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NDZ280

Near Detector ND280 e xure-upgrade)

Z

« £, ~0.6 GeV, 2.5 off-axis.

de actor) ‘——__________‘_____.-
N — Ienoud Coil

o Two fine grained scintillator detectors (FGDs). S >

* This talk focuses on the pre-upgrade:

¢ Main target for neutrino interactions. »\ i s
B field

¢ FGD1 composed of scintillator (carbon). Plots from T2K

¢ FGD2 composed of scintillator (carbon) +

B field | -
water (oxygen, main target for Super-K). & | T

\
\

O Three time projection chambers (TPCs). ol

¢ 0.2T B-field to measure charged patrticles. -

\ BN

(

o Surrounding electromagnetic calorimeters

(ECALs) to measure energy depositions. ek \’{ N i —c—

3 A neutrino event recorded in the tracker region
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Neutrino Interactions at T2K

 Dominant interaction type - charge-current quasi-elastic (CCQE).
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Cross Section Measurement at T2K

* Cross section extracted with the template fit method.

o Jemplate built with nominal Monte Carlo (MIC), which has many parameters implemented to provide

enough freedom to vary its shape + norm and match with data.

o Parameters include signal template (free) + systematic parameters (constrained by priors).

O [he cross section results are the template reweighted by fitted parameters.
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Systematics Model

Four systematic sources are included in the measurement:
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_ ¢ Modeling of neutrino interaction
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tion on C + O with 2D TKi

- Signal sample: v, + X — X + u~ + Np (CCQE-like).

v, CCUnNp Cross Sec

* Transverse kinematic imbalance (TKI).
o Phys. Rev. C 94, 015503 (2016).

.. 3D Projection |y Transverse Planc iy_ * Improvements from the previous analysis:
g < X

o Carbon and oxygen joint analysis, better particle
identification (PID) and double differential TKI.
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Plot from Phys. Rev. D 98, 032003 (2018)
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v, CCUzNp Cross Section on C + O with 2D TKI
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8 Publication in preparation



NC1z™ Cross Section on Hydrocarbon

« Main background contributing to U, disappearance signal

IN neutrino oscillation measurements.

_|_

 Signalsample:v+p >v+n+n

» Phase space cut: cos0_> 0.5,0.2 < p, < 1.0 GeV/c.

 Data slightly prefers a higher total cross section.
* More variations from FSI models than generator overall
predictions, emphasizing the need to improve our

understanding of FSI.
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arXiv: 2505.00516

v, CCn™ Cross Section on Carbon

« Sub-dominant interaction channel contributing to v,

appearance signal in neutrino oscillation measurements.

« Signal sample:v, + A - X +e™ + 7™

» Phase space cut: 0.35 < p, < 30 GeV/c, cos 0, > 0.7,
p.< 1.5 GeV/c.

e Data favors a lower total cross section and lower
differential cross section at high pion momentum which

are not covered by generators.

Generator o (107°? cm® nucl™") p-value
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https://arxiv.org/abs/2505.00516

Summary

 The T2K near detector ND280 enables us to perform various neutrino cross section

measurements to improve our understanding of neutrino-nucleus interactions.
O The modeling of these interactions contribute to the largest systematic uncertainty in the
current long-baseline neutrino oscillation measurements.

 Most recent cross section results with ND280 were presented:

° v, CCOnNp interactions on carbon and oxygen with double differential TKI.

© NC1x™ interactions on hydrocarbon.

© v, CCr™ interactions on carbon.

* The currently running ND280 upgrade is expected to provide more precise cross section

measurements thanks to the improved detector performances and higher beam intensity.

— //71. The T2K ND280 Detector Upgrade. 2025-7-11, 8:30.
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Definition of Differential Cross Section

* Measure cross section by counting number of

sighal events in a specific 2D TKI phase space

region I.

N; = Ny / 0:(E,)¢(E, )e; (Ey)dE,

Assume averaged cross section and
efficiency in region |I.

Ni= Nt <o ><¢€ > QD(EU)dEU

g‘ . Differential solid angle d Q

.
\‘\4

Differential cross sectiond o
-4t
Impact parameter b

Scattering center Scattered particle

l Flux-integrated cross section. Cross section formula used in this analysis

N; = Nr <0 ><¢€ > P,

l

N.

l

(DU'NT’<€>

I
(dXdY),  ®, Ny €l (AXAY),

Target T = carbon / oxygen
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Neutrino-Nucleus Interaction Models
Used in the Template MC

Nucleon Initial State Spectral function - CCQE
. Relativistic Fermi gas - other interactions
CCQE Llewellyn Smith 1p1h model
BBBAOQOS vector and axial-vector form factors
2p2h Nieves et al. model
CCRES Rein-Sehgal model with lepton mass correction
Use PYTHIA, GRV98 parton distribution function
CCDIS . .
with Bodek-Yang correction

15
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Flux parameters

Systematics Model

* Four systematic sources are included in the measurement:
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Detector simulation / reconstruction ™
® Fvaluated by data / MC differences
with dedicated control samples.
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Modeling of neutrino interaction

® Parameters constrained by external
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Example of Detector and Neutrino
Interaction Systematic Sources

Table 9.1: List of detector systematic sources included in this analysis.

