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Why do we caree

Current long-baseline experimenfs

NOV/\
Baseline 295 km 800 km =

Nj¢¢ (v-mode) 318 384

Nreé¢ (v-mode) 94 181

\ }
|

| Np(E,) « P(v, > v)(E,) o(E,) ®,(E,) €(E,) |

|

Far detector
event rate

Stephen Dolan NuFact 2024, Argonne, 17/09/24 3




Why do we caree

Current long-baseline experimen’rs Current systematic uncertainties
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Why do we caree

Current long-baseline experimen’rs Current systematic uncertainties
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Why do we caree

Current long-baseline experimen’rs Current systematic uncertainties
~_ﬁ\ AO~vA Uncertainty on N} ¢¢ T2k @
Baseline 595 km 800 km s Cross Sections ~4% ~3.5%
All Syst. ~5% | ~3.5%
Nj¢¢ (v-mode) 318 384
Nreé¢ (v-mode) 94 181

@ Large contribution 1o syst. uncertainties from cross-section modelling

& Syst. uncertainties remains small compared to stat. uncertainties
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Why do we caree

Future long-baseline experiments Current systematic uncertainties

HVPER P. A :
K ( e Uncertainty on N} ¢ T2\ <

arXiv:1805.04163 arXiv:2002.03005 OV

Baseline 295 km 1300 km Cross Sections ~48% | ~3.5%
All Syst. ~5% ~3.5%

Nje¢ (v-mode)  ~10000 ~7000

NTeéc (v-mode) ~2000 ~1500
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Why do we caree

Future long-baseline experiments Current systematic uncertainties

HVPER P. A |=
K Mk Uncertainty on N} ¢ T2k o

arXiv:1805.04163 arXiv:2002.03005 OV

Baseline 295 km 1300 km Cross Sections ~48% | ~3.5%
All Syst. ~5% ~3.5%

Nje¢ (v-mode)  ~10000 ~7000

NTeéc (v-mode) ~2000 ~1500

@ Large contribution to syst. uncertainties from cross-section modelling

@ Current syst. uncertainties are larger than projected stat. uncertainties

‘ Improved understanding of neutrino inferactions is necessary to
avoid being prematurely limitation by syst. uncertainties
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How to confront thise

\/High—s’ra’ris’rics, high-resolution near detector data for in-situ constraints

Examples:
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How to confront thise

\/High—s’ro’ris’rics, high-resolution near detector data for in-situ constraints

Exq m p I e S : Downstream Magnetized Tracker
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Phys. Rev. D 101, 092003 JINST 13, P02006
Phys. Rev. D 110, 032019 Instruments 2021, 5(4), 31
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How to confront thise

\/High—s’ra’ris’rics, high-resolution near detector data for in-situ constraints

~~ A baseline model grounded in realistic nuclear theory
Examples:
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How to confront thise

\/High—s’ro’ris’rics, high-resolution near detector data for in-situ constraints

~~ A baseline model grounded in realistic nuclear theory
Examples:

Differential cross-section do /dpy
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How to confront thise

\/High—s’ra’ris’rics, high-resolution near detector data for in-situ constraints
~~ A baseline model grounded in realistic nuclear theory

x Comprehensive parametrisation of what we don’t know
(i.,e. a complete uncertainty model)
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How to confront thise

\/High—s’ro’ris’rics, high-resolution near detector data for in-situ constraints
~~ A baseline model grounded in realistic nuclear theory

x Comprehensive parametrisation of what we don’t know
(i.,e. a complete uncertainty model)

Example:
0,060 < cos 6, <0.75 Phys. Rev. D 109, 072006
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How to confront thise

\/High—s’ra’ris’rics, high-resolution near detector data for in-situ constraints
~~ A baseline model grounded in realistic nuclear theory

x Comprehensive paramefrisation of what we don’t know
(i.,e. a complete uncertainty model)

\ R
Providing a means to get to these is the primary
goal of cross-section measurements

An anonymous oscillation-focussed experimentalist

« This takes time and iteration with theorists / model builders

« We cannot wait for DUNE and Hyper-K to turn on, we need to do this now
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What we measure

Interaction
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What we measure

Interaction Interaction
Modes Topologies

CCQE wl CCOm
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What we measure

Interaction Interaction
Modes Topologies
T~ \‘\/CCO
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What we measure

Interaction
Modes

Interaction
Topologies
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Stephen Dolan

/@SCQE like)
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What we measure

Interaction Interaction
Modes Topologies
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Cross-section collaborations
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Cross-section collaborations
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Cross-section collaborations

Stephen Dolan
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Cross-section collaborations
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Cross-section collaborations

Stephen Dolan
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Phys. Rev. D 104, 092007

Using these criteria, a sample of 4,105,696 interactions 3

was selected. The simulation predicts an average selec-
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Cross-section collaborations
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Cross-section collaborations
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Latest measurements

Since last NuFact ...

