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How precise is “precise”?

Current Future: goal
Stat. 5-10% 1-3%
Syst. 5% <1-3%
X-sec. 4% ?7?77?
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How precise is “precise”?

Current Future: goal Uncertainty on total normalization
Stat. 5-10% 1-3%
Syst. 5% <1-3%
X-sec. 4% ?7?7?
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How precise is “precise”?
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How precise is “precise”?
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How precise is “precise”?
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How precise is “precise”?

arXiv:2605.28696
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
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LArTPC - measure particles’ energy deposits
particles above threshold
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
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(calorimetric energy reconstruction)

Add up all visible energy
from final state particles

Ef,wail =Eg + Z Ti+ Z Ei
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
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(kinematic energy reconstruction)

(calorimetric energy reconstruction)
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Neutrino energy reconstruction
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Inspired by S. Dolan’s INSS 2023 lecture

(calorimetric energy reconstruction)

Add up all visible energy
from final state particles

between the two
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[ Reality is somewhere in }
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What makes E,.,.. different from E;p ?
K flux, H,O, CCOn

Total CCOm

=
[ M)

— CCQE ]
non-CCQE

=
o
T

For the majority of the talk, we use NuWro 25.03.1 with SF,
2016 Valencia 2p2h and Rein Sehgal model
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What makes E,.,.. different from E;p ?
K flux, H,O, CCOn
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What makes E,.,.. different from E;p ?

K flux, H,O, CCOn
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What makes E,.,.. different from E;p ?
K flux, H,0, CCIO7TI DUNE flux, Ar, CClnc.
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What makes E,.,.. different from E;p ?
HKflux HZIO, .CC,OR, DUNEﬂux Ar CCInC
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What makes E,.,. different from E,,0
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What makes E,.,.. different from E;p ?
!(fllux,l HZIO, .CC,OR, DUNE flux, Ar, CClnc.
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How does FSI change this?
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FSI/noFSI 4o /dE [10~42 cm?/nucleon/MeV)

How does FSI change this?
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How does FSI change this?

H.K fllux,l HZIO, ICC'OnI DIUNIE flyx, Ar, ICCIInc. DUNE flux, Ar, CClnc.
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How does FSI change this?
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DUNE flux, Ar, CClnc.
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Recap so far

* DUNE and Hyper-K neutrino-energy estimators are sensitive to FSI effects

e Particularly important are pion absorption and processes involving neutrons
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Bias vs uncertainty on bias

The fact that there is a difference between E, .., and E¢,, iS nOt a problem
e ...aslongasthe differenceis under control
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Bias vs uncertainty on bias

The fact that there is a difference between E, .., and E¢,, iS nOt a problem
e ...aslongasthe differenceis under control

Differences in predictions of bias = uncertainty on neutrino energy scale
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Bias vs uncertainty on bias

The fact that there is a difference between E, .., and E¢,, iS nOt a problem
e ...aslongasthe differenceis under control

Differences in predictions of bias = uncertainty on neutrino energy scale
* First principle uncertainties are hard/impossible to assign

The physics is really hard: many-body low-Q? QCD

FSI/nuclear model/Sl processes should be described by consistent physics, but they are not
Different implementations/models use different sets of ingredients

No clear preference from experimental measurements on which model s preferred
Different sub-processes matter for different experiments
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Bias vs uncertainty on bias

The fact that there is a difference between E, .., and E¢,, iS nOt a problem
e ...aslongasthe differenceis under control

Differences in predictions of bias = uncertainty on neutrino energy scale
* First principle uncertainties are hard/impossible to assign

The physics is really hard: many-body low-Q? QCD

FSI/nuclear model/Sl processes should be described by consistent physics, but they are not
Different implementations/models use different sets of ingredients

No clear preference from experimental measurements on which model s preferred

Different sub-processes matter for different experiments

* Some approaches to estimate uncertainty:
*  FSImodel spread

* Including quantum mechanical effects
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Meet the (cascade) models
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Meet the (cascade) models
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Same sort of cascade with different unerlying
choices used in NEUT and NuWro
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Meet the (cascade) models
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Same sort of cascade with different unerlying
choices used in NEUT and NuWro

