= 5 dcp, DUt large on octant
- -_ determination

Phys. Rev. D 108, L031301
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Overview

v

5>
DON’T

PANIC

Don't Panic! The future of neutrino interaction simulations
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Path to Precision Measurements

Improved near detector Engagement with the
capabilities nuclear theory community

Downstream Magnetized Tracker

System for moving the LArTPC and tracker up to 30m transverse to the beam

Y

Dedicated lepton-nucleus cross-
section measurement programs

SBN

Program
$— P — 3
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Undetectable, you saye¢

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930

Stephen Dolan NuSTEC Summer School, CERN, June 2024 119




Well, have | got vs for you!

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930
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Well, have | got vs for you!

Phys. Rev. D 104, 092007

Using these criteria, a sample of{4,105.696]interactions
was selected. The simulation predicts an average selec-
tion efficiency of 64% in the p;-p;| phase space, where

“I have done something very bad today by proposing a particle that cannot be
detected; it is something no theorist should ever do.” Wolfgang Pauli, 1930
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Well, have | gof vs for you!

’8“ 4 0.00<p,<0.07 | 0.07 <p,<0.15 0.15<p, <025 0.25 <p, <0.33
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= 2 .‘
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X \ x 0.5 x 0.6 x 0.9 x 2.0
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& 2 © 150<p, <250 |
S !*!, —} MINERVA data —— MINERVA Tune v1
© 2 —— QE+2p2h Resonant
0 —— True DIS Soft DIS
4 10 20 40 604 10 20 40 60
—— Other CC

Muon Longitudinal Momentum (GeV/c) Phys. Rev. D 104, 092007
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Tailored electron scattering é#l/

Nature volume 599, pages565-570 (2021)

CEBAF

Large
Acceptance
Spectrometer

« QOur models are becoming more able to
make neutrino and electron scattering
predictions in the same framework

DC: Drift Chamber

?g::sl‘:m:::::lst?cug::rimour — _+_ Data
] SuSAv2 (Total)
' —QE —MEC
_ —RES —DIS
5
« New data from CLAS (e-scatting): 2
specifically to help better 3 05
understand neutrino scattering
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https://www-nature-com.ezproxy.cern.ch/

New models, new constraints

E—56O MeV 9 60 qQE—508 MeV/c 0.94 < COS(G )<0.98

07

(=3
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L 1 = o -
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0 0.1 0.2 0.3 0.4 0 1 2 3
w (GeV) p, (GeV)

 New models, successful in describing electron scattering data,
are now being implemented in neutrino interaction simulations

Such models that describe e™ and v interactions in the same
framework can be directly constrained by precision e~ data

* New theoretical efforts are allowing models to be more
predictive
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Improved near detectors

DUNE Near Detector Upgraded T2K/Hyper-K
Near Detector

Downstream Magnetized Tracker

NN

UA1 Magnet Yoke

1N

# 1 | POD ECal Barrel ECal
ToF
ND-LAr | \\

Array of modular ) HA-TPC
LArTPCs. |
NUP- syper-FGD
POD

s

System for On-Axis S
Neutrino Detection

H4

HA-TPC

System for moving the LArTPC and tracker up to 30m transverse to the beam
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How can you help

Improved near detector Engagement with the
capabilities nuclear theory community

Downstream Magnetized Tracker

@
ND-LAr
SAND roray of ol
System for On-Axi 'y of modu
trino Detection LArTPC:

System for moving the LArTPC and tracker up to 30m transverse to the beam

" v
sssssssss NEUTRINO GENERATOR ino ©
\ & GLOBAL AIT

Dedicated lepton-nucleus cross-
section measurement programs

e
SBN

Program
$— P — 3
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How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
nuclear theory community

@
SAND [k ND-LAY GiBUU
trino Detecti LArTP "r ‘*\V} vo)
System for moving the LArTPC and tracker up to 30m transverse to the beam : : = i¢ \/ \ “0"
Dedicated lepton-nucleus cross-
section measurement programs
T
2
SBN Make new cross-section
Program
H— fr— &

measurements

Stephen Dolan

NuSTEC Summer School, CERN, June 2024 127



How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
nuclear theory community

