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The T2K Experiment

See Thomas Holvey’s talk on Wednesday for more details
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https://agenda.infn.it/event/33107/contributions/206373/


§ In oscillation analysis, predicted event rate N!"#$ is directly affected by neutrino cross-
sections 𝛔

N!"#$ = P%!→%" × 𝛔 × Neutrino Flux × Target × Detector Ef7iciency

§ Better understanding of neutrino cross-sections is crucial for neutrino oscillation analysis 
since it affects background estimation and energy reconstruction

§ Neutrino cross-sections consist as one of the largest systematic uncertainty sources in 
neutrino oscillation analysis, for example:
§ In T2K recent publication on oscillation analysis, 1 ring 𝜐! sample: 
§ 3.2% (cross-section) out of 4.7% (total uncertainty)

§ Precise constraining of neutrino cross sections is crucial for future neutrino oscillation 
experiments as not to limit statistical uncertainties

Why neutrino cross-sections are important
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Eur. Phys. J. C 83, 782 (2023)
See Adrien Blanchet’s talk on Wednesday for more details

https://epjc.epj.org/articles/epjc/abs/2023/09/10052_2023_Article_11819/10052_2023_Article_11819.html
https://agenda.infn.it/event/33107/contributions/205073/


What do we measure

Diagrams by Patrick Stowell
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Nuclear Effects
• Neutrino interactions 

are convoluted by 
nuclear effects

• To minimize model 
dependence, we 
measure interaction 
’topologies’ (outgoing 
state from nucleus)

Events are typically classified based on
• Neutrino type
• Interaction mode (charged/neutral current)
• Outgoing particles from the nucleus



The near detector complex
• Multiple detectors: 

• ND280
• INGRID
• WAGASC

• Multiple angles w.r.t neutrino beam axis
ØDifferent neutrino flux distribution 

• Opportunity to study energy dependence 
of neutrino interactions
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Recent results
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1. υ!CC−1π"Xp Transverse Kinematic Imbalance
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Phys. Rev. D 103, 112009

Forward Horn Current (FHC) beam 
at 2.5 deg off-axis

Off axis detector
• UA1 magnet, 0.2T field
• Time Projection Chambers (TPC)
• Fine Grained Detectors (FGD)
• FGD1: Scintillator tracker (CH)
• FGD2: Scintillator tracker with water 

(CH and H-O)
• Also serve as 𝜐 interaction target

TPC1 TPC2 TPC3

FGD1 FGD2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009


1. υ!CC−1π"Xp Transverse Kinematic Imbalance
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Phys. Rev. D 103, 112009

Signal, interaction happens on FGD1 (CH)
• Single 𝜇.
• Single 𝜋/
• ≥1 proton

TKI variables are calculated from outgoing 𝜋" and 
highest momentum proton

TKI variables are sensitive to nuclear effects

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009


1. υ!CC−1π"Xp Transverse Kinematic Imbalance
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Phys. Rev. D 103, 112009

𝛿𝑝## - Double-transverse momentum imbalance
Measured Cross-section

• 𝛿𝑝00 = 0 if no nuclear effects
• Initial Fermi motion, nucleon-nucleon 

correlation, FSI smear the distribution

Expectation • The simple Fermi gas models (RFG and LFG) 
show a large disagreement

• Data show a slight preference for GiBUU, which 
uses a more realistic nuclear ground state to 
handle all interaction channels consistently.

• Results are statistically limited
• Full results are available in the paper

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009


2. 𝜐!and �̅�! CC-COH on C

Shilin Liu | Neutrino Telescopes 2023 | Stony Brook University 10

arXiv:2308.16606
Accepted by PRD 10 days ago!

𝜋(

Signal, coherent interaction happens 
on FGD1 (CH)
• Single 𝜇.
• Single 𝜋/
• No other particles

https://arxiv.org/abs/2308.16606


2. 𝜐!and �̅�! CC-COH on C
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arXiv:2308.16606
Accepted by PRD 10 days ago!Observable variables

• |t|: magnitude of the square of the four-momentum 
transfer to the nucleus, small to maintain coherence

• Vertex Activity (VA): energy deposited in a ~ (5cm)2
volume around the vertex

𝝊𝝁 𝝊𝝁

Selected samples

Control 
Sample

Reject

https://arxiv.org/abs/2308.16606


2. 𝜐!and �̅�! CC-COH on C
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arXiv:2308.16606
Accepted by PRD 10 days ago!𝜐$ cross-section:

• Update measurement from 2016
• Uncertainty reduced by a half
• Better background constraint for oscillation analysis