09.09.2026 Laura Munteanu - NSTAR 2026, Seville 30



Meet the (cascade) models

Space-like _[ hA2018 Intranuke ]
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hN2018 Intranuke

Same sort of cascade with different unerlying
choices used in NEUT and NuWro

evaporation
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do/dE [107*? cm? /nucleon/MeV]

ratio to hA

Entire cascade model variations
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[ > 10% impact across most energy range ]
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Bringing quantum mechanics back into it

Microscopic approaches take into account the effect of FSI on the final
wavefunctions which can also affect the lepton kinematics

RPWIA EDRMF cascade

10
\
\

4

| r
. : no wave equation:
no potential energy-dependent potential . . .

P gy-dep P classical trajectories
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Wave distortions
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[ Up to ~25% effect for CCQE interactions ]
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[ 10 range (16-84%)  —— 90% range (5-95%) O median < mean

Global picture
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Global picture

Flavour Observable FSI / no FSI Tabs = 31% NN MFP +30% INC model var. Nuc. Pot. on/off
median mean median mean median mean median mean median mean
Absolute bias [MeV]
Hyper-K EQF 7.8  30.6 4.2 15.0 0.3 2.0 1.7 9.9 8.8 0.1
S DUNE E3avail 22.3  55.0 0.7 2.2 12.8 15.0 44.4 28.4 0.5 5.4
DUNE Ehad 36.3 63.4 49 83 25.0 13.2 5.8 32.5 0.5 5.0
Hyper-K EQF 5.6  22.9 2.8 11.1 0.3 1.4 0.4 3.1
N DUNE E2vail 30.0 214 7.1 6.4 11.8 14.6 40.9 28.2
DUNE E}2d 38.5 31.3 15.1 125 14.4 16.4 61.1 43.1
Relative bias [%)]
Hyper-K EQF 1.2 2.4 0.6 1.2 0.1 0.1 0.2 0.1 1.1 1.3
S DUNE E2vail 3.1 2.7 0.0 0.0 1.2 0.9 1.8 1.5 0.0 0.3
DUNE E}Qad 2.2 3.2 0.2 0.3 1.0 0.8 3.0 2.3 0.0 0.3
Hyper-K EQF 0.7 1.8 0.4 0.9 0.0 0.1 0.0 0.2
S DUNE E3avail 0.6 0.8 0.2 0.2 0.5 0.6 1.7 1.5
DUNE Ehad 1.2 1.3 0.5 0.5 0.6 0.7 2.3 2.1

09.09.2026

>5 MeV (Hyper-K), >15 MeV (DUNE)
>0.5%
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Global picture

See paper for details

Flavour Observable FSI / no FSI Tabs = 31% NN MFP +30% | INC model var. Nuc. Pot. on/off
median mean median mean median mean § median mean median mean
Absolute bias [MeV]
Hyper-K EQF 7.8  30.6 4.2 15.0 0.3 2.0 1.7 9.9 8.8 0.1
S DUNE E3avail 22.3  55.0 0.7 2.2 12.8 15.0 44.4 28.4 0.5 5.4
DUNE Ehad 36.3 63.4 4.9 8.3 25.0 13.2 53.5 32.5 0.5 5.0
Hyper-K EQF 5.6  22.9 2.8 11.1 0.3 1.4 0.4 3.1
N DUNE E2vail 30.0 21.4 71 6.4 11.8 14.6 40.9 28.2
DUNE E}2d 38.5 31.3 15.1 12.5 14.4 16.4 61.1 43.1
Relative bias [%]
Hyper-K EQE 1.2 2.4 0.6 1.2 0.1 0.1 0.2 0.1 1.1 1.3
S DUNE E2vail 3.1 2.7 0.0 0.0 1.2 0.9 1.8 1.5 0.0 0.3
DUNE E}Qad 2.2 3.2 0.2 0.3 1.0 0.8 3.0 2.3 0.0 0.3
Hyper-K EQF 0.7 1.8 0.4 0.9 0.0 0.1 0.0 0.2
S DUNE E3avail 0.6 0.8 0.2 0.2 0.5 0.6 1.7 1.5
DUNE Ehad 1.2 1.3 0.5 0.5 0.6 0.7 2.3 2.1

09.09.2026

>5 MeV (Hyper-K), >15 MeV (DUNE)
>0.5%
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DUNE flux, Ar, CClnc.

