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See conftributions:
- Neutrino flux at J-PARC, I. Heitkamp
- Muon monitoring, |I. Heitkamp
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- Multi-detector analyses, C. Jesus-Valls
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The T2K Experiment

Super-Kamiokande

Mt. Noguchi-Goro

50kt water Cherenkov detector

Mt. lkeno-Yama

See contributions:
- 12K plenary, Y. Prabhu —
- T2K oscillation results, H. O'Keeffe
- Alternate presentations of results, M. Pfaff
- Projected sensitivities, P. Boistier
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Neutrino interactions at T2K
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Neutrino interactions at T2K
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Hayato, Y., Pickering, L. Eur. Phys. ).

Spec. Top. 230, 4469—-4481(2021)

Percentages show confribution to v, CC interactions af

the near (before oscillation) and far (after oscillation)

detectorsites for E, < 2 GeV simulated with NuWro

Stephen Dolan NuFact 2025, Liverpool 10



https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7

Neutrino interactions at T2K
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Neutrino interactions at T2K
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Neutrino interactions at T2K
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Three things we need to know but don't

(a non exhaustive list)

1. The energy (and target) dependence of cross sections
« SO0 we know how to extrapolate from our near to far detectors
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Three things we need to know but don't

(a non exhaustive list)

2. The smearing of our neutrino energy reconstruction
« SO we can infer the shape of the oscillated spectrum
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Three things we need to know but don't

(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
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Our intferaction ignorance

« QOur baseline model is missing physics
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Our intferaction ignorance

Phys. Rev. D 111, 033006
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Our intferaction ignorance

Phys. Rev. D 111, 033006
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Our intferaction parametrised ignorance

Phys. Rev. D 111, 033006
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12K’s approach to neutrino
INferaction uncertainties
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The CCQE Model

 The Benhar Spectral Function model

v' More sophisticated description of the nuclear ground state (i.e. Fermi
motion and removal energy) than Fermi-gas (FG) models

v Shell model largely derived from electron scattering data
v Better predictive power for outgoing nucleon kinematics than FG

d>0y,
dQ(k")da(py)dE,’

~S(Em, Pm)LiwWH(w + M — Ep, — Ep))

\

Single nucleon tensor

“Spectral Function” contraction
(no nuclear effects)
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Ip| [MeV]
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|[dentifying the natural d.o.f.

Phys. Rev. D 109, 072006
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Phys. Rev. D 109, 072006

|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)

AU.
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|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)
« Change shape of the momentum distribution of each shell
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|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)
« Change shape of the momentum distribution of each shell
« Shift the whole removal energy distribution
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Phys. Rev. D 109, 072006

|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)
« Change shape of the momentum distribution of each shell
« Shift the whole removal energy distribution
« Plausible alterations derived from (e — e’, p) data
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Phys. Rev. D 109, 072006

|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)
« Change shape of the momentum distribution of each shell
 Shift the whole removal energy distribution
« Plausible alterations derived from (e — e’, p) data

- Short range correlations:

T > I
- Normalisation of the SRC L 140 N
contribution (high nucleon E 120
momentum tail, 2 nucleon final states)
100 4
« NEUT predicts 5%, other models . SRC °
prediCT C|OS€T TO 20% i Short range correlations
« New: shape + pair fraction ” 08

alteration to SRC contribution 40
20

0 100 200 300 400 500 600
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|[dentifying the natural d.o.f.

- Fermi motion and removal energy in the mean field region:
« Change relative occupancy of the shells (2 shells for C, 3 for O)
« Change shape of the momentum distribution of each shell
 Shift the whole removal energy distribution
« Plausible alterations derived from (e — e’, p) data

- Short range correlations:

T > I
- Normalisation of the SRC L 140 N
contribution (high nucleon E 120
momentum tail, 2 nucleon final states)
100 4
« NEUT predicts 5%, other models . SRC °
prediCT C|OS€T TO 20% Short range correlations

« New: shape + pair fraction >

alteration to SRC contribution 40
20

Crucial check: the parameter constraints
from T2K's near detector are reasonable % 100 200 300 400 500 600
given electron scattering data Ip| [MeV]
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The CCQE Model

 The Benhar Spectral Function model

v' More sophisticated description of the nuclear ground state (i.e. Fermi
motion and removal energy) than Fermi-gas (FG) models

v Shell model largely derived from electron scattering data
v Better predictive power for outgoing nucleon kinematics than FG

d>0y,
dQ(k")da(py)dE,’

~S(Em, Pm)LiwWH(w + M — Ep, — Ep))

\

Single nucleon tensor

“Spectral Function” contraction
(no nuclear effects)

0 50 100 150 200 250 300 350
Ip| [MeV]
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The CCQE Model

 The Benhar Spectral Function model

v More sophisticated description of the nuclear ground state (i.e. Fermi
motion and removal energy) than Fermi-gas (FG) models

v Shell model largely derived from electron scattering data

v Better predictive power for outgoing nucleon kinematics than FG
X Relies on “factorization”, breaks down at low qg, g5 (~15% of events)
X FSl + long-range correlation effects not included

X Simplistic approach to Pauli Blocking (also important at low q,, q3)

~S(Em, Pm)LiwWH(w + M — Ep, — Ep))

da(k’) dﬂ(m}d}/' \

Single nucleon tensor

“Spectral Function” contraction
(no nuclear effects)