12K\

v,CClnt on CH
WAGASCI CCOrr on CH + H,O
NCrt on CH

(NUINT 2024)

AN O~V

7,CC-INC (NUINT 2024)
Low hadronic energy CCOn0Op

Inference of 2p2h cross section
(FNAL W&C seminar)

Stephen Dolan

NuFact 2024, Argonne, 17/09/24

HBoONE _
Neutrons on Ar (arXiv:2406.10583)
NCr° (arXiv:2404.10948)

CCOn w/correlated observables (arXiv:2403.19574)
Joint CCOp, CCNp (arXiv:2402.19281)

CCOrr generalised imbalance (arXiv:2310.06082)

Low hadronic energy at ~6 GeV
Multi-differential transverse imbalance at ~6 GeV
Inference of v, / v, ratio (NUINT 2024)

Inference of SIS cross section

Low hadronic energy v,+ v, (arXiv:2312.16631)

Low hadronic energy v, w/neutrons (arXiv:2310.17014)
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Latest measurements

Since last NuFact ... M@

Neutrons on Ar (arXiv:2406.10583)
NCr° (arXiv:2404.10948)

CCOr w/correlated observables (arXiv:2403.19574)
WAGASCI CCU Joint CCOp, CCNp (arXiv:2402.19281)

)

NO~va\

7,CC-INC  (NUINT 2024)
Low hadronic energy CCOn0Op Multi-differential tran
Inference of 2p2h cross section  Inference of v, / v, rafio

(FNAL W&C seminar) Inference of SIS cross section
Low hadronic energy v,+ v, (arXiv:2312.16®

Low hadronic energy v, w/neutrons (arXiv:2310.17014)
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How to confront thise

\/High—s’ra’ris’rics, high-resolution near detector data for in-situ constraints
~~ A baseline model grounded in realistic nuclear theory

x Comprehensive paramefrisation of what we don’t know
(i.,e. a complete uncertainty model)

\ R
Providing a means to get to these is the primary
goal of cross-section measurements

An anonymous oscillation-focussed experimentalist
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How cross sections help kL e

Example

*  MicroBooNE measure missing fransverse
momentum (dps) in CCOm interactions

o
)
(3}

—+— MicroBooNE
Phys. Rev. D 108, 053002

—— SFuy2=2362

: + ------ SF*,More FS:y?= 20.42

----------- SF* Less FSl:y? = 28.22

++++135 < dar < 180°

0.05 e ——

0.2

10°8cm?

I
docr dop_ '‘GeV/c deg A
o

d’c

-
——
''''''

) I TN N N N N [ N O N N U O N N N S " —— I | -
00 0.1 0.2 0.3 0.4 0.5 0 6 0 7 08 09

@ Comparisons enabled by NUISANCE dp_ [GeV/c]
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https://github.com/NUISANCEMC/nuisance

How cross sections help kL e

Example

*  MicroBooNE measure missing transverse \.\/
. . . Vp l‘l.

momentum (dps) in CCOm interactions

« They find missing strength at high ép; /@\
n P

o
)
(3}

—+— MicroBooNE
Phys. Rev. D 108, 053002

— SF*:¢%=23.62

: + ------ SF*,More FS:y?= 20.42

----------- SF* Less FSl:y? = 28.22

++++3?ﬁ < dar < 180°

0.05 e ——

0.2

10°8cm?

I
docr dop_ '‘GeV/c deg A
o

d’c

-
——
''''''

) I TN N N N N [ N O N N U O N N N S " —— I | -
00 0.1 0.2 0.3 0.4 0.5 0 6 0 7 08 09

@ Comparisons enabled by NUISANCE dp_ [GeV/c]
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https://github.com/NUISANCEMC/nuisance

How cross sections help kL e

Example

*  MicroBooNE measure missing fransverse Final State
momentum (dp) in CCOm interactions Interactions (FSI)

Charge Exchange ®
L Elastic
Scattering

« They find missing strength at high ép;

More FSl doesn’t seem™ to help enough

El
)
R S
/ pion Production

Abs&rption

o
)
(3}

—+— MicroBooNE
Phys. Rev. D 108, 053002

— SF*:¢%=23.62

: + ------ SF*,More FS:y?= 20.42

----------- SF* Less FSl:y? = 28.22

++++3?? < dar < 180°

-
-------
2 L™
.....
el
-

0.05 i RS L

0.2

10°8cm?