Impact on oscillated spectra: DUNE

Vy = Ve

1.CC (no ND constraint, no detector smearing)
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Cascade FSl changes are compatible with an energy scale shift of the
size of the target precision for oscillation parameter measurements
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HK flux, H,O, CCOn

Impact on oscillated spectra: Hyper-K

Vy 2V, Vy = Ve
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the spectra - can mimic the behavior of several osc. parameters

[ Microscopic FSI changes affect both the normalization and the shape of J
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Summary

What have we shown?
* Neutrino energy reconstruction is sensitive to the details of FSI modelling
* FSImodelingis really hard

* Plausible variations of FSI modeling impacts reconstructed neutrino energy spectra with a size and shape
that is degenerate with oscillation parameter variations that DUNE and Hyper-K hope to be sensitive to
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Summary

What have we shown?
* Neutrino energy reconstruction is sensitive to the details of FSI modelling
* FSImodelingis really hard

* Plausible variations of FSI modeling impacts reconstructed neutrino energy spectra with a size and shape
that is degenerate with oscillation parameter variations that DUNE and Hyper-K hope to be sensitive to

What does this mean?
* |tis essential that we are able to reliably constrain FSI for the success of next generation experiments

* Thisrelies on flexible uncertainty parametrizations which can capture all the relevant FSI features (energy
dependece, interplay between cascade and microsropic features, different processes...)
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Summary

What have we shown?
* Neutrino energy reconstruction is sensitive to the details of FSI modelling
* FSImodelingis really hard

* Plausible variations of FSI modeling impacts reconstructed neutrino energy spectra with a size and shape
that is degenerate with oscillation parameter variations that DUNE and Hyper-K hope to be sensitive to

What does this mean?
* |tis essential that we are able to reliably constrain FSI for the success of next generation experiments

* Thisrelies on flexible uncertainty parametrizations which can capture all the relevant FSl features (energy
dependece, interplay between cascade and microsropic features, different processes...)

How do we achieve this?
* Theory models of FSI/SI benchmarked against available data

* Theory-driven uncertaintainties (beyond just elementary cross-section scaling) that can be constrainted with (ideally movable)
near detectors

* Direct constraints on invisible/missing energy in neutrino scatters (e.g. from e4v or nuSCOPE)
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Summary

What have we shown?
* Neutrino energy reconstruction is sensitive to the details of FSI modelling
* FSImodelingis really hard

* Plausible variations of FSI modeling impacts reconstructed neutrino energy spectra with a size and shape
that is degenerate with oscillation parameter variations that DUNE and Hyper-K hope to be sensitive to

What does this mean?
* |tis essential that we are able to reliably constrain FSI for the success of next generation experiments

* Thisrelies on flexible uncertainty parametrizations which can capture all the relevant FSI features (energy
dependece, interplay between cascade and microsropic features, different processes...)

How do we achieve this?
* Theory models of FSI/SI benchmarked against available data

e Theory-driven uncertaintainties (beyond just elementary cross-section scaling) that can be constrainted with (ideally movable)
near detectors

* Direct constraints on invisible/missing energy in neutrino scatters (e.g. from e4v or nuSCOPE)
Thank you for your attention!
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Relationship between E{"™€ and proxies

YPER
. (kinematic energy reconstruction) (calormErlc energy reconstruction)
Proxy: Proxy:
por _ M —mf = (my — Ey)? + 2E,(my — Ey) Egrail = f, + Z T+ ) E

i=p,mt i=n0y

2(my, —Ey, —E; +p7)
What we really measure:

Eavallrec — ET'EC + Z Trec + Z ETEC

i=p,m*t i=m0y

What we really measure:
m129 B mﬁ — (my, — Ep)* + 2E7°“(my — Ep)

E)
Eg e = rec zZ,rec
2(my —Ep —E,*“ +p, )

+Cherenkov threshold, transparency, reconstruction efficiency... +recombination, quenching, space-charge...