0 50 100 150 200 250 300 350
Ip| [MeV]
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The CCQE Model

The Benhar Speciral Function model
v More sophisticated description of the nuclear ground state (i.e. Fermi

motion and removal energy) than Fermi-gas (FG) models
a| largely derived from electron scattering data

~S(Em, Pm)LiwWH(w + M — Ep, — Ep))

d°ay,
dQ(k")da(py)dE,’ \

Single nucleon tensor
“Spectral Function” contraction
(no nuclear effects)

100

Emv [MeV]

200 250 300 350
Ip| [MeV]
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Phys. Rev. D 109, 072006

Beyond factorisation

« Pauli blocking is considered via a simple Fermi-gas approach
« Sets zero cross section below some (pre-FSl) outgoing nucleon mom.
« Requires event generation in expanded phase space (no Pauli Blocking)

2 2007
>
(=]
o s
s NEUT, CCQE 150 1
C T2K flux on Carbon o
5000(— -
- 100
4000_—
30003— 50
2000:— < B |
- 0
000 %’ 1E ittt
0:...,1...,r....|,...|....|....|....1....|....|.... O 08¢
0 100 200 300 400 500 600 700 800 900 1000 -
pre-FSI nucleon momentum [MeV/c] 06f
0.4F

Separate parameters for [C, O], [v, 7] [ Causes significant alteration to the cross- ]

section at low momentum transfers
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Beyond factorisation

g
>
[
)
8
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00 02 04 06 08 10 12 14
q [GeV]

Stephen Dolan

o [GeV/c]

Phys. Rev. D 106, 073001

NEW! (notf yetin a public T2K analysis)

« Long-range correlation and FSI corrections to inclusive cross section
« Use the CRPA implementation in GENIE to derive 3D corrections [E,.w, q]

2.0

14 _ 18
12 Long range correlohon - A 1e
“CRPA” correction - <[NP

1.0 . P :
1.2
0.8 10
0.6 08
0.4 0.6
04
02 F e 0.2
0.0 L T T - 0.0

00 02 04 06 08 10 12 14

q[GeV]
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correction
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Beyond factorisation o
NEW! (notf yetin a public T2K analysis)

« Long-range correlation and FSI corrections to inclusive cross section
« Use the CRPA implementation in GENIE to derive 3D corrections [E,.w, q]

— 7 . e 20 . e
'§ 1.4 E 1.4 SR 18 E 14 o T T 2.0
. 60 > F . : T . 1.8
& 12 Baseline QE Py Long range correlation 16 E 1o Nuclear potential “FSI" 16
) 10 50 = [ "CRPA" correction 14 = - correction 14
: 8 1.0 i 2 10Ff :
40 . r 1.2

0.8 F
0 08 1.0 081 1.0
0.6 0.6 08 0.6 [ 0.8
0.4 20 0.4 gi 04F 0.6
: E 0.4

0.2 10 0.2 L

. e 0.2 0.2 |
oo T — — - — — - — . o == d o e e — — — = 0.2
00 02 04 06 08 10 12 Gg/ %0 02 04 06 08 10 12 14 : 000 02 04 06 08 10 12 14 0.0

q[GeV] q [GeV] q[GeV]

« CRPA is only one model: allow the shape of the corrections to vary
« Split each correction into three bins of w to change shape of correction
« Also split by [C, O], [v, V]
« Employ correlations to ensure only smooth corrections are permitted
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arXiv:2301.09195, Phys. Rev. D 111, 033006

Beyond factorisation

+ q-dependent cross section shift from (e,e’) data
« e,e’ scattering data indicates a shift in the QE peak as a function of g

Phys. Rev. D 111, 033006

10° E = 320 MeV, =60

[ Q"=0.0836+0.0001 GeV* I data
[ q =0.2050 +0.0002 GeV — total
—_ F A'w=-0.0219 £0.0004 GeV uasielastic
2 0.03H q
o —
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K
s [
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g 0.01-
l‘b F

L | |
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10° E =560 MeV, 6=60°
[ @’=0.2285 00007 GeV* I data
6l- 9. =0.5016 0.0008 GeV o
[ e 2 000924 00015 Gev fotal
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E L
v I
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arXiv:2301.09195, Phys. Rev. D 111, 033006

Beyond factorisation

+ q-dependent cross section shift from (e,e’) data
« e,e’ scatftering data indicates a shift in the QE peak as a function of g
« The T2K model was compared to data, and a correction derived
« (Note that this analysis was just updated by S. Abbe)  Phys.Rev. D 111. 033006
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arXiv:2301.09195, Phys. Rev. D 111, 033006

Beyond factorisation

+ q-dependent cross section shift from (e,e’) data
« e,e’ scatftering data indicates a shift in the QE peak as a function of g
« The T2K model was compared to data, and a correction derived
« (Note that this analysis was just updated by S. Abbe)  Phys.Rev. D 111. 033006