I
docr dop_ '‘GeV/c deg A
o

d’c

IIIII|IIII|IIII|IIII

) I TN N N N N [ N O N N U O N N N S " —— I | -
00 0.1 0.2 0.3 0.4 0.5 0 6 0 7 08 09

e . dp_ [GeV/c]
* the model p-value with/without more FSl'is 0.03 vs 0.09 ~ T
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arXiv:2407.10962

How cross sections help

Two-particle two-hole
Example (2p2h) interactions

*  MicroBooNE measure missing fransverse Final State
momentum (dp) in CCOm interactions Interactions (FSI)

Charge Exchange ®
Elastic
Scattering

« They find missing strength at high ép;

More FSl doesn’t seem™ to help enough,
the change seems™* too large to be 2p2h

El
Yo e ]
S e @
/ pion Production
+ —+— MicroBooNE
of e
.

Phys. Rev. D 108, 053002
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* the model p-value with/without more FSl'is 0.03 vs 0.09 P [ ] * the model p-value with more 2p2h is 0.12 8pT 1Sevic
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How cross sections help kL e

Example
The measurements suggest

insufficient modelling of nuclear
effects motivating:

« Development of better models

« New uncertainties to cover this

But, alone, they don't tell us
exactly what is wrong ...

+ —+— MicroBooNE

o
¥)
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How cross sections help ekl e

0.9
Example 5
0.8

0.7
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—+— T2K
Phys. Rev. D 98, 032003

—— SF:2=13.91
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o
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+ —+— MicroBooNE
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!

« Measurements from T2K don't find @

disagreement in the tail Phys. Rev. D 108, 053002

+ —— SF%y2=2362

...... SF*,More 2p2h:y2 = 19.02
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-
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-
]
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ddordop._ ‘GeV/c deg A
| T T T | | L L ) T L | | L ]

« They disfavour the changes in 2p2h ond
FSI needed for modest improvement of
agreement with MicroBooNE o

0.05_
: ....... 1_¢_
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How cross sections help

0.9
Example 5
0.8

0.7
0.6
05
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—+— T2K
Phys. Rev. D 98, 032003

—— SF:2=13.91

...... SF,More 2p2h:y? = 34.36
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« Measurements from T2K don't find @

disagreement in the tail Phys. Rev. D 108, 053002
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+ + + + 135° < dar < 180°

ol
-
............
-
-..
il
~a
S

1038cn?

I.
ddordop._ ‘GeV/c deg A
| T T T | | L L ) cr L | | L ]

« They disfavour the changes in 2p2h ond
FSI needed for modest improvement of
agreement with MicroBooNE o

> Potential issue with A-Scaling of i S S
nuclear effects! o 2 o e Y e S
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How cross sections help ekl e

0.9
Example 5

—+— T2K
Phys. Rev. D 98, 032003

SF:y2 = 13.91

IIIIIII

)
S o8

High resolution measurements on one nuclear
target at one energy tend to tell us that + SF More Z2hiy? = 34.36
most/all of our models are wrong

[
go 0.3;:1- | |
2 02F

- F
g| g 01E

% 0.2 0.4 0.6 0.8 1
dp_ [GeV/c]

— 0.25

«  Measurements from T2K don't find @
disagreement in the tail
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+ —+— MicroBooNE
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« They disfavour the changes in 2p2h Ond
FSI needed for modest improvement of
agreement with MicroBooNE o

» Potential issue with A-Scaling of T e
nuclear effects! o 2 o e Y e S
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How cross sections help

0.9
Example P
§ 08 | _+_PhTyzs}.<Rev.D98, 032003
High resolufion measurements on one nuclear [ "
target at one energy tend to tell us that + SF More Z2hiy? = 34.36
most/all of our models are wrong
5 ot |1
e 02
_8|08_'_ 01 ;_ .................
ho] 0_' . L S
0 0.2 04 0.6 0.8 1
dp_ [GeV/c]
«  Measur L : i -
disaare Combining experiments: high resolution measurements from
S multiple targets at multiple energies to tell us more about | ™
why they are wron
 They dis y ey g

...... SF*,More 2p2h:y2 = 19.02

FSI needed for modest |mprovemen’r of
agreement with MicroBooNE

++++ 135° < Sarp < 180°

> Potential issue with A-Scaling of

ZQEmodeI NuWroSF w/o OPF==?

nuclear effects! ity PRANO N
0 0.1 02 0.3 0.4 0.5 06 0.7 0.8 0.9
3p_ [GeV/c]
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What else have we leant@¢

Some more general lessons
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All models are wrong

« Neutrino interaction cross sections are hard to model. Our current
generator predictions are all ruled out by existing measurements.