QE QE,rec il avail,rec
E," —Ey Egvail — E

— detector energy scale (ref: 2.4% for SK) y —detector energy scale

t , . . . .
EPTOyITHe _ pPTOXYTEC ig constrained through detector calibration

But what about E{"#¢ — EPT9%2
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What about anti-neutrinos?
!(fllux,l HZIO, .CC.O”. DUNE flux, Ar, CClnc.

=
[V

DUNE flux, Ar, CClnc.

fraction

> s <
D
E Total CCOm é’ Total CC inc. ﬁ 195 Total CC inc. ]
g10F— CCQE b E 150 - —— No neutrons ] E —— No neutrons ]
i‘é g b non-CCQE < —— With neutrons < 100 —— With neutrons b
=] 2 1

=1 L 4
> § 100 g § 1
g 6 g 1 E TSk :
N [ ~ 1 o
1 af ¥ v ” . T 50 V 7
2 g sof ] =) u .
B2 g 1 SE ]
N T 5 ]
< 0 | 0 . 3

. 1 1T T = T 1F~ T T T

El) CE| 8%

= | 53 B3

5 =pe -pe

0 1 =e 0 S PRI 1 1 =e 0 1 1
—800 —600 —400 —200 0 200 400 —800 —600 —400 —200 0 200 —800 —600 —400 —200 0 200
ESE — E}t}rue [MeV] E,})ad _ E’(;rue [MGV] E;Lvail _ E,tjrue [MEV]
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do/dE [10~*2 cm?/nucleon/MeV

fraction
of total

What about anti-neutrinos?

K flux, H,O, CCOn

=
[V

! Total CCOm
wfF— CCQE
b CCQE on H
8r non-CCQE

—800 —600 —400 —200 0 200 400
EQE — Etre [MeV]

Hydrogen contribution

09.09.2026

do/dE [107*2 cm?/nucleon/MeV

fraction

of total

150

100

50

(=]

DUNE flux, Ar, CClnc.

Total CC inc.
—— No neutrons

—— With neutrons

=

1
—400  —200 0 200
Ebed — Etre [MeV)

—800  —600
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do/dE [107*2 cm?/nucleon/MeV
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of total
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1
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do/dE [10~*2 cm?/nucleon/MeV

fraction
of total

What about anti-neutrinos?

= —
(=] e} o N

'

Hydrogen contribution

[ M)

= o

o

K flux, H,O, CCOn

! Total CCOm

[ —— CCQE
CCQE on H

C non-CCQE
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EQE — Etre [MeV]

A baryons
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do/dE [107*2 cm?/nucleon/MeV

fraction

of total

150

100

50

(=]

DUNE flux, Ar, CClnc.

Total CC inc.
—— No neutrons

—— With neutrons

=

1
—400  —200 0 200
Ebed — Etre [MeV)

1
—800  —600
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do/dE [107*2 cm?/nucleon/MeV
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What about anti-neutrinos?

=
[ M)

K flux, H,O, CCOn

ot

DUNE flux, Ar, CClnc.

> 74 >

E _ Total CCOm s | Total CC inc. S 195 Total CC inc.
g10F CCQE E 20 - —— No neutrons 1 E —— No neutrons
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=
[ M)
1

=

do/dE [10~*2 cm?/nucleon/MeV

fraction
of total

What about anti-neutrinos?

K flux, H,O, CCOn
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Primary vertex neutrons
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FSI/noFSI do/dE [10742 cm? /nucleon/MeV

= —
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o

What about anti-neutrinos?
HK flux, H,O, CCOr
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DUNE flyx, Ar, (IDCI'nc.
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DUNE flux, Ar, CClnc.
Are these neutrons problematic at DUNE energies?

x10738

=
[=}
T

o C
(=2}
T

T,
N
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> T/q0) [em?/nucleon]

Vu
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o/d(
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of total

>
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o
=}
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0.4 0.6 0.8 1.0

ZTH/‘ZO

—— Npo=1 —— N,=2 N, >3
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Total

In v interactions, few
neutrons are produced at the
primary vertex and carry low
fraction of energy transfer

52



DUNE flux, Ar, CClnc.