10° E = 320 MeV, =60

[ Q* =0.0836 +0.0001 GeV? I data
[ q,=02950 +0.0002 GeV ol
—_ I A'@=-0.0219 £0.0004 GeV — quasielastic
} Barreau:1983ht gooed -
5 -t (w/ PB)
Baran:1988tw go.oz_—
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0 1 Sealock:1989nx '“E 0.01
; I Bagdasaryan:1988hp °0 008 0T 048 02 025
] ® (GeV)
9 T Day:1903md 100 E = 560 MeV, 6=60°
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S f0g=oxsh L o R
<1.0.02 T B C 0386200008 § |
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: i
. QO'Connel:1987ag 3
i |
f(x)=ax+b
| a = 0.0548+0.0021 g S
—0.04 ) ‘ ) ‘ ‘ . ‘ ) b = -0.0383+0.0008 ) z oD
0 0.5 1 16 E =680 MeV, 6=60°
q (GeV) [ Q°=03189 +0.0010 GeV* T data
3 3 balTmsiiomcey e
> [
. . . . . * % :
« The correction derived is consistent with other work* § 4
. . . g I
« RMF calculations imply the same correction pnys. rev. ¢ 90, 035501] L
« Employ a parameter to vary the correction strength |
* And consistent with our first version of this study in arXiv:2301:09195
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CCQE Uncertainties

2(3) shell occupancy
uncertainites for C(O)
« Fairly complete set of 48 parameters for 2(4) SRC norm (shape)
altering both lepton and nucleon kinematics  uncertaintes (split for C/0)
Nucleon axial mass
« The uncertainties are split between carbon 3 Q2 shape uncertainties*
and oxygen where required A el e i
uncertainies (split C/O, p/n)
« Some degeneracies due to model [Imitafions 4 pauli blocking uncertainies
(split C/O, p/n)
« |dedlly would like to move to an unfactorized 12 long-range correlation
and non-dipole model for future analyses uncertainties (split C/O, p/n)
12 FSI correction uncertainties
«  Model improvements will be required as we  (split ¢/O, p/n)
begin 1o use our significantly upgraded near  ddependent w shift

detector uncertainty

*These are designed to cover physics
beyond the dipole parametrisation
of the axial form factor. See backup
slides for details.
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CCQE Uncertainties

2(3) shell occupancy
uncertainites for C(O)
te set of 48 parameters for 2(4) SRC norm (shape)

Oy, {on and nucleon kinematics  uncertaintes (split for C/0)
Q. Nucleon axial mass

« Fairly comp
altering ba

« The uncertaintie it between carbon 3 Q? shape uncertainties*

4 removal energy shift
uncertainies (split C/O, p/n)

« Some degeneracies due 10 | imitations 4 pauli blocking uncertainies

(split C/O, p/n)
« |deally would like fo move to an u . 12 long-range correlation
and non-dipole model for future ana\ @, uncertainties (split C/O, p/n)

« Modelimprovements will be required as we O, p/n)
begin to use our significantly upgraded near
detector

*These are designed to cover physics
beyond the dipole parametrisation
of the axial form factor. See backup
slides for details.
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Can the model describe T2K
Ccross-section measurementse
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Can the model describe T2K cross-
section measurementse  rhys. rev o109, 072006

Test: fit the model to T2K cross sections, check the goodness of fit

e First: T2K's CCOr measurement on C and O in u kinematics
Phys. Rev. D 101, 112004
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Can the model describe T2K cross-
section measurementse  rhys. rev o109, 072006

Test: fit the model to T2K cross sections, check the goodness of fit
« First: T2K's CCOr measurement on C and O in u kinematics

: T ~+i Phys. Rev. D 101, 112004
v Find a good description! y
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of the uncertainty model) 0, 0.86 < cos 6, < 0.93 0,0.93 < cos 6, < 1.00
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Can the model describe T2K cross-
section measurementse  rhys. rev o109, 072006

Test: fit the model to T2K cross sections, check the goodness of fit
e First: T2K's CCOr measurement on C and O in u kinematics
v' Find a good description!

« Second: T2K's CCOmr measurement on C in u and p kinematics
Phys. Rev. D 98, 032003
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Can the model describe T2K cross-
section measurementse  rhys. rev o109, 072006

Test: fit the model to T2K cross sections, check the goodness of fit
e First: T2K's CCOr measurement on C and O in u kinematics
v' Find a good description!

« Second: T2K's CCOr measurement on C in u and p kinematics
0.98 < cos 6, < 1.00 ] 0.85<cos 6, <0.90 Phys. Rev. D 98, 032003
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Robustness checks

The T2K uncertainty model is far from complete

« Thanks to nuclear theory developments and creative cross-section
measurements, we have a good idea of what we may be missing

«  We fest the robustness of our analyses via studies where we treat an
alternative model as if it was data and assess the bias
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Robustness checks

The T2K uncertainty model is far from complete

« Thanks to nuclear theory developments and creative cross-section
measurements, we have a good idea of what we may be missing

«  We fest the robustness of our analyses via studies where we treat an

alternative model as if it was data and assess the bias
vu‘ T2K ND280 Flux

T15“' - l]—susAv2
Examples (of 16 studies used for our latest analysis): &> CRPA
1. Swap the CCQE model o CRPA L= I R iy
2. Use the Martini model for pion production g5 I b=
3. Change pion kinematics based on MINERVA data e ]
5. Simulate real photon emission via radiative corrections | 1
to CC interactions

0_ TR T S AN S B! \‘ ‘\ . I s e e
0 0.2 0.4 0.6 0.8 1
q, [GeV]
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Robustness checks