GiBUU
,‘}_*\V} "o,
System for moving the LArTPC and tracker up to 30m transverse to the beam - i¢ \/\ “C':w
Improve near-detector | /
performance icated lepton-nucleus cross-
tion measurement programs
Jt
e
SBN J o e Make new cross-section
Program
- measurements
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How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
nuclear theory community
Implement new models
in our generators

GiBUU
,‘}_*\V; "o,
System for moving the LArTPC and tracker up to 30m transverse to the beam i¢ \/\ “C':w
Improve near-detector | /
performance icated lepton-nucleus cross-
tion measurement programs
Jt
e
SBN J o e Make new cross-section
Program
- measurements
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How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
nuclear theory community
Implement new models
in our generators

Improve parameterisation
of systematic uncertainties

System for moving the LArTPC and tracker up to 30m transverse to the beam

GiBUU

NuWro
*

f-\v/ ",
E'L\/\/‘eﬁ
Improve near-detector | /
performance icated lepton-nucleus cross-
tion measurement programs
JEt
W
SBN J o Make new cross-section
Program e
f— — &

measurements
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How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
nuclear theory community
Implement new models
in our generators
S / ; ' < ND-LAr
Systerﬁlf\Ng -Ax ey

Improve parameterisation
of systematic uncertainties

System for moving the LArTPC and tracker up to 30m transverse to the beam

GiBUU
,‘}_*\V; ) “,
EIL\/\/“:
Improve near-detector Confront generators with
) . the latest measurements
tion measurement programs
Jt
D
SBN
Program

H— ft— 3

Make new cross-section
Stephen Dolan

measurements
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How can you help

Improved near detector
capabilities

Downstream Magnetized Tracker

Engagement with the
; nuclear theory community

2Nt new models
r generaftors

Improve para
of systematic

System for moving the LArTPC and tracker up to 30m transverse to the b|

GiBUU

NuWro
*

f-\v/ v°.a
EIL\/\/“:
1 front generators with
Improve near-detector | ||| To measure new ofesfgmeas rerments
I| neutrino interactions U
performance )
fi ‘nms
JE
'
SBN N o e Make new cross-section
Program e
- measurements
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Take-nome messages

| think | can safely say that nobody
understands neutrino-nucleus interactions

R. Feynman
(But an understanding of them is crucial for oscillation experiments)
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Take-nome messages

Have no fear of fully exclusive microscopic
interaction theories, for we will never reach them
S. Dali

(anytime soon, at least for SIS/DIS)
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Take-nome messages

All neutrino event generator models are
wrong, but some are more wrong* than others

G. Orwelll

*or wrong in different ways
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Take-nome messages

The golden age (of neutrino interaction models
and measurements) is before us, not behind us.

W. Shakespeare
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Backups
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The precision era of v oscillationse

Latest results

* Indication of CP violation!

« Currently largely limited by
statistics ... but not for long!

T2K
2=
) = (\
Program EEP UNDE ‘
N~ A | —f— & NEUTRINO

Source (T2K) N(ve) .
oyn and FSI 3.8%
Total Syst. 5.2%
NEUTRINO 2022
R Source( @) N(v,) .
CRACKD ;‘,:Avi,f B 0.y and FSI 7.7%
R Total Syst. 9.2%

Phys. Rev. D 98, 032012

Current systematic uncertainties

Tables show largest and
total syst. uncertainty on
samples most sensitive
to CP-violation

Current results have
~100 v, events, expect
1000-2000 for DUNE/HK
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The precision era of v oscillationse

Latest results

* Indication of CP violation!