�̅�$ cross-section:
• First measurement in T2K

Measured Cross-sections

𝝊𝝁 4𝝂𝝁

Compatible with flux 
integrated models:

• NEUT 5.4.0 Berger-Sehgal (2009)
• GENIE 2.8.0 Rein-Sehgal (2007)

https://arxiv.org/abs/2308.16606


3. 𝜐! CC-0𝜋 on CH On/Off Axis
Signal, interaction happens on FGD1 (off axis) 
and INGRID Proton Module (on axis)

• Single 𝜇"

• No pions
• Any number of protons

INGRID detector
• Standard INGRID Module: muon tracker (CH + Fe)

• 14 modules form a cross

• Proton Module: scintillator tracking planes (CH)
• In the center between vertical and horizontal 

standard module
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arXiv:2303.14228
Under Review by PRD

Standard INGRID Module

Standard INGRID Module

Proton Module

Proton Module

INGRID detector

https://arxiv.org/abs/2303.14228


3. 𝜐! CC-0𝜋 on CH On/Off Axis

First measurement using multiple detectors with 
correlated energy spectra at T2K

• Reduce the impact of the flux uncertainty
• Study the energy dependence of neutrino interactions
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arXiv:2303.14228
Under Review by PRD

ND280 flux
2.5 deg off axis

INGRID flux
On axis

https://arxiv.org/abs/2303.14228


3. 𝜐! CC-0𝜋 on CH On/Off Axis
70 degrees of freedom

• 58 ND280 bins
• 12 INGRID bins

Larger 𝜒- for ND280 due to ND280 having finer bins

Unique aspect:
• First time a joint cross-section fit has been made with two 

different fluxes simultaneously including correlations

• Compare how a given model does for ND280 and INGRID

• Compare how the full result with correlations is better or 
worse than naïve sum
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arXiv:2303.14228
Under Review by PRD
𝝌𝟐 models vs. data

https://arxiv.org/abs/2303.14228


3. 𝜐! CC-0𝜋 on CH On/Off Axis
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arXiv:2303.14228
Under Review by PRD

ND280 INGRID

Measured Cross-sections

• Current models struggle to describe the data

In the future the new WAGASCI and BabyMIND detectors at 1.5 deg off axis could be 
used to extend this analysis to use three energy spectra, and provide additional statistics

• Consistent with previous measurement

https://arxiv.org/abs/2303.14228


Ongoing measurements

Shilin Liu | Neutrino Telescopes 2023 | Stony Brook University 17



1. 𝜐! CC-0𝜋 on H"O and CH 
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• Signal
• Single 𝜇 like track
• No pions

• There has been a result with a limited configuration of 
WAGASCI
• �̅�# and �̅�#+ 𝜐# CC-0𝜋0p
• Prog. Theor. Exp. Phys. 2021, 043C01

• Results agree with the NEUT 
model used in the T2K oscillation 
analysis

• This will be the first analysis with the full set of 
WAGASCI-BabyMIND detectors.

Measured Cross-section

�̅�++ 𝜐+ on H,O/CH 

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


1. 𝜐! CC-0𝜋 on H"O and CH 
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• Signal
• Single 𝜇 like track
• No pions

• Upgraded WAGASCI-BabyMIND detectors at 1.5 deg off axis
• WAGASCI: grid scintillator with high angle acceptance filled with 0.6 

tons of water (H$O+CH)
• Wall Muon Range Detector (MRD): Scintillator tracking planes 

between iron planes
• Increase detection efficiency for high-angle events

• Baby MIND: With magnetic field inside iron planes
• Can identify particle charges

• Unblinded results under publication board review.



2. NC-1𝜋# on H"O

Shilin Liu | Neutrino Telescopes 2023 | Stony Brook University 20

• Signal contains a single 𝜋<

• One of the dominate background in 𝜐= appearance
• A novel analysis method using a Bayesian inference Markov 

Chain Monte Carlo (MCMC) for cross section measurement
• It has been used for oscillation analysis, so the novelty is to use it for 

cross sections

• Pi0 Detector (P0D) at 2.5 deg off axis
• Alternating scintillator, lead, and water layers
• Water can be filled/drained
• Two configurations enable measurement of interaction on water

• Fake data study finished, working on unblind results



Outlook
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Looking to the Future
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Many analyses and papers coming soon!
• WAGASCI/BabyMIND joint CH/water CC0pi
• 𝜐! CC1𝜋" in FGD1
• Kaon in FGD1
• NC1𝜋# in the P0D
• NC1𝜋" in FGD1
• 𝜐$ CC1pi on CH and Water 
• …

