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e.g., νµ + (np) → µ- + pp in 16O

Slower proton

Faster proton

Predicting ν energy profile crucial for  
long-baseline oscillation experiments 
targeting the test of leptonic CP violation

Channels like “2p2h” cause significant bias 
and also carry large xsec uncertainty, 
but measurement of nucleons challenging, 
especially with water targets

νµ CC final-states on 
nuclear emulsion film

ν “2p2h” interaction on 
“two” correlated nucleons

Nuclear emulsion gel (silver halide + gelatin)  
provides sub-µm precision tracking medium, 
and can track protons down to ~200 MeV/c, 
close to nucleon Fermi momentum

“Water target + Emulsion films” can provide valuable proton kinematics 
in νµ-16O CC interactions, important for water-based Hyper-Kamiokande

How it works
Water + Emulsion films
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Plastic scintillators

))O(104) tracks / cm2 
for 3-mo exposure

Moving films + 2D tracker with O(1) mm res.

Connect beam-time tracks 
with O(1)% background rate

Track-match χ2 

Emulsion tracks, 
On-time

Off-time

≥2 film tracks 
converging 

within O(10) µm 
are selected  
as hadrons

J-PARC

Track reconstruction Looking at ~2% fraction of data

χ2
P = 2∑

i [μi − di + di ln( di

μi )] + ∑
k

z2
k ,

z_k is nuisance parameters for each covariance eigenmode

Prospects with full data
Beam exposure completed on March 2026 and film processing/scanning ongoing. 
By 2028-2029, we will be able to analyze ~300 νµ CC 1µ2p0π events to test 2p2h models

References [2] T2K Collaboration, EPJ C 83, 782 (2023)[1] T. Odagawa et al. PTEP 2022, 11 (2022)
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≈ 0.14 ×
13.6 MeV/c

θRMS
Effective momentum pβ

Momentum reconstruction
Use RMS of Coulomb scattering angles ~O(1) mrad,  
in 0.5 mm steel plate sandwiched btw two films

~15% uncertainty for µ below 1 GeV/c [1]

Highland formula + Correction for E loss along the track

- Stat ~20%, Beam flux ~5%

- Interaction modeling 10-20%

- µ connection  5% (θµ<20°)  15-60% (θµ>20°)

- Detector response ~10% (multiplicity, angle) ~20% (momentum) 

Overall PID purity: µ 97%, p 99%, π 93%


9.3 Momentum reconstruction and particle identification of hadron tracks

reconstructed p� assuming the muon mass is expressed as (p�)µ. Figure 9.19 shows the two-

dimensional distribution of VPH and (p�)µ for 0.5 < tan ✓ < 0.6. In the low-momentum region,

the proton-like and pion-like tracks are clearly separated with larger and smaller values of VPH,

respectively.
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Figure 9.19: Two-dimensional distribution of VPH and (p�)µ of all the accumu-
lated tracks in the ECC with 0.5 < tan ✓ < 0.6.

9.3.1.1 VPH correction

The value of VPH is di↵erent between each emulsion film because VPH depends on not only

dE/dx but also other factors such as the AgBr density in the emulsion gel, di↵erent configu-

rations in the development process, the parameters of HTS, and its decrease over time. The

values also vary in each sensor of HTS due to the di↵erent sensitivities of the sensors. These

di↵erences are corrected by calculating the scaling factors for each emulsion gel and each sensor.

In addition, the values of VPH are also di↵erent in each angle because of the hit pixel detection

criteria of HTS.

First, the correction between the sensors are applied. The 72 sensors in HTS are categorized

into two groups with the higher and lower sensitivities. To remove the di↵erence between the

two groups, the correlation of the mean value of VPH in each group in the same chain is checked.

Next, the correction in each emulsion gel layer is performed. The two-dimensional distri-

butions of VPH and (p�)µ are generated for angular bins: [0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,

0.9, 1.1, 1.3, 1.5, 1.9, 2.3, 2.7, 4.0] in tan ✓. The chains of protons are preliminarily selected

by checking the correlation between VPH and (p�)µ in each angular bin. For each emulsion

gel layer, the mean VPH of the chains is compared to that of the other emulsion gel layers,

and the correction factor is obtained so that the two values are the same within the statistical

uncertainty.
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Data tracks recorded 
in individual films

Hadron PID

Overall final-state tracking efficiency: p 54%, π 46%


Hadron angular acceptance restricted at 75-105° 
Momentum limited to <1 GeV/c due to PID inefficiency

POT normalized

Data
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[Syst covariance as  
nuisance parameters 

and fitted to data 
(p-value w MC toys)

p=0.13

p=0.64

p=0.87 p=0.80

p=0.56 p=0.08

p=0.89

p=0.87

Hadron efficiency wrt kinematics (ν MC) Overall, individual distributions are in agreement with T2K model predictions within errors
We need to better model µ connection efficiency and reduce momentum systematics 
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Minimized Binned Poisson χ2 + Gaussian nuisance penalty

Compared against NEUT 5.6.4 (T2K model configuration [2]) + Geant4.10.6.2 MC simulation
Reco-level µ, p, π kinematics in 68 inclusive events (4.6×1020 POT νµ exposure × 4 kg water)
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80-90% overall µ connection efficiency 
µ angular acceptance <50° wrt beam axis
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