argely limited by @
r, o; d

es
o Muysy be ~jgestand

(RICKD

atter-antimatter ., . L

2K\ HiK
A

JE
W
S;%
Program - -
NEUTRINO

St 31

o, and FSI

Total Syst. 5.2%
| Source ( @) N(v,)
o,y and FSl 7.7%

Total Syst. 9.2%
Phys. Rev. D 98, 032012

Ceed rtainty on
SO sensifive
to CP-violdmdn

o Current results have

~100 v, events, expect
1000-2000 for DUNE/HK
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Neutrino nucleon scatfering | seeAaons

lectures
PROTON
Elactic A
2 T T T T

| GENIE 2.128, 0,01 (E,) v, Flux (arbitrary norm.) |

|  =—— CC-Total [0 T2K: ND off-axis ]
5| ommn  mmomeeine | Whilst inferaction channels live franster.
- NC-Total I MINERvA LE. N reICIilvely Nnarrow reglons Of I’nes ) qo

energy transfer, they are spread
out in neutrino energy

—

Few-GeV experiments must
care about all the channels!

e
o

o(E,)/E, (10°cm?nucleon™*GeV ™)

0
0 1 2 3 4 )
Plot from L. Pickering E, (GeV)

>
Increasing Energy Transfer
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https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf

 Discussed neutrino-nucleon
inferactions

« Butit's been along time since
we've measured this process!

« Almost all modern experiments
use nuclear targets

§1.4 § 0.4

‘21_2 :Eo.ss

go 1 $° 0-3

= 20.25

w08 u 9.2

c c

%0'6 §0.15

20.4 @ 0.1

(/)] /)]

0.2 S0.05 ,

(] (&) . .,

> 0 e Sy 1> al s el P L T sl ——
10" 1 10 102 10 1 10 10?

E, (GeV) ;. A Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307 Ev (GeV)
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Resonant Pion Production

CCRES Current Matrix Elements from a Relativistic Quark Model*

R. P. Feynman, M. Kislinger, and F. Ravndal
Lauritsen Labovatovy of Physics, California Institute of Technology, Pasadena, California 91109
(Received 17 December 1970)

« The model’s used in foday’s neutrino experiments
are based on an approximate model from the 1970s

gence of the axial-vector current matrix elements. Starting only from these two constants,
the slope of the Regge trajectories, and the masses of the particles, 75 matrix elements are
calculated, of which more than § agree with the experimental values within 40%. The prob-

ficing theoretical adequacy for simplicity. We

shall choose a relativistic theory which is naive ’ The mOdel |ﬂC|U.deS Its OVYﬂ form fCICTOI'S,
and obviously wrong in its simplicity, but which iIncluding an axial part with an analogous

is definite and in which we can calculate as many H Y H H
things as possible - not expecting the results to MA (Ond an additional UncerTOmTy n the

eres cxaclly T caverinert. bt to gee how form factor numerator) , £ (0)
closely our “shadow of the truth” equation gives fa (q ) —

2
a partial reflection of reality. In our attempt to 1 _ 4 )
maintain simplicity, we shall evidently have to . Mi
violate known principles of a complete relativistic ® Theoretical developmen’rs are

field theory (for example, unitarity). We shall Underwoy bUf H"S scfe 1-0 soy CCRES

attempt to modify our calculated results in a gen-

eral way to allow, in a vague way. for these errors. is less well understood than CCQE!
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DIS-RES Transition Region

« There is no cut off where we better describe inferactions in a DIS
framework compared to In a RES framework

« In general we use models that extrapolate between regions which
are definitely DIS (e.g. W>5 GeV) and that are definitively RES (e.g.

W<2 GeV) W = interaction invariant mass
« Different simulations use o,
different ad-hoc methods & aswf- g | | EMEA Ll
. . . ) E 8 —loa
of dealing with this s000F- g sl s
2500 S [CJResonance
« But thisis aregion that will  E L1 DIS
be important for DUNE! soof- [ Lf
10002— Eﬁ
500;— J"‘JH
J; 1.. 2....31?'!4\_14...;....;...L;.,,,é“.lé..“m

Invariant mass W (GeV/c?)
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Example: nucleon axial mass “puzzle”

« Some heavier nuclear target
experiments also try to measure M,

« The MiniBooNE experiment (carbon-
based target) prefers a much
higher M, to the bubble chambers

N
(3]