Category Systematic Uncertainty Source Type
, : Proton SI Weight
Interaction modeling , ,
Pion SI Weight
Incoming neutrino direction Neutrino parent decay position Variation
OOFV Weight
External background . e%g
Pile-up Weight
Charge ID Weight
, TPC-FGD matching Weight
Global track reconstruction : .
FGD-ECAL matching Weight
Momentum by range resolution Variation
TPC cluster efficiency Weight
TPC tracking efficiency Weight
, B-field distortion Variation
TPC Reconstruction -
TPC momentum scale Variation
TPC momentum resolution Variation
TPC PID Variation
FGD hybrid tracking efficiency Weight
FGD2 backward migration Weight
, FGD dE/dx momentum resolution | Variation
FGD Reconstruction , .
FGD momentum bias from vertex | Variation
migration
FGD dE/dx PID Weight
FGD ME tagging efficiency Weight
, ECAL tracking efficiency Weight
ECAL Reconstruction
ECAL HIP PID Weight

Table 9.5: List of neutrino interaction systematic sources included in this analysis.

Category

Systematic Uncertainty Source

Parameter Number

CCQE

OF
A

High Q% normalization
SE-MF shell normalization

SE-SRC normalization

e

2p2h

Overall normalization
MEC-NN contribution

nn — np pair contribution

FSI

Pion FSI
Nucleon FSI (C, O, other)

SPP

Rein-Sehgal model parameters
A resonance decay
CCRES binding energy

CC17" normalization

Other

CCDIS normalization

== N = WX N = s NN O W

17



v, CCUzNp Cross Section
on C + O with 2D TKI




Analysis Observables

e Consider 3 variables: < 3D Projection v Transverse Plane Iy
g z x

D opr = ‘?’J}"‘?]ﬂ

F
__)//t . 5—)
@ da = arccos pﬂT o
Pr - OPT

®PN:\/5P%+PI%

1 1 Spr + M3,

_ The longitudinal momentum p; = E(MA +p+p; —E,—E) — Ry ot —E
A L L u

+ Residual nuclear mass My = M, — M, + (¢) .
19



Selection Statistics

* The measurement uses T2K neutrino
mode (FHC) data collected between
2010 and 2017 during Run 2 to 8.

* The ND280 data sample has ~

11.61 x 10" protons on target (POT)

In total.

IPS = in phase space

Sample Case | Data MC Data (IPS) MC (IPS)
BEGLIH - 08220 89522 ( + 50 d 2259 2498.9 £ 50.0
TPC pu + TPC p FGD2X | 2550 2693.2 + 51.9 1803 1934.3 + 44.0
FGD2Y | 89  895.8 &+ 29.9 600 649.5 £ 25.5
FGDI1 2833 2942.8 & 54.2 1425 1473.2 &+ 38.4
TPC 1 + FGD p (+ Np) | FGD2X | 926  920.0 + 30.3 768 713.2 + 26.7
FGD2Y | 304 323.1 £ 18.0 242 236.7 & 15.4
FGD1 1940 1869.1 £ 43.2 1312 1278.9 & 35.8
FGD u + TPC p (+ Np) | FGD2X | 1062 1022.5 & 32.0 739 710.2 + 26.7
FGD2Y | 471 386.3 £ 19.7 321 266.8 £ 16.3
Sample Case | Data MC Data (IPS)] MC (IPS)
FGDI1 dér - 000 + 22 d 283 329.6 &+ 18.2
CCproton ME | FGD2X | 211 238.8 &+ 15.5 162 Fio 1L 153
FGD2Y | 79 78.1 + 8.8 57 w05 £ [ O
FGDI1 900 Do) 6 8D 20% 204.7 + 14.3
CCproton il [ EGD2X | 323 30161 14 199 2054 + 14.3
FGD2Y | 106 95.6 &+ 9.8 69 66.8 + 8.2

20
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Selection
Distributions

T2K Preliminary
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Phase Space Constraint

T2K Preliminary
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Signal Sample Distributions
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Signal Sample Distributions (Pre-/Post-fit)
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Relative Error of Cross Section Measurement
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v, CCUzNp Cross Section on C + O with 2D TKI

opr - oo Correlation Results
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v, CCUzNp Cross Section on C + O with 2D TKI

Py - COS 6’M Correlation Results
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Model Comparison
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NC17z™ Cross Section on CH




Cross Section Binning Scheme

30000

1000 - 0
800 -
600 -
400 -
200 -

Momentum (MeV /c¢)

-1.0 OfSOASCL7(18(191LO
Angle (cos 0)

32



v, CClz™ Cross Section on C



Signal Sample Scheme
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