,,,,,

--G2018
1.159 GeV _S_lgan_f\Tlgcal) 12} f10.86<cose, <093 | 0.93 < cos8, <1
= [Nature 599, 565-570 (2021) —RES ' -Phys. Rev. D 106, 075001
— 02 n /
=z 15F '8
= 8 1 -
—_— | : 3
-?-,|m" : g
-O ! 1 1 1
0.5 1 2 3
Muon momentum (GeV/c)
0 2 .
[ Xmodels > Npins
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i 4 MicroBooNE _ 2.0 000<P,  <0.15 0.15<P,, <025
EH® f + . T
S8 f —— SF*:y?=23.62 W4 5f a
B % /\L 0 e LFG:y2 = 18.68 &
o G 0] Phys. Rev. Lett. 129, 021803
dO o4l ~ GENIE:x2 = 17.43 > 1.0
g 135° < dorr < 180° = L] 1
elhe} 1 L
Bl arXiv:2407.10962 205
3 iy 2
el = @
m t A R J— A

: g | 00 05 10 15 00 05 1.0 15
o”“o'{"b'z‘"‘o'é"bd"bs‘”bé"b7"bé“bg }:Tp(GeV)
8pT[GeV/c]
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Not all the time ...

Some models do a good job of describing lepton kinematics ...
i Phys. Rev. D 106, 073001

0.25 [ MicroBooNE 6.369 x 102° POT: v,CC Op 12 - 1<cosf <0 0<cosd <0.6
[ —— MBoONE tune: 25.6/17 ~—- GiBUU: 9.9/17 # "
- — GENIE: 283/17 == NEUT: 44.7/17 10 v, CCOn Oxygen
g 0.20 h_—-‘ NuWro: 132/17 + Data § | 8 _ Tz ﬁa —  HF-CRPA
e i Lo 8f - HF
gu 0.15 £ [ HB@ R O (2 ab —— SuSAv2
o ZZ: o = o d: (9 : —— LFG-RPA
® * e AR -~ LFG (no RPA)
~ 010 -0.010 i . + d T ::, 1 1 1 1 1
B £y [ 0.005 =
3|8 - T 12f 0.6 < cosd, < 0.75 0.75 < cos6), < 0.86
‘c L
L8 1o}
© 'tJjL C
o -
© 8 C
6F
4t
2¢
2 3 1 2 3
Muon momentum (GeV/c)
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... but definitely sometimes!

But not at very forward angles (= low energy transfer = more nuclear effects)

0.25

(x1073%cm?2/Ar)

do
dcos 6,

N MicroBooNE 6.369 x 102° POT: v,CC Op
[ —— MBOONE tune: 25.6 /17 GiBUU: 9.9/17
F —— GENIE: 28.3/17 == NEUT: 44.7/17
[ == NuWro: 13.2/17 + Data
[ 0.025 BOO
- 0.020 |- HE < £
L 0.015 |- -1 d:
[ 0.010 I T
[ 0.005 >
1
-1.0 -08 -06 -04 -02 00 02 04 -

Stephen Dolan

Phys. Rev. D 110, 013006
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dpudcosf)u nucleon GeV/c

d’c

12
10

N A OO

12F
10¢F

12

10F

NuFact 2024, Argonne, 17/09/24

- -1<cosf, <0

Phys. Rev. D 106, 073001
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... but definitely sometimes!

