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J-PARC 
ν-beamline
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• 30 GeV protons produce π,K 
in 90 cm graphite target


• Three magnetic horns 
selectively focus 
π +,K+ or π –,K – to produce 

 or  beam (decay in-flight).


• Muon monitors and on-axis 
ν detector (INGRID) monitor 
beam stability and direction.

νμ ν̄μ

How to make a neutrino beam

15

Focus π,K produced in hadronic interactions.
Switch sign of horn current to focus π–, K– instead

Total three horns to
collect & focus mesons.

π,K+     +

π,K– –

B-field

note: 2.6x beam power upgrade 
toward HyperK (500 kW → 1.3 MW)
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Figure 4: Flux expected at Super-Kamiokande brokedown into the parents of neutrinos (pions,
kaons, K

0
L and muons). Top left: ⌫µ, top right: ⌫̄µ, bottom right: ⌫e, bottom left: ⌫̄e. 13a

untuned nominal is used, with positive focussing horns.

3.1 Note on nomenclature272

In this note, we refer to primary, secondary and tertiary interactions of particles. The273

primary particle refers to the beam protons and their interactions are the primary inter-274

actions. Particles produced in the primary interactions are secondary particles, and their275

interactions are secondary interactions. Particles that originate in the secondary or sub-276

sequent interactions are called tertiary particles and their interactions are referred to as277

tertiary interactions. By definition, there is one primary interaction per neutrino that is278

produced, there are zero or one secondary interactions, and there can be any number of279

tertiary interactions.280

9

Right-sign νμ flux 
with 650 MeV 
peak from 
π± decay. Above 
3 GeV K± decay.


Above each peak 
contribution from 
mis-focused and 
forward particles.
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Wrong sign 
component from 
rescattered pions 
(low-E) and forward 
mesons from target 
downstream face of 
target that “miss” 
the horns (high-E).
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Wrong sign 
component 
entirely from 3-
body decay of 
kaons, mostly . 
 
For RHC 
contribution from 

 increases.

νe

K0
L

K+

Small νe 
contamination 
from μ-decay in 
tunnel and K-
decay. 
 
For RHC the 
contribution from 

 increases.K0
L

Flux composition is  
 

(in neutrino-mode) 
roughly differing by 
factor 10 each.

νμ > νμ > νe > νe



Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

, , , , , , νμ νμ νμ νμ νμ νμ νμ, , , , , , ντ ντ ντ ντ νe νμ νμ

Oscillation analysis
• ND280 constrains flux*xsec: 

flux:            5% → 3% (uncertainty on #evts) 
flux*xsec: 11% → 2% 
If flux can be understood better than 3%, 
will be able to improve the xsec constraint 
through flux?


• Constraint is propagated to SK flux by 
constraining the SK/ND280 flux covariance 
matrix.

4

• Currently only μ-like samples fit at 
ND280, and e-like flux constraint relies 
on flux covariance matrix. Similarly when 
the near-detector has troubles running, 
the flux uncertainty relies on run-by-run 
correlations estimated with MC and 
INGRID monitoring data.


• Constraint on osc. params is stats-
dominated, and the post-fit flux 
systematic plays a small role in the 
systematics.


• For HK expect to have larger contribution 
from non-hadronic systematics due to 
direction differences between HK and 
SK/ND280.

Direction differences of 
Hyper-K and Super-K

Super-KHyper-K
ND280

INGRID

Illustration of detector location 
seen from beam upstream

2.5º

Beam center

• ND280 placed in same direction as 
Super-K to cancel effect of beam-
direction-induced changes to the 
neutrino flux.


• While Hyper-K also sits at 2.5º off-
axis, the azimuthal angle is different.


• Horizontal beam direction shifts cause 
flux uncertainty anti-correlated with 
ND280.


• Estimate the uncertainty, utilizing the 
INGRID beam direction measurement.

20

JPS 2020 
Autumn, LB
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2mΔ INGRID detector

• 14 identical modules arranged in a cross shape 
covering ±5m area from beam center.

• Measure beam direction with < 1 mrad precision.