The T2K uncertainty model is far from complete

« Thanks to nuclear theory developments and creative cross-section
measurements, we have a good idea of what we may be missing

«  We fest the robustness of our analyses via studies where we treat an

alternative model as if it was data and assess the bias
vu‘ T2K ND?BQ Flux

L I |— susavz

Examples (of 16 studies used for our latest analysis): 5z GRPA
1. Swap the CCQE model to CRPA L= I R iy
2. Use the Martini model for pion production g5 I b=
3. Change pion kinematics based on MINERVA data e ]
4. Alter the CCQE/2p2h fractions based on ND280 data 5 N S S—
5. Simulate real photon emission via radiative corrections | 1

to CC interactions A R B

0 02 04 06 08 1
q, [GeV]

« The bias on oscillation parameters was usually found to be far smaller than
our systematic uncertainty (which is smaller than the statistical uncertainty)

« Exceptions: the bias on Am3, in studies 1 and 4 is comparable to the size of
the systematic uncertainty (but less than half the total uncertainty).
« An uncertainty inflation is made to account for this
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Robustness checks

The T2K uncertainty model is far from complete

« Thanks to nuclear theory developments and creative cross-section
measurements, we have a good idea of what we may be missing

«  We fest the robustness of our analyses via studies where we treat an

alternative model as if it was data and assess the bias

v, T2K ND280 Flux
' |—susAw
CRPA
z i e LFG

T SF

Examples (of 16 studies used for our latest analysis):

1. Swap the CCQE model to CRPA
2. Use the Martini model for pion production

39cm? J
GeV
o

{10

= L

'do.
dq

Note that this bias is before a set of new
uncertainties has been added. We expect @
reduction in the next analysis

0_ L L 1 | 1 1 1 ‘ L \:"“‘-\‘“:“-r‘ ‘\“ I 1 r ¥
0 02 04 06 08

1

q, [GeV]

« The bias on oscillation|parameters was usually found to be far smaller than
our systematic uncertginty (which is smaller than the statistical uncertainty)

-« Exceptions: the bias on Am3, in studies 1 and 4 is comparable to the size of
the systematic uncertainty (but less than half the total uncertainty).
« An uncertainty inflation is made to account for this
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Outlook for the T2K model

CCQE
New ED-RMF model is ready

+ Data - .

= 9ok = EDRMF
‘; 271 EDRMF no cascade

8 L=°2 EDAIC no cascade

o ' Niplh

2 15t se —
o 2p2h+m absorption ey o g

% B 2p2h no cascade | = n 1
2 10F P h‘ i
L ys.Rev. D112, | ____!
T 1032009 !
%30,5 — e — S—
ST SR N .
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Outlook for the T2K model

CCQE
New ED-RMF model is ready CCln

+ Due = DCC isready, MK and HNV on the way
= 99l =1 EDRMF
‘g =221 EDRMF no cascade . P— ————r et
= L=°2 EDAIC no cascade F F ‘ I . I . I I ‘ I 3
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Outlook for the T2K model

CCQE

New ED-RMF model is ready CClx
. = DCCis reody MK and HNV on the way
‘: =-71 EDRMF no cascade — 8 T T T
Q —— AIC no cascade ) 3
2 5 1t e MiniBooNE data [4]7
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Work in progress to
implement the fully
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Outlook for the T2K model

CCQE

New ED-RMF model is ready CClx
. = DCCis reody MK and HNV on the way
‘: =-71 EDRMF no cascade — 8 T T T
Q —— AIC no cascade ) 3
< IL ;ﬁﬂlh J 5 1t e MiniBooNE data [4]7
5 ;§2h+ﬁ absorption ~  ITTTTITTTT0 - oig. 63 - DCC E
g% B 2p2h no cascade 0 peeeseesen i () E Ber er—Seh al _E
~ "I Phys. Rev. D__;_]_z_,___ I i S :Ef (.n |€|EUT) | ]
= 1032009 f ! 5
. £ 3 v,CC1m*

L S — ———— s — : 2;
n—'ﬂl.ﬂﬂ —0.75 —=0.50 —0.25 0.00 0.25 0.50  0.75 1.00 % 1;
s(d, B F l L] P =
cos(0) 3 % 02 04 06 08 1 12 14
2 242
2p2h Q*° [GeV-icA

Ppl vs Pp2 (E, = 450 MeV);e_5

Work in progress to FSI

Z F Data Source
: 3 ‘ovciose valencia 1 —#..  Improvedand
> S [ Update 2 e reweightable -
: £ modelupaaie ool treatment of Pauli
) T blocking
e — First steps of
pr (Mevie) T ... .. interfacing NEUT with

I NN EWE N L
0 20 40 60 80 100 120 5140

et GIBUU FSI modelling
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Summory

T2K's uncertainty model is built from more than @
decade of iteration through analysis cycles

« Updated based on theory developments and
benchmarking against new measurements

« By ourstandards, it's ~100 mostly-well-motivated
parameters makes it pretty sophisticated

n

o

o
L

T2K number of parameters vs time
From J. Wolcott’s excellent ECT* talk

@
o
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(=2
o
L

S
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2p2h

N. Parameters

RES
Nonres
DIS

ﬁ%}numu
L x % :
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

N
o
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S U m m O ry From K. Skwarczynhski's ECT* talk

