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The T2K Experiment

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama

1,700 m below sea level

Muon Neutrino Beam

295 km

At the far detector EV At the near detector 0.6GeV Ev
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The T2K Experiment

Super-Kamiokande

Mt. Noguchi-Goro

50kt water Cherenkov detector

Mt. lkeno-Yamd

1,700 m below sea level

Muon Neutrino Beam

At the far detector EV At the near detector 0.6GeV Ev
N/,L(Ev) = P(Vu - Vu)o-(Ev)q)v(Ev)e(Ev) Nﬂ(EV) = G(Ev)¢v(Ev)E(Ev2\
Ne (EV) = P(v[t - ve)O-(EV)CDV(EV)E(EV) Interaction Detector
T cross section Neutrino flux effects

Oscillation probability
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The ND280 Near Detectors
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The ND280 Nedr Detectors
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The ND280 Near Detectors

Range Detecto
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The Near Detector Complex
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The Near Detector Complex

UA1 Magnet Yoke SMRD

Major upgrade to T2K’s ND280 ~
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Neutrino interactions at T2K
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Plot from L. Pickering

Hayato, Y., Pickering, L. Eur. Phys. .
Spec. Top. 230, 4469-4481(2021)

Percentages show contribution to v,CC interactions at

the near (before oscillation) and far (after oscillation)
detector sites for E, < 2 GeV simulated with NuWro
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Neutrino interactions at T2K
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Neutrino interactions at T2K
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Neutrino interactions at T2K
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Five things we need to know

See Monday'’s talks from Laura and Clarence (CI NnonN eXhCIUSﬂVG |i5’[)

1. Relative CCOrr contribution of CCQE and other processes
« SO we know how often we mis-reconstruct E,,
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Five things we need to know

See Monday'’s talks from Laura and Clarence (CI NnonN eXhCIUSﬂVG |i5’[)

1. Relative CCOtr conftribution of CCQE and other processes
« SO we know how often we mis-reconstruct E,,

2. Initial state nucleon momentum and energy
« SO0 we know how wide (and biased) our CCQE E, reconstruction is

3. Neutrino energy dependence of cross sections and their

differences on Carbon and Oxygen
« So we know how to extrapolate from our ND to our FD

4. Differences in v/v cross sections
« SO0 we know when v /v differences imply CP-violation

5. Physics beyond the plane-wave impulse approximation

« To confront the largest uncertainties in current analyses
- So we know how to use our ND consfraints on v, in v, app. analyses
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What we measure when we
meaqasure o

Top priority: avoid input model dependence
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T2K Cross Section Measurements

do
dx

[

1

Ei(D

Incoming v, flux

/'

(Ax);F| Bin width

Number of targets (nucleons)

Top priority: avoid input model dependence
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T2K Cross Section Measurements

Number of signal events, background
subtracted + corrected for detector smearing

v

NS 1

do ;
dxli €, ® Nigrg ((Ax);l| Bin width
_

Incoming v, flux Number of targets (nucleons)

Top priority: avoid input model dependence

* Free normalisation parameters controlling NiSig are fit alongside those
describing the flux, background and detector response to signal and control
region data: background model directly constrained by dafa.

« Cross-section extracted with no explicit regularisation are provided: minimal
input model bias from unfolding.
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T2K Cross Section Measurements

Detector Number of signal events, background
efficiency subfracted + corrected for detector smearing
y

Si
N9 1
|\ thts (Ax)i‘/ Bin width
\
Number of targets (nucleons)

do
dx

Incoming v, flux

L

Top priority: avoid input model dependence

* Free normalisation parameters controlling Nfig are fit alongside those
describing the flux, background and detector response to signal and control
region data: background model directly constrained by dafa.

« Cross-section extracted with no explicit regularisation are provided: minimal
input model bias from unfolding.