And not simultaneously at different energies or on different targets
i Phys. Rev. D 106, 073001

0.25 :_ MicroBooNE 6.369 x 102° POT: v,CC Op 12 E_ 1< ooseu <0 0< COSGH <06
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_ [ — GENIE: 28.3/17 + gE:JT: 44.7/17 10;_ v, CCOn Oxygen
— [ == NuWro: 132/17 ata L
Ng 0.20 N § 8 — Tz — HF-CRPA
S W £§ o T a
[ 0.025 |- - r —— SuSAv2
g 015k L pB@ | 2| c 4t uSAv
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Phys. Rev. Lett. 130, 161801
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: : . 4.50 < P, (GeV/c) < 7.00
Hadron kinematics:@ —aneae

P Phys. Rev. Lett. 129, 0218C
Hadron kinematics are consistently found sz ity ;
to be poorly modelled -
y 0.25<p (GeV/c) <0.3
135° < oy, < 180° -
—o MicroBooNE Data --Gv2 (114.7/6) < 3 * ¢
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—t “ AR § .
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g [ Phys. Rev D 109, 092007 2 h
0 ' Re) 1 $3# —3 3§ 8
0 0.2 04 0.6 08 %
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1.159 GeV -QE -MEC ; x 0.
2F . 3 }} { g ¢
— 1 i1
> . ' L
§|8 15 ; Crucial to understand for = = %
— ! modelling DUNE neutrino 2 1osp V2R 02 04 06
Oy’ : energy reconstruction! ” } —4+— MINERVA data
< 05 X 1 { { ¥ 3 —— Minerva Tune v4.4.1
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0 - B e s ~—— QELike-Pions
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the visible energy we
expect oscillation
experiments to see

Hadron kinematics:@® .

iInematics are consistently found

135° < aty, < 180°

MicroBooNE Data -.-Gv2 51 14.7/6)
6.79¢+20 POT —G18 (28.9/6)

+ Stat @ Shape
[ JNorm Unc —G18T (26.6/6)

1.159 GeV

—SuSav2 (Total)
-QE -MEC
-RES

~
-

1
1
|

Stephen Dolan

Erec [GeV]

Crucial to understand for
modelling DUNE neutrino
energy reconstruction!
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Minerva Tune v4.4.1
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02 04 06 2p2h without fit
..... QELike QE proton
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A bright future for cross sections

UA] Magnet Yoke

POD ECal Barrel ECal

super-FGD
e 5P el
HATPC | g/

T2K ND280-Upgrade:
now taking datal

Stephen Dolan NuFact 2024, Argonne, 17/09/24 48




A bright future for cross sections

UAI MognetYok

POD ECal Barrel ECal

Up- syper-FGD
POD
HA-TPC

A
i

—

JE—

v CC Res.
M 0.966 GeV
P, 1.121 GeV
P, 1.048 GeV
SBND Simulation

T2K ND280-Upgrade: SBND:
now taking datal

now taking datal
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A bright Tuture for cross sections
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New detectors, new capabillities

Higher statistics

L

7
o
[}
|

Lower thresholds

Better resolutions

New accessible topologies

Simultanious measurements
at different E, (PRISM)
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New detectors, new capabillities

Higher statistics

Lower thresholds

Better resolutions

New accessible topologies

Simultanious measurements
at different E, (PRISM)
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Neu’rrons neu’rrons neu’rrons

« 0.20
2 018
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

000 | Lo L I Co
—08 —06 —04 —02 —00 02 04 06 0.8

Calo._g=truey /=true
(ES-EV ") E]

Neutrons are most of the energy we miss in calorimetric neutrino
energy reconstruction.

[ I —

— AII CC

—— All CC w/ FS neut.

III||II|||I|II||III|III|||I|I|I|III|III|

III|III|III|III|III|III|III|I

Wouldn't it be great if we could measure them ...
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Neutrons neutrons neutrons

UAI Magnet Yoke SMRO - Detect neutfrons through their
= N secondary interactions

POD ECal Barrel ECal
Tof s

* Measure their position and their time of
arrival: determine neutron energy!

3t I'T:CSE‘ZS ¢ Super-FGD position and timing resolution
cl l ’TPCQ /

NUP- supar-FGD
H, TPC iy 1 89 enables neutron energy measurements!