(= ;

12K’s uncertainty model is built from more than a d ]

T2k-Uncertainty
‘hﬂ()d€9

decade of iteration through analysis cycles

« Updated based on theory developments and
benchmarking against new measurements

« By ourstandards, it's ~100 mostly-well-motivated
parameters makes it pretty sophisticated

« Butit still misses plenty of plausible freedom and risks
assigning data/MC differences incorrectly

« |sit suitable for:
« T2K now? Yes; For analyses with our upgrade? Maybe
« For Hyper-Kg2 Almost certainly notl

n

o

o
L

T2K number of parameters vs time
From J. Wolcott’s excellent ECT* talk
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other

N
o
1

L x %
. 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

o

Stephen Dolan NuFact 2025, Liverpool


https://indico.ectstar.eu/event/216/contributions/5208/attachments/3451/4863/2024-10-21%20Wolcott%20NOvA%20and%20T2K%20osc%20experience%20-%20ECTstar.pdf
https://indico.ectstar.eu/event/216/contributions/5187/attachments/3460/4877/Kamil_T2K_Uncertainties.pdf

BACKUP

Stephen Dolan NuFact 2025, Liverpool



202h

>

()

« Base model: Valencia 2p2h O,
Phys. Rev. C83, 045501 S

-.__T,/"

Nucleon-like

* 11 parameters controlling:
«  Normalisation ‘
« Shape 2f
» Pair contributions (PN vs NN R e
 Energy dependence ¢ Iqs] [GeV/c]

llll]lllllllllllllll'l

kinematics (which T2K doesn'’t 02
currently need so much)

]
: " > o .
- Fairly complete set of variations for g | Delta-like
the lepton kinematics e
 Lacking freedom fo fully cover ot
plausible variations in nucleon oaf-

r— an  nary meew” R T PR O At )
0.2 04 06 08 1 12

93| [GeVi/c]

OO
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Single Pion Production [

« Base model: Rein-Sehgal with lepton

mass corrections (annais Phys. 133 (1981) 79-153) H'E 3;: ....... EEE:':%:”:”;: ::::—;

+ 15 parameters controlling: R L T
« Form factors (MARES, C,9) £ =

» Non-resonant background e E

« Channel normdlisc’rion/' S et =

« Removal energy e £

* Reson Once decay kinemOﬁCS 0 2;)0‘- 400 600 800 1000 1200 1400
+ Pauli Blocking \ P+ (MeV)

_"-‘Ah@ NEUT540 | --honly - Atflal = -isotr]
« Particularly important to model well P Increases low p
due to increased use of pion focussed 'u| | resionby-15%
samples at T2K's far detector > "kf—q |
 Fairly complete set of nucleon-level SR 7
uncertainties, but room for further il : E
variations of the pion kinematics and J b
ﬂUCleCIr effeCTS 0 0102 03 04 05 06 07 Sf(&s;\/;
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Shallow/Deep inelastic scattering

« Base model: T2K uses GRV98+Bodek-Yang N
corrections with a hadronization from PYTHIA . resonance region” —» e DIS region —»
at high W and a custom model below

« 9 parameters controlling:
« Normalisation

« Low W hadronization Resonant models Wi aEE e
o o . Single pion production only Multi-pion onl
« BY corrections (split for high/low W Resorant+ non-esora cone Custom 01 o

and axial + vector parts)

« Important to model to account for
conftributions to pion / photon
production ND samples

300005 i Variation of Axial
; T >w W BY corr.

Events [A.U]

20000 [~

10000- LH-H“-‘-..

Hﬁ_h"‘"-—._
« Relatively small contribution for T2K .
with a relatively primitive uncertainty

modell

Ratio to nom.

15 Q2 (Gevr2f
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Final State Interactions

T2K uses NEUT's cascade model (similar to GENIE “hN").

« Pion final state interactions by Salcedo-Oset cascade, funed to
world 11-A scattering data [Phys. Rev. D 99, 052007]

« This funing provides uncertainties on the probabillity for different
interactions to occur within the cascade (6 parameters)

This Work: Best Fit + 1o
Geant4 Bertini (4.9.4)

GENIE hA (2.12.4) 200 -

GENIE hA2014 (2.12.4)

NuWro (17.01.1) i

GiBUU (Phys. Rep. 512 (2012) 1-124)

A4 S W 1 Y DAY (N I S LN
0 500 1000

PR A S
1500 2000

Momentum [MeV /c]

Quasi-elastic
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Final State Interactions

T2K uses NEUT's cascade model (similar to GENIE “hN").

Pion final state interactions by Salcedo-Oset cascade, tuned to
world 11-A scattering data [phys. Rev. D 99, 052007]

« This tuning provides uncertainties on the probability for different
interactions to occur within the cascade (6 parameters)

* Nucleon final state interactions do not yet have such a detailed
treatment, but these are also less crucial for T2K analyses.
« One parameter to conftrol the total FSI probability, one for « prod.

