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31 GeV/c proton 
beam

Hadron yields (π±, K± and p) 
as a function of momentum 
(p), polar angle (θ) and 
longitudinal position (z)
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●
mixing angle

●

“Solar neutrinos” “Atmospheric neutrinos”

●

Needs to be tuned in each 
experiment →  maximize 
oscillation probability

!CP → Neutrinos behave differently than anti-neutrinos! For example:
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ND280 (off-axis)
INGRID (on-axis)

Super-Kamiokande
(off-axis)

J-PARC

● accelerator long-baseline neutrino experiment
Science goals:

● world-leading measurements of νμ 
disappearance

● discovery of νμ→ νe (θ13>0)
● search for the CP violation in the lepton sector
● neutrino-nucleus cross section measurements 

Neutrino flux uncertainty limits the 
precision of measurements



Off-axis method

Target
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Re-weight interaction 
probability

Re-weight hadron 
yields Repeat for all

particle 
generations

Flux re-weighting
All weights

Hadron production data often needs to be 
scaled (different energies, materials, …)
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Peak energy 0.6 GeV



●

dE/dx - m2
tof PID

● Setup used in 2010 (now is improved) →  FTPCs
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Year [106] events Results

2007 0.7 π±, K+, K0
s, Λ [1,2]

2009 5.4 π±, K±, K0
s, p, Λ [3] [1] Phys. Rev. C84, 034604 (2011).   [3] Eur. Phys. J. C (2016) 76: 84

[2] Phys. Rev. C85, 035210 (2012).



π+ K+ π- K-

Neutrino mode Antineutrino mode



Hadron interactions
Previous error

Based on the 2007 
thin target data

Based on the 2009 
thin target data

Interaction probability 
re-weighting (σprod)

Pion and kaon 
multiplicity errors
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○~ 90% of neutrino flux → interactions and 
re-interactions in the target

Contribution to the neutrino flux depends 
on the position of the hadron exit point 
on the target surface

z1 z6
θ vs. p θ vs. p
q > 0 q > 0

Measurements are needed in:
momentum (p), polar angle (θ) 
and longitudinal position (z)
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T2K replica target

Year [106] events Results

2007 0.2 proof of concept [1]

2009 4 π± yields [2]

2010 10 π±, K±, p yields

[1] N. Abgrall et al., Nucl. Instrum. Meth., A701:99, 2013.
[2] N. Abgrall et al. Eur. Phys. J., C76(11):617, 2016.

r = 1.3 cm
l = 90 cm
ρ = 1.832 g/cm3

PhD thesis (K±, p measured for the first time)

π+ yields on the target surface (2009)
z1 z2 z3 z4 z5 z6

θ

● 30.92 GeV/c proton  beam
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T2K beam (run 4)
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T2 T3
additional counter with 
hole included in trigger

CEDAR THC



Total T2 trigger T3 trigger BPD cut Radius cut

[106] [106] [%] [106] [%] [106] [%] [106] [%]

8.970 8.239 91.85 - - 6.762 75.39 6.726 74.98

- - 4.982 55.53 4.110 45.81 4.106 45.77

T2 trigger: T2 beam profile, wider 
than T3 and T2K beam profiles 
but higher statistics

BPD cut: there are 3 good BPD 
clusters in x and y (removes 
multihits, edge clusters, etc …)

Radius cut: removes 
beam particles close to 
the edge of the target 

Beam PID

Counter with hole (r = 0.5 cm)Glued to the target surface (r = 1.3 cm)
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RST
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x

y

z
VTPC-1

minimal 
distance (d)

extrapolated radial 
uncertainty σR 
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[1] Nucl. Instrum. Meth., A559:148–152, 2006.
[2] Nucl. Instrum. Meth., A329:493–500, 1993
[3] Nucl. Instrum. Meth., A262:444–450, 1987
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TPC alignmentBeam - TPC alignment
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Old calib.

New calib.

Pions
TOF calibration
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18 cm

FLUKA
Data
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π+

K+

p e+



MC correction factor

Bin number Number of generated 
tracks coming from 
target surface

Number of rec. and 
sel. MC tracks

Geometrical 
acceptance

Reconstruction 
efficiencyBin migration

Hadron loss due to 
decays, 
re-interactions, etc...