POD

ToprPprl Phys. Rev. D 101, 092003
P Phys. Rev. D 110, 032019

) 8 oCasel

<

l]lllIIIIIIIIIIIIIIIIIIIIIIII

100
p\ 0 o S DT A RPN N ,,-.7." el |
0 100 200 300 400 500 600 700 800
Reco. Neutron Energy (MeV)
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Neutrons neutrons neu’rrons

T
1

250 —— Carbon ]
UA1 Magnet Yoke SR —— Hydrogen E
e - 200 — Total -

POD ECal Barrel ECal w/det. smearing

(o)
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\\ ToF ‘;,

{
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8 —
o

I[IIIIIIIIII

VN '
C
4 HA-TP O'Cf 2 DS!
'§Up super-FGD 4 TPC3 q
F/%

POD reci/1/ TPCQ,’/
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\ j — w/T+GKI: up ’ro 90% i
k/‘__‘ ’ 4 ) P P B il ]

0 50 100 150 200 250 300 350 400 450 500
Phys. Rev. D 101, 092003 5 P [MeV]
T

Phys. Rev. D 110, 032019

« Measurement of neutrons can allow a
kinematic separation of C and H for
antineutrino interactions on CH scinfillator

 No nuclear effects!
« Golden sample for E,, reconstruction?
« Access to nucleon form factor physics!

Ni-—
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Neu’rrons Nneutrons neutrons

x10°
8 —4— DATA
« 012 B CCE Hydrogen
30 MeV Cluster 8 CCE H I QELike: CCQE
= T = — frin
(< T : o CCaE (8-
21 MeV Cluster R R R B i e o B Other
+~— 0.08 I8 Non-QELike
= e
(O]
: . - >
Incoming antl-neutnM L 0.06

Nature, 614, 48-53 " — 0.04

0.02

Reaction Plane

unlﬂ”“ﬂ”hﬂllmnx =T X103

t Targe.t Nucleus 0.00 —0.15 _0 05 0.00 O. 05 0 10 0.15
S 25 degren)
& T e Measurement of neutrons can allow a

kinematic separation of C and H for
antineutrino interactions on CH scinfillator
 No nuclear effects!
« Golden sample for E,, reconstruction?
« Access to nucleon form factor physics!

MINERVA gave this a go!
* No access to neutron momentum, but
— can use neutron direction
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x10°

Neutrons neutrons neutrons

—4— DATA
O o2 B CCE Hydrogen
e Data — Hydrogenfit — Deuterium fit --- BBBA2007 fit I QELike: CCQE
/ B 202h
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= MEE I 110
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0.01 0.05 0.1 05 1 5 10 factor physics!
@ _(GeV/cy
« NO access to neutron momentum, but
Vo can use neutron direction
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Neutrons neutrons neutrons

Plenty of interesting physics beyond hydrogen measurements
Example:

« Neutrons in neutrino CCOn

» | clean probe of

* Multi-neutron production in anti-neutrino CCOr =—> FSI and 2p2h

nBooNE _

Multi-neutron production

Stephen Dolan

Muon Transverse Momentum [GeV/c]
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Neutron tagging in LAr

-

Nevutrons

£ S S

MicroBooNE 4.13 x 10" POT

arXiv:2406.10583

+

H

109 Phys. Rev. D 108, 112010 5 T
= E ©
8 - —— MnvTunev1 § 20
s 3 —— SuSA 2p2h 5 L
% = —— Valencia 2p2h g 15-
o = —F— Data g
S 3 10_
T B S
8la g &F
© o :_ E
s "E M i g 1.5
g 1 g 1
3 ©
09 O 0.5
: 0 I
=0 0.2 0.4 0.6 0.8 1 1.2 1.4 0

10

20

30 40 50 60 70
Candidate Track Length (cm)

58




New detectors, new capabillities

Higher statistics

L

7
o
[}
|

Lower thresholds

Better resolutions

New accessible topologies

Simultanious measurements
at different E, (PRISM)
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Here be dragons




Here be dragons ...

AT T T T TR TR R TV R R R R R R

“{“

Al
I
¢
it
9
¢
g
£
I
¢

Stephen Dolan NuFact 2024, Argonne, 17/09/24




Shallow inelastic scatterina

« SIS (low Q2 DIS) is very challenging to model
o Especially hadron multiplicities + energies

« Poor agreement with MINERVA's data :
o Especially for heavier nuclear targets

*  Makes up ~30% of DUNE interactions

Stephen Dolan
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Result longevity

« All cross-section measurements are model dependent
o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

Typical night of a neutrino cross-section analyser

Unfolding Efficiency Model
method? correction? dependence?
Convergence Model *
criterion? comparison?
Forward
‘ ‘ c folding?
' overage

studies? (& B & N

«
(% )
- ~
Gaussian
i ‘ approximation?