» Efficiency correction made, where possible, in all relevant model dependent
observables that can affect detector response: minimise model bias.
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T2K Cross Section Measurements

Detector Number of signal events, background
efficiency subfracted + corrected for detector smearing
y
Sl
do N, J 1

i |egfld Ntgts (Ax);F| Bin width

dx

Incoming v, flux

Number of targets (nucleons)
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https://indico.cern.ch/event/1302529/contributions/5590903/
https://indico.cern.ch/event/1302529/contributions/5590877/
https://indico.fnal.gov/event/48064/

T2K Cross Section Measurements

Top priority: avoid input model dependence
« T2K makes extensive use of "mock data studies” to test analysis robustness:

Example from our latest analysis: 10-39
Phys Rev. D 108, 112009 T T T

—_
(00)

—+— Postfit

----- Nominal MC

— Fake Data MC
Nominal %2 = 80.313
Fake Data %2 = 2.809

—
»

..IIIIIIILIII|III|III|III|III|III

« Extract the cross-section from
mock data built using a 3=
different signal model G

« Verify that any bias is very

‘IlIIlllIllllIIIllll

dp dcos6, nucleon GeV/c
u i
o

small relative to other 8
uncertainties o 6
o Check bin by bin and globally N
(using p-values) 4
2
0.1 el gy el T e
0 40 50 60 70

True Bin Number
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Past measurements
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T2K CCOm highlights: a history

First steps
« Double differential in muon kinematics on CH (2016)

« First measurement on water (2017) Phys. Rev. D 93, 112012
Phys. Rev. D 97, 012001

Youthful optimism
« Measuring muon-proton correlations (2018) Phys. Rev. D 98, 032003

Mature joint fit measurements

« CvsO,vvsv (2020) Phys. Rev. D 101, 112001, Phys. Rev. D 101, 112004

« First measurement with WAGASCI (2021) PTEP 2021, 043C01
- Correlated energy spectra (2024) phys. Rev. D 108, 112009

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024
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T2K CCOm highlights: a history

First steps
« Double differential in muon kinematics on CH (2016)

« First measurement on water (2017) Phys. Rev. D 93, 112012
Phys. Rev. D 97, 012001

Youthful optimism
« Measuring muon-proton correlations (2018) Phys. Rev. D 98, 032003

Mature joint fit measurements
« CvsO,vvsv (2020)
« First measurement with WAGASCI (2021) PTEP 2021, 043C01

« Correlated energy spectra (2024) phys. Rev. D 108, 112009

Final generation pre-upgrade analysis

« Second generation WAGASCI analysis (<1 year)

« Multi differential T/GKIl on C+0O, exploring Omnifold (~1 year)
« CCOr + CClmjoint analysis

First ND280 upgrade analyses arXiv:1901.03750
* Low proton tracking thresholds and 4 m angular acceptance
« Calorimetric analysis a la MINERVA

* Neutrons! phys rev. b 101, 092003

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024
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First iInclusive CCOmr measurement

First steps

« Double differential in muon kinematics on CH (2016)

« First measurement on water (2017) Phys. Rev. D 93, 112012
Phys. Rev. D 97, 012001
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Measuring muon+proton kinematics

Youthful optimism
« Measuring muon-proton correlations (2018) Pphys. Rev. D 98, 032003
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Measuring muon+proton kinematics

4 A
Lots more 1o learn when considering T2K TKI measurements

alongside those from MINERVA and MicroBooNE
(W. Filali et. al. + NUSTEC white paper update: papers in preparation)
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Joint Measurements
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What's nexte

Theory Inputs

Neutrino scattering predictions carefully

constructed from nuclear theory.

: : : . t

v’ Precisely validated with electron scattering data » . g?ifgﬁéegrgfehnei available models
X Usually have limited scope of application. E.g.: however we can

= Limited predictive power for hadron kinematics R . . .

= Only valid for one process (e.g. only CCQE) Fill in the gaps with semi-classical

= Not valid for very low or high energy transfer dpproaches

Event generators
* Inputs to our oscillation

Final State
CCQE , 2p2h Interactions

%
v & | Charge Exchange °
s i
7 catterin
v, X~

’ Y .
D V
<o | S\ Pion "-;;'oduction
< ¢4 ST’
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What's nexte

Theory Inputs
Neutrino scattering predictions carefully
constructed from nuclear theory.
v' Precisely validated with electron scattering data » . g?ifggtigegrgfhne’ri available models
X Usually have limited scope of application. E.g.: however we can
= Limited predictive power for hadron kinematics - Fillin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches
= Not valid for very low or high energy transfer

S [
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Produce results which directly probe key i
physics for oscillation measurements |

Event generators
* Inputs to our oscillation

Produce “simple” results (mostly)
directly calculable by theory.
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What's nexte

Theory Inputs
v' Neutrino scattering predictions carefully
constructed from nuclear theory.
v' Precisely validated with electron scattering data » . g?ifggtigegrgfhne’ri available models
X Usually have limited scope of application. E.g.: however we can
= Limited predictive power for hadron kinematics - Fillin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches
= Not valid for very low or high energy transfer
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Produce results which directly probe key i
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Event generators
* Inputs to our oscillation

Produce “simple” results (mostly)
directly calculable by theory.