—
c
Q o ANLPRD16,3103(1977,D, o  GGM,NC A38, 260 (1977), CH,CF Br
S o BEBC,NPB343,265 (1990, D, o  MiniBooNE, PRD 81, 092005 (2010), C x107°° | MiniBooNE vs. NOMAD v, CCQE cross section on 2C target (per nucleon)
= 2 a BNL PRD 23,2499 (1981), D, 4 NOMAD, EPJ C63, 355 (2009) —
< o FNALPRD28,436(1983)D, v  Serpukhov, ZP A320, 625 (1985), Al 16 — (b) —%— NOMAD data with total error
o ——— NUANGE (M, =1.0 GeV) %  SKAT,ZP C45, 551 (1990), CFBr 14 = i T R
£ 1.5F ey B
o _ p £ 10=
] - A C 8E
o B = ~ = g ViniBooNE data with total error
= 1 8 B A e RFG model with My'=1.03 GeV, k=1.000
— } 4= RFG model with M®"=1.35 GeV, k=1.007
.Q' - p | S — Free nucleon with M 1=1.03 GeV
3 0.5+ 0: il : g sy o gy s ; G N e g gy
(R 10" 1 10 Ev (GeV)
< 5 L ! !
= 0 — s
s _
5 107 1 10 10°
E, (GeV)
J. A. Formaggio and G. P. Zeller Rev. Mod. Phys. 84, 1307
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The nucleon axial mass “puzzle”

«  What MiniBooNE really measured wasn't CCQE, they just looked for
inferactions with no mesons in the final state
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The nucleon axial mass “puzzle”

«  What MiniBooNE really measured wasn't CCQE, they just looked for
inferactions with no mesons in the final state

This should include contributions from 2p2h (and FSI with pion

absorption)!
Interaction Interaction
Modes Topologies
CCQE v cCom

. (CCQE-like)

\.\/ \‘\// cCim

CCRES wi (CCRES like)
Charge .Exchange .n‘ Elastic
Scattering /<
Vy H Vu '

4 [ wl ' CCOm+Np
/. 2p2h p — /@(P\/ (N>0)
Absorption //n

e o ’\. ! »

Pion Production P
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The nucleon axial mass “puzzle”

c (cmz)

interactions with no mesons in the final state

absorption)!

If we only consider CCQE, M,;~1.3 GeV

x10°%°

16 Phys. Rev. D 81, 092

14E (a) ys. Rev. D 81, 092005

12

105 bt T
St MiniBooNE data with shape error
6 i —=—— MiniBooNE data with total error
4= RFG model with Mf{f=1.03 GeV,x=1.000
Viss RFG model with M$'=1.35 GeV,x=1.007
8406 08 1 12 14  EgER Gy

ol(A-Z) [10¥ em]

What MiniBooNE really measured wasn't CCQE, they just looked for

This should include contributions from 2p2h (and FSI with pion

But with 2p2h, M, is compatible with 1.0
GeV suggested by bubble chambers

&S—r—T 7T % 1 0 1 1 U T T G I S
= MiniBooNE
14 —'— -__ gguurnh CCO.'T " T : il
12 - '"‘ _ H{‘ S Gl
10 (- k
) e e
ke - CCQE -
2t Phys. Rev. C 80, 065501 |
0 i Fog g T ¢ M 2 5 G g )
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The nucleon axial mass “puzzle”

Dramatic Conclusion

* For the first time, we have multiple
observables pointing to a two body current

. . muon cos6 0.70 - 0.80
contribution to CCQE B ong
GENIE 7 production modified > 02 3 - Nieves et al.
/ 7 r = 02
1.0 0.00 < Reco. q}GeV<U20 0.20 < Reco qSGeV<0.30 0.30 < Reco. quGeV<0.40 = om; . Nieves et al. =
o | S5t ' Deln ~owl  without 2p2h —+—r T
> == Total+syst. error é 014" i l
8 0 5 2 —QF . % 0.12f  UPA———
¢ ‘[ — Delta 0.1~ —+—
~ —— 2p2h 0.08F ! }
.2 > — Other oosE- - i | sm——
d>,) 0.0 0.40 < Reco. q_,‘GeV <050 0.50 < Reco qs“GeV <0.60 0.60 < Reco. g_/GeV < 0.80 z: E + TZK cco,t
uj10 } E : f;.-rixoia.. Pl IPEPEPEE B | il
) MINERVA low recoil ori
= time ArgoNeuT
05F e, | e ©
i Coliection plane = color scales with energy deposit
080 02 0400 02 0400 02 04 a SN
Reconstructed available energy (GeV) ™ g Sk ’\
7 A
It’s Hammer time! [ S i
back-to-back by MINOS