NucleonFSI =+ -0.6
- : NucleonFSI =+ -0.3 1 T T T T
12000 = NucleonFSI =+ 0.0 NuWro 19.02 SF carbon
NucleonFSI =+ 0.3 09 Ff standard - --- A+=30%
o NucleonFSI =+ 0.
10000 —
L 08
r 5 0.7 |
- @«
6000 [ L
N @ 06
&
- =
4000 |— £ 05 F
2000 bbb 04F
- —&— Bates 1992 +9— SLAC 1995 +—+— JLab 1998
r j i 03 F —%— JLab 2002 —*%— JlLab 2005
narni APETE AT INETNSS INSFET PSPAVE APRVAPE AR PR n " 1 1
%% 08 06 4 02 00 02 04 06 08 10

1 2 3 4 5

True Proton Cos@
Pp [GeV/ic]
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Differences in the v, /v, Cross section

- Updated uncertainty on rafio of v, to v, cross section
*  Measure v, at ND but need to know about v, to measure 6¢p

« Potentially very important for oscillation analyses!
« Sources: radiative corrections, second class currents, nuclear effects

Unchanged
Phys Rev D 86 053003
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Differences in the v, /v, Cross section

- Updated uncertainty on rafio of v, to v, cross section

*  Measure v, at ND but need to know about v, to measure 6¢p

« Potentially very important for oscillation analyses!

« Sources: radiative corrections, second class currents, nuclear effects

Nature Commun. 13 1, 5286

* Radiative corrections Phys. Rev. D106, 093006

- QED corrections are different for v, fo v, inferactions

 Updated detailed calculation of differences allows reduced uncertainty

« Still potentially impactful via alteration of lepton kinematics and radiative

emission of hard photons

! T
T2K ND280 vu cosf, = 0.94-0.98
—4— data
—— leading order
— - rad. corrected

cm?

d’c
dp dcos6, GeV nucleon
M (0

039

1

|ll|[ll|llllll|

8
7
6
5
4
3
2

1
0
2
A

1

.
o | 1] ]
1 L

08
0 1 2 3

do/do,
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Differences in the v, /v, Cross section

- Updated uncertainty on rafio of v, to v, cross section
*  Measure v, at ND but need to know about v, to measure 6¢p

« Potentially very important for oscillation analyses!
 Sources: radiative corrections, second class currents, nuclear effects

Phys. Rev. Lett. 123, 052501
e Nuclear effects Phys. Rev. D108, L031301
. . . . Phys. Rev. C96, 035501
«  Only impact on CC cross-section is via m,, vs m,
* Impact depends on cross section in regions where lepton mass matters
«  New model comparisons estimate updated uncertainty
« Largeruncertainty on v, /v,, but smaller on (v./v,)/(Ve/V,)

R —— g T
S CRPACCQE R {0 & [ SFCCQE —R=0.9] 12

i EEEE —R=09 ]! W 1k
= los 0.8 108
0.4 i 0.4

0.4
0.2 ; 0.2
50 100 150 0 50 100 150
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Differences in the v, /v, Cross section

- Updated uncertainty on rafio of v, to v, cross section
*  Measure v, at ND but need to know about v, to measure 6¢p

« Potentially very important for oscillation analyses!
 Sources: radiative corrections, second class currents, nuclear effects

« Overall uncertainty:
Ve/Vy: 3.2% (up from 2.8%)
Ve/V,: 1.9% (down from 2.8%)
Ve/Vu)/ (Ve /V,): 3.3% (down from 4.9%)

NEW! (updated uncertainties are not yet in a public T2K analysis)
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What do we need to know
about neutrino Interactionse
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Event rates to oscillation parameters

U)

<
=

- NEUT 5.3.6, RFG v, C, CC-Total

=
@
i

Event rate (A.
ey
=

Our physics of interest

P(v, > v2)(E,) By(Ey)

0 0.5 1 o
Plot from L. Pickering E(GeV)
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Event rates to oscillation parameters

<
=

Event rate (A.U.)
=
w
-
=

NEUT 5.3.6, RFG v, C, CC-Total

02 |

What we would 0.1
like fo measure ;
0 e
N,(E,) = P(VH - W)(Ev) o(E,) ®,(E,) ¢(E,) 0 0.5 1

Plot from L. Pickering E(GeV)
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Event rates to oscillation parameters

- NEUT 5.3.6, RFG v, C, CC-Total

<
=

Event rate (A.U.)
o
w
&

=
o

What we can 0.1}
actually measure I
0 = ]
Ny(Epec) = P(Vﬂ _ V{)) (Ey) 0(E,) ®y(Ey) €(Ey) S(Ey, Egec.) (;’Io’r from L. Pigierinq El(GCV)
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Event rates to oscillation parameters

Am3, = 2.24 x 107 3eV

« For a precision probe of oscillation ~ 10
. Y
parameters, reconstructing the shape 4 i .
of the oscillated spectrum is crucial s Ams; = 2.54 X107V

0.5

0.0 5 5 i 5
E,(GeV)
2’ 0.4 NEUT 5.3.6, RFG v, C, CC-Total
2
g i
=203
Q>J L
m L
0.2
What we can L
actually measure I
0 i
N,(E = Py, - E E,) ®,(E,) e(E,) S(E,,, E G e 1
¢(ERec.) (VM V{))( v) 0(Ey) ®y(E,) €(Ey) S(Ey, Epec.) Plot from L. Pickering E(GeV)
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Event rates to oscillation parameters

Am3, = 2.24 x 107 3eV

« For a precision probe of oscillation ~ 10
. Y
parameters, reconstructing the shape 1 i .
of the oscillated spectrum is crucial s Amg; =2.34 X107V
« Require a good control over cross 05
section energy dependence and
energy reconstruction!
005 5 5 i 5
E,(GeV)
Z 0.4 NEUT 5.3.6, RFG v, C, CC-Total
§ 0.3
-
=
0.2
What we can SIS |\
actually measure
— 0 0.5 1
Ng(Egec) = P(VM _ V{’) (Ey) o(Ey) Py (Ey) (Ey) S(Ey, Epec.) Plot from L. Pick)erinq E(GeV)
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross © 0-1 T2K B.F. 2018, L=295 km, 6cp = 0
section energy dependence and + i e e Dy — Ve
energy reconstruction! L O S — .