0.94 < true coseu <0.98

2 2.5 3
True P, (GeV)
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Joint measurementsl!

Theory Inputs

Neutrino scattering predictions carefully
constructed from nuclear theory. measurements
Precisely validated with electron scattering data » . Stitch together available models
Usually have limited scope of application. E.g.: however we can

= Limited predictive power for hadron kinematics - Fillin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches

= Not valid for very low or high energy transfer

Event generators
* Inputs to our oscillation

< X

t"
——————————————————————-——————————————————————————p‘

Simple Observables: Mostly Calculable by theory
Ratios, Asymmetries, etc.: Sensitive to key physics

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



Joint measurements!

Theory Inputs

Neutrino scattering predictions carefully
constructed from nuclear theory. measurements
Precisely validated with electron scattering data » . Stitch together available models
Usually have limited scope of application. E.g.: however we can

= Limited predictive power for hadron kinematics - Fillin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches

= Not valid for very low or high energy transfer

Event generators
* Inputs to our oscillation

> <«

t"
——————————————————————-——————————————————————————p‘

Simple Observables: Mostly Calculable by theory
Ratios, Asymmetries, etc.: Sensitive to key physics

Carbon + Oxygen

Test extrapolation from
ND to FD

Sensitive to nuclear
effects via C/O ratio

ECAL+SMRD
FGD1| TPC|FGD2| TPC
\_,/‘u_ /ﬂ_
(CH) (CH+H,0)

ECAL+SMRD
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Joint measurements!

Theory Inputs

Neutrino scattering predictions carefully
constructed from nuclear theory. measurements
Precisely validated with electron scattering data » . Stitch together available models
Usually have limited scope of application. E.g.: however we can

» Limited predictive power for hadron kinematics - Fillin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches

= Not valid for very low or high energy transfer

Event generators
* Inputs to our oscillation

> <«

t"
——————————————————————-——————————————————————————p‘

Simple Observables: Mostly Calculable by theory
Ratios, Asymmetries, etc.: Sensitive to key physics

Nevutrino + Antineutrino
Characterise vu/v ,
critical for §-p sensitivity

Sensitive to nuclear effects
via v, /v, asymmetry

Carbon + Oxygen

Test extrapolation from
ND to FD

Sensitive to nuclear
effects via C/O ratio

ECAL+SMRD ECAL+SMRD
FD1| TPclFGD2| TPC|' |FGD1LL A TPC|FGD2| TPC
\/#— //1_ /#_
(@) (CH+HQO) (CH) (CH+HQO]
ECAL+SMRD ECAL+SMRD
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Joint measurements!

Theory Inputs

Neutrino scattering predictions carefully
constructed from nuclear theory. measurements
Precisely validated with electron scattering data » . Stitch together available models
Usually have limited scope of application. E.g.: however we can

= Limited predictive power for hadron kinematics « Filin the gaps with semi-classical
= Only valid for one process (e.g. only CCQE) approaches

= Not valid for very low or high energy transfer

Event generators
« Inputs to our oscillation

> <«

o*

*
——————————————————————‘—————————————————————————d‘

Simple Observables: Mostly Calculable by theory
Ratios, Asymmetries, etc.: Sensitive to key physics

On+Off axis

Nevutrino + Antineutrino
Characterise v”/v ,
critical for §-p sensitivity

Sensitive to nuclear effects
via v, /v, asymmetry

Carbon + Oxygen

Test extrapolation from
ND to FD

Sensitive to nuclear
effects via C/O ratio

Direct probe of
cross-section E,

dependence

ECAL+SMRD ECAL+SMRD
FaD1| TPC|FGD2| TPC|! [FGD1l ¥ TPC|FGD2| TPC
\/#— //1_ /#_
(CH) (CH+H,0) (CH) (CH+H,0)
ECAL+SMRD ECAL+SMRD