’ ’ ‘
,’
{
Observables?
1D, 2D, 3D? Error
propagation?
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Result longevity

« All cross-section measurements are model dependent

o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

« (Almost) all measurements assume uncertainties are Gaussian
o But this is unlikely to hold for many high-statistics measurements

Analysis from R. Radev
600 e target
1 baseline

Normalized Count
= N w B wm
o o o o o
o o o o o
1 1 1 1 1

o
1

0.000 0.002 0.004 0.006
Bin 5
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Result longevity

« All cross-section measurements are model dependent
o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

« (Almost) all measurements assume uncertainties are Gaussian
o But this is unlikely to hold for many high-statistics measurements

Key question: when do these shortcomings begin to 9
e Impact model benchmarking or funing studies? o
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« All cross-section measurements are model dependent
o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

« (Almost) all measurements assume uncertainties are Gaussian
o But this is unlikely to hold for many high-statistics measurements

Key question: when do these shortcomings begin to 9
e Impact model benchmarking or funing studies? o

My prediction: they already are
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Result longevity

« All cross-section measurements are model dependent
o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

« (Almost) all measurements assume uncertainties are Gaussian
o But this is unlikely to hold for many high-statistics measurements

Key question: when do these shortcomings begin to 9
e impact model benchmarking or tuning studies?e o

My prediction: they already are
*  Whilst solutions to some of the shortcomings exist, they often
require major rethinking of how we do our analyses

* In the meantime, some small things can help:
o Report where latent model dependence may be
o Report how Gaussian our uncertainties are
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Result longevity

« All cross-section measurements are model dependent
o Sometimes in the unfolding
o Usudlly in the efficiency correction
o Always in the background subtraction

« (Almost) all measurements assume uncertainties are Gaussian
o But this is unlikely to hold for many high-statistics measurements

Key question: when do these shortcomings begin to 9
e impact model benchmarking or tuning studies?e o

My prediction: they already are

*  Whilst solutions to some of the shortcomings exist, they often
require major rethinking of how we do our analyses

* In the meantime, some small things can help:
o Report where latent model dependence may be

o Report how Gaussian our uncertainties are E.g. In NUISANCE
or hepdata

* In the longer term:
o Data preservation efforts (see MINERVA's work: arXiv:2009.04548)
o Move towards more complete common-format data releases

NuFact 2024, Argonne, 17/09/24
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https://arxiv.org/abs/2009.04548
https://github.com/NUISANCEMC/nuisance
https://indico.cern.ch/event/1369601/contributions/5867777/

Summary

« A detailed understanding of neutrino-nucleus interactions is crucial
for current and future experiments to realise their extraordinary goals

 Cross-section measurements are an invaluable means to
benchmark our models or inspire new theory developments

« The latest results have allowed us to make enormous progress
understanding neutrino interaction physics over the last 10 years, but
still have some way to go

 The upcoming generation of experiments (just started data
collection) open the door to whole new types of measurements

 How we deal with the SIS region for DUNE and ensure the longevity
of our measurements remains a challenge

« Expect plenty of exciting new results and a continued exponential
growth of the field in the run up to DUNE & Hyper-K.
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Backups
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Path to Precision Measurements

Improved near detector Engagement with the
capabilities nuclear iheory community

wnstream Magnetized Tracker

GIBUU

\V/

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

UNIVERSAL NEUTRINO GENERATOR
\ & GIOBAL FIT

Dedicated lepton-nucleus cross-
section measurement programs

SBN

Program
$— P — 3
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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
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« So we can infer the shape of the oscillated spectrum
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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

Stephen Dolan Mainz, 17/01/21 75




How generator development helps

Example

— GENIE 10a —— GENIE 10b — GENIE 10c
— CRPA — SuSAv2 — NEUT

«107%° NuWro
L] I ] I T ] ] I ] I T I ] ] ] I I T ]

- DUNE on-axis ND flux
- Argon target it

Ratio w.r.t. GENIE 10a

0 0.2 0.4 0.6 08 1
rec

Ehad/qo
A

Fraction of energy transferred to the hadronic
system that's expected to be visible
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How generator development helps

Example Thanks to having a variety of models in generators,
o e e we know about the potential differences:

109 — NuWro « Can use this to bracket uncertainties!