Are the

[em? /nucleon]

/A3 Tn/q0)

do/d(
e e
- o M)

fraction
of total

o

do/d(3> T /qo0) [cm?/nucleon]
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of total
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—— e T
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09.09.2026

ZTH/QO

— N, =1 — N, =2 N, >3 Total

se neutrons problematic at DUNE energies?

* |nvinteractions, few
neutrons are produced at the
primary vertex and carry low
fraction of energy transfer

* |nvinteractions, neutrons
carry large fractions of the
energy transfer
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Total

DUNE flux, Ar, CClnc. —— Na=1 —— N.=2 N.>3
Are these neutrons problematic at DUNE energies?

x10~%8 x107%8
1ot £ 10f * Invinteractions, few
ol Vﬂ ] ol VM ] neutrons are produced at the
—~ 0.6 b ~ 06 T
50_4 NoFS| | Soab With ES| | prlmgry vertex and carry low
Sorpn Soat ] fraction of energy transfer
;%g 'gg wﬂr — M
29 -t - 1 * Invinteractions, neutrons
0 L T T e 0 L L L L .
0.0 0.2 O.AIZ:Tn/q:.G 0.8 1.0 0.0 0.2 O.ALZ:Tn/q:.G 0.8 1.0 Carry la rge fra CtlonS Of the
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7 - 7 energy transfer
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Recap so far

DUNE and Hyper-K neutrino-energy estimators are sensitive to FSI effects

Particularly important are pion absorption and processes involving neutrons

All examples so far are flux-averaged over oscillated experiment fluxes

But oscillations distort the flux itself

x10~% : : : : : : : 8 %1071 : : . ,
1750 HK: v, flux, ¢(E,) —— CCQE 1 DUNE: v, flux, ¢(E,) —— CCQE
HK: ¢(E,)P(v, - v,) ~ — CCRPP T DUNE: ¢(E,)P(v, = v,) ~—— CCRPP 7
g“’"' B HK: §(E,)P(y, »v) — CCnpnh ] Zof W DUNE:G(B)P(,—»v) — COmnh
— ot —— CCDIS S otal — CCDIS .
e CC Total 2ol cc ol - How does the neutrino
5 oF energy bias depend on
~0.75F ~ b . .
i g3 the neutrino energy itself?
= 0.50 S of
0.25 1k
0

=
o
S

0 250 500 750 1000 1250 1500 1750 2000 0 1000 2000 3000 4000 5000 6000
Neutrino energy, E, [MeV] Neutrino energy, E, [MeV]
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HK flux, H,O, CCOn

Energy dependence
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DUNE flux, Ar, CClnc.

Energy dependence

09.09.2026
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DUNE flux, Ar, CClnc.

Energy dependence
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Data-driven variations

Pion scattering data Nuclear transparency data
Bhys.Rev.D 99 (2019) 5, 052007
L e L Phys.Rev.C 100 (2019) 1, 015505
T 1 T T T T T ]
T NuWro 19.02 SF carbon ]
i /\ i 09 [ standard - """ A +=30% 7
200 s - :
'_g' | 08 "
> ]
o g 07 f ]
100 - ] ]
2 06fF 1
& ]
[ 4
05 3
R 5(|)0 T 00 1500 2000 04 F ;
_ . —8— Bates 1992 +©— SLAC 1995 ++— JLab 1998
TABLE VIII. Postfit FSI parameters after error scaling. 03 F —>— Jl ab 2002 =—¥*— JLab 2005 3
Parameter Best fit £1o ! ! ! ! ! :
i 1.07 +0.31 ! 2 v 4 5
OE . .
[ fas 140 £ 0.43 ] Pp [GeVic]
P 0.70 £0.30
FineL 1.00 +1.10
Fous 182+ 086 Alter nucleon mean free

Alter o, 4ps by £31% path (MFP) by £30%
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Ratio to
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Cascade FSI| parameter variations
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