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



What we've learnt from joint measurements

Mature joint fit measurements
« CvsO,vvsv (2020) Phys. Rev. D 101, 112001, Phys. Rev. D 101, 112004

C,0.93< coseu <1 0,0.93< coseu <1
g —— — -

o _t o gt —— GENIE v3 SuSa v2 (103.5)
8 E w8 SE - - = NuWro SF (114.5)
AE 65 SIS S ’ -.= NEUT LFG (44.8)

52% St oS 5t ' — GIBUU (112.7)

© 4f $ E 114 E :

ot 3f © 4F +. ! E (58 bins)

173} - 3 3E I
Ll8 oF 0|8 °F =
o|T S B

8 g

- . - . 0 o -
10" 2x10™" 1 2 345 10" 2x10™"' 1 2 345
Muon momentum (GeV/c) Muon momentum (GeV/c)

- 0.94 < cosf;"* < 0.98 What . | t

10:_ ———  GENIE LFG+2p2h y2 = 333.1(444.7)/116 a we ve. earn
™ F « Suppression at forward angles w.r.t. PWIA

L =— =— NEUT LFG+2p2h %2 = 366.7(459.1)/116 . . —

8- Y models is different for C/O and v/v

cm?

dp dcosB,'nucleon GeV/c
u u

=== —— NuWro LFG+2p2h %2 = 408.9(481.5)/116

* Valencia RPA model gives a quantitatively
good description of the C vs O measurement

----- GiBUU y?2 = 488.2(474.3)/116

do

« No model describes v vs ¥ measurement

PRI S TR T ST !
0.0 0.5 1.0
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Our latest result

Mature joint fit measurements
 Correlated energy spectra (2024) Phys. Rev. D 108, 112009

—GENIE 10a — GENIE 10b — GENIE 10c
Out latest CCOr analysis: GEh  SaVER NEUT
« Measure cross-section at two detectors T R RS Ll TEREE REER
at different off-axis angles = - —
c L
« Comparison of measurements probes 5
cross-section energy dependence ° [
\X/ s
» Uncertainties are highly correlated: S
effective cancellation when making T o
© Rl

comparisons - Hintegrated CCOn -
o [ CI’OSSSGCT]OHOHHO:

0.llIIllllIlllllllllllIll

......................................

Flux (arbitary units)

I A A I'"I“l“l“]”l"l“["l“] 1T

Ratio w.r.t. GENIE 10a
/f’
3 ( i

0.8 1 1 -
0_6:_ Plot from C. Wilkinson 2

PR R N T U TR TN MO T T WY NN N NN NN NN A |
0 1 2 3 4 5

EV*® (GeV)

1 1 1 1 1 1 1 1 1 1 I 1 1 1 1
2 2.5 3 3.5
Energy (GeV)
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Our latest result

Mature joint fit measurements
 Correlated energy spectra (2024) Phys. Rev. D 108, 112009

. — GENIE 10a — GENIE 10b — GENIE 10c
Out latest CCOm analysis: —CRPA  —SuSAv2 NEUT
* Measure cross-section at two detectors B
at different off-axis angles 3
« Comparison of measurements probes ;E
cross-section energy dependence ©
» Uncertainties are highly correlated: ;
effective cancellation when making % ool i
comparisons - dIntegrated CCOr |
2 : "H cross section on H,0 1
S : I P P UM B I
g = 3PP | LR S SRR R
& 1 First step to a PRISM analysis,
T | Just using only two fluxes
= &% o.eé— | Pllof frorrl) C. Willl<inson _
- 3-_5 0 1 2 3 :ue 5
Energy (GeV) E/" (GeV)
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Our latest result

Mature joint fit measurements
 Correlated energy spectra (2024) Phys. Rev. D 108, 112009

x107* x10°°

o F 0.98 < cos(0) < 1.0 | 14F 0.94 < cos(8) < 1.00

S -

G 4 i | NuWro 21.09 LFG+Nieves
Elg I 10F x2 = 141.04

3 ° + 8f |

2 : NEUT 5.5.0 LFG+Nieves

st N = 2 i

& oF e —t 6f 22 = 116.26
=l B3 B al :
B[S, | . 9k GENIEV3 LFG+Nieves

g I ND280 | -k INGRID x2 = 135.69

0 0s s 225 5 85 4 45 5 O gy os o6 07 o5 09 1 (70 bins)