New analysis strategy with the MCMC method work in 
progress

Detector upgrades
• WAGASCI/BabyMIND
• ND280 upgrade with SuperFGD and High Angle TPC
• See Weijun Li’s talk on Thursday for more details
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Recent T2K results on neutrino cross-sections
• First measurement of muon neutrino charged-current interactions on hydrocarbon without pions in the final state 

using multiple detectors with correlated energy spectra at T2K, arXiv:2303.14228(2023)
• Measurements of the 𝜐+ and �̅�+-induced Coherent Charged Pion Production Cross Sections on -,𝐶 by the T2K 

Experiment, arXiv:2308.16606 (2023)
• First T2K measurement of transverse kinematic imbalance in the muon-neutrino charged current single 

production channel containing at least one proton, PRD 103, 112009 (2021) 
• Measurements of �̅�+ and �̅�++ 𝜐+ CC cross-sections without detected pions or protons on water and hydrocarbon 

at a mean anti-neutrino energy of 0.86 GeV, Prog. Theor. Exp. Phys., 043C01 (2021) 
• Measurement of the charged-current electron (anti-neutrino) inclusive cross sections at the T2K off-axis near 

detector, JHEP10, 114 (2020) 
• Simultaneous measurement of the muon neutrino charged-current cross section on oxygen and carbon without 

pions in the final state at T2K, Phys. Rev. D 101, 112004 (2020) 
• First combined measurement of the muon neutrino and anti-neutrino charged-current cross section without pions 

in the final state in T2K, Phys. Rev. D 101, 112001 (2020) 
• Measurement of the muon neutrino charged current single production on hydrocarbon using T2K off axis near 

detector ND280, Phys. Rev. D 101, 012007 (2020) 
• First measurement of the charged current anti-muon neutrino double differential cross section on a water target 

without pions in the final state, Phys. Rev. D 102, 012007 (2020)
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https://arxiv.org/abs/2303.14228
https://arxiv.org/abs/2308.16606
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
https://academic.oup.com/ptep/article/2021/4/043C01/6156643
https://link.springer.com/article/10.1007/JHEP10(2020)114
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012007


Thank you for your attention
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Backup
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Oscillation analysis uncertainty source table 
with caption
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0. �̅�! and �̅�!+ 𝜐! CC-0𝜋0p on H"O and CH 

Signal
• Single 𝜇 like track
• No pions
• No protons

Detectors
Proton Module: scintillator tracking planes (CH)
WAGASCI: grid scintillator with high angle acceptance filled with 0.6 tons of water (H'O+CH)
INGRID: muon tracker
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Prog. Theor. Exp. Phys. 2021, 043C01

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


Reverse Horn Current (RHC) beam at 
1.5 deg off-axis

Limited phase space for good efficiency
• 𝜃$ < 30 deg

• 𝑝$ > 400 MeV
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0. �̅�! and �̅�!+ 𝜐! CC-0𝜋0p on H"O and CH 
Prog. Theor. Exp. Phys. 2021, 043C01

WAGASCI Proton Module

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


0. �̅�! and �̅�!+ 𝜐! CC-0𝜋0p on H"O and CH 

�̅�#+ 𝜐# cross-section results on H$O
and CH are shown

Full results are available in the paper
• �̅�( cross-sections 
• H'O-to-CH cross-section ratio

Results agree with the NEUT model 
used in the T2K oscillation analysis
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�̅�++ 𝜐+ on H,O

�̅�++ 𝜐+ on CH

Prog. Theor. Exp. Phys. 2021, 043C01
Measured Cross-section

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


0. �̅�! and �̅�!+ 𝜐! CC-0𝜋0p on H"O and CH 

• Detector detailed structures
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Proton Module

WAGASCI

INGRID

Prog. Theor. Exp. Phys. 2021, 043C01

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


0. �̅�! and �̅�!+ 𝜐! CC-0𝜋0p on H"O and CH 

DOF 8
Chi2 does not suggest mismatch
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Prog. Theor. Exp. Phys. 2021, 043C01

https://academic.oup.com/ptep/article/2021/4/043C01/6156643


1. υ!CC−1π"Xp Transverse Kinematic Imbalance
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Phys. Rev. D 103, 112009

𝑝+ - Initial nucleon momentum
Measured Cross-section

• Probes the Fermi 
motion inside the 
nucleus

• FSI shifts the peak 
position and cause 
a long tail

Expectation

• Like 𝛿𝑝##, a slight preference for 
GiBUU

• Results are statistically limited
• Full results are available in the paper

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009


4. 𝜐! CC-0𝜋 on CH On/Off Axis
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arXiv:2303.14228
Under Review by PRD

• Comparison with previous measurement

https://arxiv.org/abs/2303.14228