Feed down - contribution 
from week decays, outside 
of the target
K0

s → π+ + π-

Λ→ p + π-

TOF correction factor

● TOF signals are not simulated in MC
● Efficiency based on the data → percentage of tracks hitting the downstream end of MTPCs 

with reconstructed TOF hits
● Depends on TOF slat (95% - 98%, lower for slats closer to the beamline)



●

○





Uncertainty π+ π- K+ K- p

Statistical 1% - 25% 
(< 4%)

1.5% - 25%
(< 4%)

3% - 25%
(5% - 10%)

5% - 25%
(7% - 12%)

1%-25%
(< 5%)

Bin migration < 8% (< 1%) < 10% (< 1%) < 3% (< 1%) < 3% (< 1%) < 8% (< 1%)

TOF efficiency < 1.5%  
(< 0.8%)

< 3% (< 0.8%) < 0.8% < 0.8% < 1.5% 
( < 0.8%)

Hadron loss < 35% (< 1%) < 35% (< 1%) < 10% (< 1%) < 10% (< 1%) < 25% (< 1%)

Feed-down < 1.5% < 2.5% - - < 3.5%

PID < 2% (0%) < 2% (0%) < 30% (< 8%) < 14% (< 8%) < 2% (0%)

Reconstruction 2% 2% 2% 2% 2%

Total < 5% < 6% < 11% < 15% < 6 %

Total (2009) ~7% ~9%

Max. range Majority of bins
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Full comparisons: https://edms.cern.ch/document/1828979/1

z1 z2 z3

z4 z5 z6

Data FLUKA 2011.2c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

https://edms.cern.ch/document/1828979/1


Full comparisons: https://edms.cern.ch/document/1828979/1

z1 z2 z3

z4 z5 z6

Data FLUKA 2011.2c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

https://edms.cern.ch/document/1828979/1


Full comparisons: https://edms.cern.ch/document/1828979/1

z1 z2 z3

z4 z5 z6

Data FLUKA 2011.2c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

https://edms.cern.ch/document/1828979/1


Full comparisons: https://edms.cern.ch/document/1828979/1

z1 z2 z3

z4 z5 z6

Data FLUKA 2011.2c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

https://edms.cern.ch/document/1828979/1


Full comparisons: https://edms.cern.ch/document/1828979/1

z1 z2 z3

z4 z5 z6

Data FLUKA 2011.2c.5
NuBeam G4.10.03

QGSP_BERT G4.10.03

https://edms.cern.ch/document/1828979/1


●

●

●

●

Δz

Interaction 
point

Exit point

rb = 0.65 cm, θ = 20 mrad   → Δz = 32.5 cm
       θ = 250 mrad → Δz = 2.5 cm

rb = 1.00 cm, θ = 20 mrad   → Δz = 15.0 cm
       θ = 250 mrad → Δz = 1.2 cm



Different polar 
angle bins

Up to 5% 
difference

There is a momentum 
dependence 
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● Beam width T3 < width T2K < width T2



●
Kaons not 
measured in 2009
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MH not known MH known

 arXiv:1607.08004 [hep-ex] 

Source νe CCQE-like νμ νe CCπ+-like

SK detectors 2.4% 3.9% 9.3%

Flux and cross 
sections

4.2% 2.9% 5.0%

FSI+SI+PN 2.5% 1.5% 10.5%

Total 5.5% 5.1% 14.8%
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Re-weight interaction 
probability

Re-weight hadron 
yields Repeat for all

particle 
generations

● Feynman scaling to different beam 
momentum 

● A-dependence scaling [1,2,3]
● BMPT fit for extending to full phase 

space [1]

[1] Eur. Phys. J., C20:13–27, 2001.
[2] Phys. Rev., D27:2580, 1983.
[3] Phys. Rev., D18:3115–3144, 1978.



●
●

○
○
○

Total p fit dE/dx - tof Clusters ɸ angle dtarg/σR

[106] [106] [%] [106] [%] [106] [%] [106] [%] [106] [%]

Data 83.081 38.188 100 6.353 16.64 6.166 16.15 4.677 12.25 4.118 10.78

MC 253.751 166.237 100 36.876 22.18 36.200 21.77 26.484 15.93 25.187 15.15

After all effects are 
taken into account
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WORK IN PROGRESS!
JUST FOR ILLUSTRATION!

→ ~ 15 mb higher in FLUKA 2011.2c.5 

Possible systematics:
● time of flight
● target density
● target length
● momentum resolution in MC
● Elastic, quasi-el. or 

production events?
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