R 1 e

« Constraints on é.p rely on differences

| ‘No CP_-Vinaﬁon:
between electron neutrino and anti- 0.? E' .

. o dop=3m/2
neutrino appearance Max CP-Violation
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross © T2K B.F. 2018, L=295 km, 6cp = 0
section energy dependence and + i e e Dy — Ve
energy reconstruction! L O S — .

R 1 e

« Constraints on é.p rely on differences No CP-Violation!

between electron neutrino and anti- 0.8 e ——
- o N =37
neutrino appearance A | Max CP-Violation or
T

« But we mainly measure muon neutrino 005 §

interactions at the near detector g i

0
0
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Event rates to oscillation parameters

« For a precision probe of oscillation
parameters, reconstructing the shape
of the oscillated spectrum is crucial

« Require a good control over cross © 0-1 T2K B.F. 2018, L=295 km, 6cp = 0
section energy dependence and + i e e Dy — Ve
energy reconstruction! L O S — .

S B R T

« Constraints on é.p rely on differences

| ‘No CP-Violation|
between electron neutrino and anti- 0.1 n| :

. —~ T sep=3n/2
neutrino appearance A Max CP-Violation
T

« But we mainly measure muon neutrino 005 E

inferactions at the near detector vy i
- A good modelling of v, /v, cross 0

section ratio is essential
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Beyond the dipole

« The latest and greatest LQCD calculations suggest serious issues with
dipole (or even usual z-exp) axial form factor parametrisations
—— GENIE nominal - - Z-exp LQCD fit
- T12K’s simplistic approach: Add binned o o T omina) CC-202h
normalisation uncertainties in problematic T

regions of Q?
o Testrobustness with mock data studies

i arXiv:2201.01839

NME 21 § PACS 21 L =
1.2 1 RQCD 20 B PACS 18 erratum
i Mainz 21 9 ETMC20 s R e

= Ii% e = B RO - = et e A
& - T T T T

Rate /kt/10°' POT
=
|

[~
(=]
I T
|

9: E 1.2 -
L:F * F%i?% E 11E_F:—_“_-h =i
0.6 1 T L bo e E
= ---v-]
1: _____________________________ —
0.4- fi ?EI s
arXiv:2201.01839. 2 S
0.0 0.2 1.0 : "ETC, bad (Gevf

Q J GeV2
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Reconstructing neutrino energy

CCQE (1p1h)
v l
\/

w

mzzg — (my, — EB)Z - m% + 2E,(m,, — Ep)
2(m,, — Eg — Ep + ppcos 8))

- Proxy for E,, from lepton kinematics is exact only for

R 1 CCQE elastic scattering off a stationary nucleon

Arb. units

08 L E, =

0.6/

- . . . T

—%.8 06 04 -02 0 02 04 06 08

Evtl'ut_Evrﬁc
Evtl'uﬂ
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Reconstructing neutrino energy

—%.8 -06 —-04 -0.2 0 0.2 0.4

CCQE (1p1h) 0.14
v [ 012 t RFG — |7
TShN—— £ 01 LFG — |4
cC
5 I SF — ||
S 0.08
W E 0.06 |
I 004}
2 e o 0.02 }
n ] @ p 0 ; H ; H
" é @ 0 0102 03 04 05 06 07 08
o Nucleon momentum [GeV/c]
5}0.08:"% T T T T T T3
0,075 3 2 2 2
5 007 M (my — Ep)® —m} + 2E,(my — Ep)
0.06— — =
20055 E Y 2(my — Ep — Ep+ pgcos )
0_045_ _ The motion of the nucleons inside the nucleus
0.03E- 3 (Fermi motion) causes a smearing on E,,
0.02F 3
0.01F : =
= i i3
06 08
Evl'ﬁc

g_l-é I L

7
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Reconstructing neutrino energy

- Benhar SF — LFG
?CQE (1 p1lh) — RFG NEUT 5.5.0, v,'°0
\/
§ w
o e
no : p

300

b /feruorp /oA 210 15500t ) ( MeV / (,‘)

mO-OS_"'!"'!"'l T | T T ]
Sort S, mB— (ma— Ep)?—m} 4 2E,(my — Ep)
0.061 = —
) 0.05F- E Y 2(my,, — Eg — Ep + ppcos 0))
0.04E- 4 The motion of the nucleons inside the nucleus
0.03E- = (Fermi motion) causes a smearing on E,
0-02;‘ ‘ The energy loss in the nucleus (fo extract the struck
0.01 - nucleon from its shell) introduces a bias
$5 o 03
Evl'ﬁc
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Recons’rruc’ring neutrino energy