= i LN DL L DL L L DL L L DL £
o S
s | DUNE on-axis ND flux s
c
€ o4~ Argon target it <
) | 0.4 =
%3 H
X
;o
0.2 ]

Ratio w.r.t. GENIE 10a

0.5 1
(El\',ec, had _ Egue) /E::'ue

08 1
B9,
A

Fraction of energy transferred to the hadronic Models are 50% different in predicting the fraction of interactions where
system that's expected to be visible we expect to get the neutrino energy within 10% of its frue value
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DIgQing deeper w/@

« Q. ls disagreement in poorly modelled
regions of lepton kinematics at:
« Low energy transfer (~QE like)?
« High energy transfer (~non QE like)?2
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Digging deeper w/©

Q. lIsdisagreement in poorly modelled
regions of lepton kinematics at:
« Low energy fransfer (~QE like)?

« High energy transfer (~non QE like)? :r:
« MINERVA measures lepton kinematics E
and the sum of outgoing proton kinetic ¢
energy in CCOr inferactions =
« Good proxy for energy transfer %
o

- A. abif of both ...
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4.50 < P, (GeV/c) < 7.00

5 0.00 <p, (GeVic) <0.07 0.07 <p, (GeVic) < 0.1
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NP R I L. ¥
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&..‘I.'.I.-... e 1
2 0.33 <p, (GeVic) < 0.40 0.40 < p, (GeVic) < 0.4
1“‘- I ﬂi'_ —o
T e —
L L IS ; [P B
2 0.47 <p (GeVic) <0.55 0.55 <p, (GeVic) < 0.7
1 fi! §¥ i3 &
2 0.70 < p, (GeVic) < 0.85 0.85<p, (GeV/c) <1.0
x 0.
1 ;i }} $ 5 ¢ }
_i } } $ s 3
— . '::Sr = [ —
1.00 GeV/ 2.50
2 <P, (GeVie) < 02 04 06
x 0.5
l } —¢— MINERVA data
1 { { § 3 Minerva Tune v4.4.1
—— 5 QELike-QE
B e S ——— QELike-Pions
~— QELike-2p2h
00 02 04 06 2p2h without it
----- QELike QE proton
ZTp (GeV) —— - QELike QE neutron
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Digging deeper w/@

Q. lIsdisagreement in poorly modelled
regions of lepton kinematics at:

« Low energy fransfer (~QE like)?
« High energy transfer (~non QE like)?

« MINERVA measures lepton kinematics
and the sum of outgoing proton kinetic
energy in CCOr interactions

« Good proxy for energy transfer

Ratio to Minerva Tune v4.4.1

« A.qa bit of both ...
« Clear overestimation of nonQE

Stephen Dolan

(especially at forward angles)
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BT ‘H;!- : !
t
m o aaaaa e
2 0.70 <p, (GeV/c) <0.85 0.85 <p, (GeV/c) < 1.0
x 0.
;{ }} } 3 [ ]
1 f 1 §
] Pid . 3 ! & | ]
2 1.00 <p, (GeVic) <x2652 02 04 06
ll } —+— MINERVA data
1 { { § 3 Minerva Tune v4.4.1
 S— % QELike-QE
D e S ; ——— QELike-Pions
———— QELike-2p2h
00 02 04 06 2p2h without it
----- QELike QE proton
ZTp (GeV) — - QELike QE neutron

80



4.50 < P, (GeV/c) < 7.00

0.00 <p, (GeVic) <0.07 0.07 <p, (GeV/c) < 0.1

A

Digging deeper w/©

« Q. Is disagreement in poorly modelled — [k
regions of lepton kinematics at: ) 0.15 <p, (GeVic) < 025 025 <p, (GeVI0) <03

« Low energy transfer (~QE like)? = e ¥ s
- High energy transfer (~non QElike)e ¥ " (X~
g 2 0.33 <p, (GeVic) < 0.40 0.40 <p, (GeVic) < 0.4
«  MINERVA measures lepton kinematics g s, | Bl
and the sum of outgoing proton kinetic & (X (S
energy in CCOT[ in-l-erocﬁons '(2; 2 0.47 <p, (GeVlc) <0.55 0.55 <p, (GeVic) < 0.7
« Good proxy for energy transfer %
X }
o A q bl.l. Of b O.I.h 2 0.70 <p, (GeVic) < 0.85 0.85<pt(GeV/c)<x1(.)(?j
« Clear overestimation of nonQE 1*\i*_:_’\ i ity |,
(especially at forward angles) ' < T
« But also disagreement in QE region 2| o, TOTROTOTESl 02 04 08
(sometimes in the opposite direction) 1 {“} by b Minerva Tuns w1
« Issues with FSI modelling? e .S QEL ke pions
00 02 04 06 oottt
2T, (GeV) . Qeihe qE neuton
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