Muon Momentum (GeV/c) Muon Momentum (GeV/c)

e Overestimation of models at forward
angles for ND280 but not for INGRID

o Issue with energy dependence
of low w suppression (RPA)?
o Or with non-QE contributions?
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Our latest result

Mature joint fit measurements
 Correlated energy spectra (2024) Phys. Rev. D 108, 112009

x10°° ><IO“39
o F 0.98 < cos(0) < 1.0 | 14F 0.94 < cos(8) < 1.00
$ 3
e afF 12 | NuWro 21.09 LFG+Nieves
Elg I 10F x2 = 141.04
% 3:_ + 8:— I
2 [ = NEUT 5.5.0 LFG+Nieves
& 2F ¥ — 6 T 42-116.26
=l B3 B al :
B[S, | R GENIEv3 LFG+Nieves
g T ND280 | »f , | INGRID — x2-135.69
VT e (70bing
Muon Momentum (GeV/c) Muon Momentum (GeV/c)
« Overestimation of models at forward =~ Model ND280 INGRID  Joint
angles for ND280 but not for INGRID ~ Nominal W& (50D o el

| th g d NEUT SF + Nieves M, = 1.03  194.88 1436  209.18
o ISSue wilTn energy aepenaence NEUT SF + Nieves M, = 1.21  158.71 998  170.93

of low w suppression (RPA)? Nuwro SF + Nieves 122.74 1568  137.02

. . . NuwRO LFG + Nieves 125.88 12.75 141.04

o Or with non-QE contributions? NUWRO LEG + SuSAv2 12157  11.13 13538
NuwrO LFG -+ Martini 138.86  12.46  155.68

« All tested models excluded by the GENIE BRRFG + EmpMEC 14140 1280  156.05
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Cross-sections with an
upgraded near detector
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arXiv:1901.03750

Near defector upgrade

UA1 Magnet Y

ToF

4

'NUp- syper-FGD
per
Neoo
HA-TPC

2 High Angle TPCs

1 SuperFGD

8 ERAM g _
| Module Frame ’
New read-out concept Novel detector concept 150 ps time resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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arXiv:1901.03750

Near defector upgrade

« 411 angular acceptance
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Up- syper-FGD
POD
HA-TPC

Muon angular acceptance
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Near defector upgrade

« 411 angular acceptance

- Lower tracking thresholds?z

Muon angular acceptance

pEhresh~300 MeV /c
piresh < 100 MeV /c

arXiv:1901.03750
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Near detector upg

« 411 angular acceptance

- Lower tracking thresholds?z

« Substantially improved resolutions

Phys. Rev. D 105, 032010

Muon angular acceptance

pEhresh~300 MeV /c
piresh < 100 MeV /c

momentum resolution (%)

App/Dp < 5%

arXiv:1901.03750
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arXiv:1901.03750

Near detector upgrade

« 41 angular acceptance 020F ™. cavon -
resh an' . —— Hydrogen :
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 Substantially improved resolutions S 100 E
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Near detector upgrade
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Considerations for our future
high-stats analyses
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Uncertain about Gaussian Uncertainties

« We always release our results with an accompanying covariance matrix
o Approximation: uncertainties are Gaussian
o But are they?

Baseline
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Uncertain about Gaussian Uncertainties

« We always release our results with an accompanying covariance matrix
o Approximation: uncertainties are Gaussian
o But are they?

«  With current statistics, T2K uncertainties do
seem to be mostly Gaussian
o We test this for each analysis

Analysis from R. Radev
0 target
[ baseline

0.40

o

w

)
1

o

w

o
1

Normalized Count
© o o
= N N
w o w
| | |

0.10

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



Uncertain about Gaussian Uncertainties

We always release our results with an accompanying covariance matrix

o Approximation: uncertainties are Gaussian
o But are they?

With current statistics, T2K uncertainties do
seem to be mostly Gaussian

o We test this for each analysis 600 -
But this isn’t true if we simulate analyses 500 -
with higher stafistics, as we'll have with the  »
upgrade 3 4001
Example: toy T2K analysis with 5x more stats E 300 -

£
g 200
100
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Analysis from R. Radev
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1 baseline
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Uncertain about Gaussian Uncertainties

We always release our results with an accompanying covariance matrix
o Approximation: uncertainties are Gaussian
o But are they?