21 November 2015

Wire rumber
NuINT15 QE Summarv: KSM. JN. RW

Nuint 2015 Summary
by Kevin McFarland

Stephen Dolan

» It’s time to say goodbye
to MAeffective
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Inclusive calculations Aot he uclecr

Inclusive calculations come “pre-

integrated” over hadron kinematics
d2 vl |k | G2 oD
Only predicts lepton kinematics! m‘W/w'
. - 7’
. dORE] |k AT
- ‘[—/- _______ ~
(\ l @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
e - reactions, J. Nieves et al, 2004
g W ~ Ql
n ° @ ®- D > G. Medgias
] - p Nulnt18 talk
* ¢ —@
o
Psu=(EB’pB)

P,*=(M,,0)

RMF-FSI: Scattered nucleon w.f. is solution of Dirac eq.

In some calculations, the nuclear effects considered ireserieste] theramie patariiCle nediondese bt
includes the impact of Final State Interactions (FSI) bound mucleonyi:H

with a QM freatment

Like this, FSI changes the matrix element
Affects cross section as a function of lepton and hadron kinematics!
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https://indico.cern.ch/event/703880/contributions/3159085/attachments/1736323/2808489/NuINT2018_GDMegias_4.pdf
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|nC|USi\/e CO'CU‘OTIOHS All of the nuclear

dynamics lives in here

Inclusive calculations come “pre-
integrated” over hadron kinematics

2 2 .=
dAO-Vl |k | G #JW/J,O\"
dQ(F)dE, K] i

Only predicts lepton kinematics!

- v l ~
(\ @ ,\ E.g. Inclusive quasielastic charged-current neutrino-nucleus
e - reactions, J. Nieves et al, 2004
g W ~ Ql
n ° @ ®- > G. Medgias
0 p p Nulnt18 talk
®-

PA“=(MA'O) \/ PBF‘:(EBIPB)

In some calculations, the nuclear effects considered  RMF-FSE: Scattered nucleon w.f. is solution of Dirac eq.

in presence of the same potentials used to describe the

includes the impact of Final State Interactions (FSI) bound mucleonyi:H
with a QM treatment

FSI like this is included in QE models, but not 2p2h

SUSA or Valencia 2p2h — no consideration of FSI
SuSAV2 or CRPA in GENIE v3 —impact of FSl on inclusive cross section is considered
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Event Generation

« Randomly select E,, based on the product of an input flux and total o (E,)

model

= (CC Inclusive

Ouy0(EL)/E, 10738ecm™2 / GeV / Nucleon

p—

e
ot

(=)
T

Vp
(I)T2K

Example for if
we generate
only CC events

Stephen Dolan
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Event Generation

« Randomly select E,, based on the product of an input flux and total o (E,)
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Event Generation

« Randomly select E,, based on the product of an input flux and total o (E,)

model

= (CC Inclusive

Vp
(I)T2K

—_
I

(=)
_

Ouy0(EL)/E, 10738ecm™2 / GeV / Nucleon
=
(@)
|

Example for if
we generate
only CC events
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Event Generation

« Randomly select interaction channel based on their cross sections for the
chosen E,

= (CC Inclusive
—— (CC Quasi-elastic =~ = CC 2p2h
—— (CC Resonant 17 — (CC Multi-7 + DIS

i Example for if

Vp
(I)T2K

—_
I

we generate
only CC events

@)

Oy0(E,)/E, 10738ecm™2 / GeV / Nucleon
=
(@)}
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Event Generation

« Randomly select interaction channel based on their cross sections for the
chosen E,
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—— (CC Quasi-elastic =~ = CC 2p2h
—— (CC Resonant 17 — (CC Multi-7 + DIS

i Example for if
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Event Generation