Final state interactions

v l (FSI) can cause different

~— interaction modes fo ’ \\
have the same final state ____'/
1 \

S
W .’:/.
q 4

®

\
1
1
1
I
I
I
I

o2
n - 1Y n e p Interactions off a bound
@ —
* ‘., ~@ " é & _+ @ | state of two nucleons can ‘
result in 2p2h final states e
\ 7
x 0.08 EEmsmaEy T N
E 2
5 il | 5T+ 26y By
. —_— = v
3005 _2p2h E 2(m,, — Eg — Ep + ppcos 8))
0.04 = The motion of the nucleons inside the nucleus
0.03 3 (Fermi motion) causes a smearing on E,,
0.02 - The energy loss in the nucleus (to extract the struck
0.01 - nucleon from its shell) introduces a bias
0.

9% 06 —04 02 0 02 04 &f.: 8Not a good proxy for non-CCQE events: 2p2h and
Evp%v CC 111 with pion abs. FSI
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Reconstructing neutrino energy

1h)

CCRES

Final state interactions

?CQE (1p y l (FSI) can cause different 2p2h
\/_l/. ~— inferaction modes to ’ \\
have the same final state \‘11/ ‘\
I I
|
w |14 ﬂ/.|
& I I
) ° | . ! I
no L% P n e ‘s © Interactions off a bound ! I
— ¢ TT—e@ »— é &+ T@® state of two nucleons can N !
v n result in 2p2h final states | I’
\ ./
g 0.08 AR RRRRRRRE A
o0t _mccon | - mg — (ny, — Eg)* = m3 + 2E4(my, — Ep)
£006F —CCQE = Ey=
< —onon ] 2(my — Ep — Ep + ppcos6y)
005 —2p2h E
004 — Other = First-order effects
o0 3 Fermi motion causes a smearing on E2°
0.02 -
0.01 A N = Nuclear removal energy effects infroduce a bias
.-__._n---—__:r-"-'- é é =
0.4

B8 06 04 —02 0.2 0.6

=

8 2p2h and pion abs. FSI cause further bias

Evﬁuﬂ_Evl'ﬁc

Evtl'uﬂ
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NuFact 2025, Liverpool

86



Phys. Rev. D 109, 072006

MINERVA CCOrm in 8p;

 How about the same measurement with MINERVA?
« QOurmodelis not readlly supposed to work here

()]
L

« The fitis awful ...

¢ data -
—— prefit (114.32/24) ]
— postfit (76.14 / 24)

19
T

« The tailis reasonably described but the early
rise in the bulk gives very poor agreement

(5]
L L L L B |

99 1em? nucleon GeV-' ¢
dapT
T

N
T T T

—a

0 010203040506070809 1
8p [GeVic]
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Phys. Rev. D 109, 072006

MINERVA CCOrm in 8p;

 How about the same measurement with MINERVA?
« QOurmodelis not readlly supposed to work here

()]
L

« The fitis awful ... :

¢ data -
—— prefit (114.32/ 24) ]
— postfit (76.14 / 24)

19
T

« The tailis reasonably described but the early
rise in the bulk gives very poor agreement

(5]
T T T T T[T 17T

99 1em? nucleon GeV-' ¢
d8pT
T

« However, MINERVA have since updated their
TKlI result (following a bug fix to their signal
model) which does affect this region

10
°F " old Data R R R PR TR R A R
—e— Updated Data Bp [GeVic]

N
T T T

—a

do/ddp, (cm?GeV/e/nucleon)

107 1
BpT (GeV/c)
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What about uBooNE?¢

« Aslightly adapted version of the model can be compared to similar

measurements from MicroBooNE
« This time there’s no fit, just a comparison
« Again, our modelis not really supposed to work here

2 H Fé’, 02:— 4 MicroBooNE F{ 024 —$— MicroBooNE
« The y= are fairly poor %% 3 — Toat = 1351 Egoz — Totae 198
H 2 016k — Goae B2 018 — Goae
due to disagreement at "8 ok e "3 o .
hlgh 6PT and 5aT %’% .‘1‘? 0° < dap < 45° %ﬁ_oﬁ 45° < dar < 90°
b5 o.an & ood
 Pofential issue with FS oo o Y
or 2p2h2 X B T R R - et Y K T S ¥ S R R S TR
Bp_r [GeVic] BpT [GeVic]
» Contrasts to good T R I N R
agreement in T2K and T o — ccae e " — coae
. . @ =ees 2p2h (] [ vevaes 2p2h
MINERVA &p; tails: issue el N o ke
Wi-l-h A_Scolinga :;gg oA +++ 90° < dat < 1357 ;,gg 0_1: ++++41+5i3° < dar < 180°
1 ~+- : —4-
0.05~ 0.0s ——
PhVS. REV. D 111, 03 2009 UUE.-.--..;E]|-1r'.'.'-1t;1'2':".’ 0|30|4 -'.-':-‘.t;-rg-:was S cj.-r:-r[;l'i‘ﬂ'f:t;f;_.’ U|30|4 ';"."'.["Jl'""."'.-'51'-.".'.':0-1;_: R
E-I:l_r [GeVic] o, [GeVic]
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