With current statistics, T2K uncertainties do
seem to be mostly Gaussian
o We test this for each analysis

Analysis from R. Radev

| target
baseline

But this isn’t true if we simulate analyses 3 flow
with higher stafistics, as we'll have with the  »
upgrade § A
. . g o P/.o
Example: foy T2K analysis with 5x more stats & Stn. e
o .
Potential solution: use ML methods to learn 8

the real p.d.f., seems to work welll

| | | |
0.000 0.002 0.004 0.006
Bin 5

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



Uncertain about Gaussian Uncertainties

We always release our results with an accompanying covariance matrix
o Approximation: uncertainties are Gaussian
o But are they?

With current statistics, T2K uncertainties do
seem to be mostly Gaussian

Analysis from R. Radev

o We test this for each analysis target
baseline

But this isn’t tfrue if we simulate analyses =1 flow

with higher stafistics, as we'll have with the  »

upgrade § /’7,0,

Example: toy T2K analysis with 5x more stats & Q sy °9r@
= . “Ss
E .

Potential solution: use ML methods to learn S

the real p.d.f., seems to work welll

Requirement from experiments: provide the o1L : : ,

“universes” that went into building our 0.000  0.002 0.004  0.006

covariance matrices: T2K plans to do this. Bin 5
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Summary

 CCOr is the dominant channel for T2K oscillation analyses

o T2K cross-section measurements hone in on the physics that drives
our oscillation analysis’ systematic uncertainties

o Recent focus on joint measurements

o Long history of measurements with some clear conclusions:

Importance of forward-angle suppression

Constraints on C vs O and v VS v (need guidance parameterising this)
Proportion of QE vs non-QE

All models are unable to describe all our measurements!

« Strong focus on ensuring model-independence

« Latest analysis: measurements on/off axis simultaneously

o A model-independent probe of o energy evolution

« A very exciting future ahead of us with ND280's upgrade

Stephen Dolan Nulnt 2024, Sao Paulo, 16/04/2024 63




Backups

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



Neutrino energy reconstruction

CCQE (1p1h)
v l
v
« T2K is dominated by CCOr interactions
W « These are dominated by CCQE
« We are well suited to applying kinematic neutrino
n » energy reconstruction to CCOr event selections
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0'6;_ - Proxy for E, from lepton kinematics is exact only for
0.4 +1 CCQE elastic scattering off a stationary nucleon
0.2 -

P - sl
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EVII'UC
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Neutrino energy reconstruction

CCQE (1p1h) 0.14
v ! 012 RFG = |1
v 3 ool |
S _ SF — |
> 0.08
W S 0.06 |
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. 0.02 }
n o % P 1\ |
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E = ] E = my — (mn - EB) —my + ZE{’(mn - EB)
0.06 = -
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Neutrino energy reconstruction

B Benhar SF — LFG
CCQE (1 p‘l h) s REG NEUT 5.5.0, v,'°0
v [
g w
)
noo, -; p
'/ ‘ . \Q o o o
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https://arxiv.org/pdf/2106.15809.pdf pn (MBV/C)
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0-02;— = The energy loss in the nucleus (fo extract the struck
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Neutrino energy reconstruction

Final state interactions
CCQE (‘Iplh) CCRES 2p2h

(FSI) can cause different

Vv l 1% l . .
A ~— inferaction modes to ’ \\
have the same final state
\{/,P' |
\
w w ./,". .
i/ I |
) “ : I
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04— Other 4 The motion of the nucleons inside the nucleus
0035_ A 3 (Fermi motion) causes a smearing on E,,
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0.015 < nucleon from ifs shell) infroduces a bias
C ~ | -
0

98 —06 —04 02 02~ 04 06 08Not a good proxy for non-CCQE events: 2p2h and

i O CClm with pion abs. FSI

true

Stephen Dolan Nulnt 2024, S3o Paulo, 16/04/2024



Neutrino energy reconstruction

Final state interactions
CCQE (1p1h) CCRES (FSI) can cause different 2p2h
v I Vv l . )
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have the same final state \T/'V “
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Upgrade detector performonce
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Updated flux prediction
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