« Randomly select interaction channel based on their cross sections for the
chosen E,

= (CC Inclusive
—— (CC Quasi-elastic =~ = CC 2p2h
—— (CC Resonant 17 — (CC Multi-7 + DIS

i Example for if

Vp
(I)T2K

—_
I

we generate
only CC events

@)

Oy0(E,)/E, 10738ecm™2 / GeV / Nucleon
=
(@)}
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Event Generation

« Select outgoing particle kinematics according to differential cross section
for the chosen interaction channel at the chosen E,

; 1-03"" rrrrprrrrprrT T e T e T e T '
Q 09F NEUT 54.0 | 0.5 &
O sc Valencia 2p2h >
o 4,0 E, =0.6GeV -l 0.4 §
- Oxygen Target - !
0.6 — = o
- "B 03 3
0.55— —E §
04 & o2 =
0.3;— —; §
0.2 & 201 T
0.1;— - _; Nb _g'
o0 L A I I I A W= 00 =
0.0 0.1 02 03 04 05 0.6 0.7 08 09 1.0 =

a, [GeV/c]
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Event Generation

« Select outgoing particle kinematics according to differential cross section
for the chosen interaction channel at the chosen E,

; 1-03"" rrrrprrrrprrT T e T e T e T '
Q 09F NEUT 54.0 | 0.5 &
O sc Valencia 2p2h >
o 4,0 E, =0.6GeV -l 0.4 §
- Oxygen Target - !
0.6 — = o
- "B 03 3
0.55— —E §
04 & o2 =
0.3;— —; §
0.2 & 201 T
0.1;— - _; Nb _g'
o0 L A I I I A W= 00 =
0.0 0.1 02 03 04 05 0.6 0.7 08 09 1.0 =

a, [GeV/c]
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Event Generation

« Select outgoing particle kinematics according to differential cross section
for the chosen interaction channel at the chosen E,
o Nucleon-level input: for CCQE we sample in 1 dimension (more for nonQE): do/dQ?
o Inclusive input: for any interaction channel we sample in 2, e.g.: do/dq,dqs
o Factorized/exclusive input: for CCQE we sample in 5 dimensions (more for nonQE)

dSO'vg Uo
dQ(k")dQ(pn)dE, LusW
; 1-0:""""""""""""I""I""I""I' '
© 09F NEUT 54.0 |05 &
O sc Valencia 2p2h >
o = E,=0.6GeV - 04 &
0.7 & = S
- Oxygen Target - !
0.6 — — g
= = 03 g
0.5 - E §
03 - - S
- = &)
02 - o1 =
— . o™
0.15 | = o3
Y L S S e S B I B 0.0% S
0.0 0.1 02 03 04 05 06 07 08 09 1.0 A
a, [GeV/c]
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Event Generation

« Select outgoing particle kinematics according to differential cross section
for the chosen interaction channel at the chosen E,
o Nucleon-level input: gives us lepton kinematics in the struck nucleon rest-frame
o Inclusive input: gives us lepton kinematics in the lab frame
o Factorized/exclusive input: lepton + pre-FSI nucleon kinematics in the lab frame

; 1-0:""""""""""""I""I""I""I' '
© 09F NEUT 54.0 |05 &
O sc Valencia 2p2h >
® 7o E,=06GeV 04 3
O Oxygen Target - I
0.6 — = o
- B 03 g
0.5 - E §
04 E o2 =
03 - - S
- = &)
02 - o1 =
= 7 e
0.1 E— s : : —E Nb =
o0 L A I I I A W= 00 =
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 A
a, [GeV/c]
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A bright future for Argon

Short Baseline Program: Fermilab liquid Argon detectors in “Booster” beam (~0.8 GeV)

* MicroBooNE: already producing interesting results
« |[CARUS: taking physics data

« SBND: enormous event rates coming soon (1M v/y)

Beyond SBN:
 DUNE “2x2" prototype: measurements at DUNE energies

Stephen Dolan NuSTEC Summer School, CERN, June 2024