2

Expected neutrino beam profile at INGRIDOverview of INGRIDon-axis

2.5º off-axis

ND280 
magnetized 
near detector 
to be upgraded soon

INGRID 
monitor ν beam 
rate + direction

14 modules of unmag-
netized iron-scintillator 
sandwich detectors

WAGASCI + BabyMIND

same off-axis angle as SK/HK

14

High-Angle atmospheric pressure TPCs. These three detectors form approximately a cube

with 2m-long sides (Fig. 1.1). It is positioned in the upstream part of the ND280 magnet and is

surrounded by six thin Time-of-Flight scintillator layers. In the most upstream part of ND280,

we will keep the P0D Upstream Calorimeter, with 4.9 radiation lengths, as a veto and to detect

neutrals. The downstream part of ND280, namely three TPCs, two scintillator detectors FGD

and the full calorimeter system will remain unchanged, as well as the muon-range detector

SMRD. Figure 1.3 presents a general view of the B1 floor of the ND280 pit, with the magnet

in the open position. The reference system shown in the same figure has the z axis along

the neutrino beam direction (longest axis of the ND280 detector), the y axis in the vertical

direction. The magnetic field is parallel to the x axis.

This configuration achieves a full polar angle acceptance for muons produced in charged-

current interactions. The tracking of charged particles in the Super-FGD is also very efficient.

  

x

y

z

Super-FGD
HA-TPC

Figure 1.1: CAD 3D Model of the ND280 upgrade detector. In the upstream part (on the left in the
drawing) two High-Angle TPCs (brown) with the scintillator detector Super-FGD (gray) in the middle
will be installed. In the downstream part, the tracker system composed by three TPCs (orange) and the
two FGDs (green) will remain unchanged. The TOF detectors are not shown in this plot. The detector
is mechanically mounted on the basket, a steel beam structure (light gray), supported at both ends.
The beam is approximately parallel to the z axis, the magnetic field is parallel to the x axis.

An example of the level of information provided by the current ND280 is shown by the

event display of a neutrino interaction shown in Fig. 1.2.

1.5º off-axis
+ NINJA 
(not part of T2K)

Near detectors
• Various near detectors perform wide 

variety of xsec measurements


• Flux uncertainty is dominant 
systematic on the xsec normalization


• Combined analyses at various off-
axis angles allow studying energy 
dependence etc.

Figure 1: Schematic view of entire sets of detectors.

scintillators, are placed perpendicularly to the beam, and the other 40 bars, called lattice
scintillators, are placed in parallel to the beam with hollow cuboid lattice in the tracking
plane as shown in Figure 5. Thanks to the hollow cuboid lattice of the scintillator bars,
the WAGASCI module has 4π angular acceptance for charged particles.

Thin plastic scintillator bars produced at Fermilab by extrusion method, mainly consists
of polystyrene and are surrounded by thin reflector including TiO2 (3 mm in thickness)
are used for the WAGASCI modules to reduce the mass ratio of scintillator bars to water,
because neutrino interactions in the scintillator bars are a background for the cross section
measurements on H2O. Each scintillator bar is sized as 1020mm×25mm×3 mm including
the reflector part, and half of all the scintillator bars have 50-mm-interval slits to form the
hollow cuboid lattice (Figure 6 ).

We can operate the WAGASCI module with two conditions, water-in and a water-out.
The water-in WAGASCI module has water in spaces of the hollow cuboid lattice. The
total water mass serving as neutrino targets in the fiducial volume of the module is 188 kg,
and the mass ratio of scintillator bars to water is 1 : 4. The water-out WAGASCI module
doesn’t have water inside the detector. The total CH mass serving as neutrino target in
the fiducial volume of the module is 47 kg, and the mass fraction of scintillator bars is 100
%.

Scintillation light is collected by wave length shifting fibers, Y-11 (non-S type with a
diameter of 1.0 mm produced by Kuraray). A fiber is glued by optical cement in a groove
on surface of a scintillator bar. 32 fibers are gathered together by a fiber bundle at edge
of the module, and lead scintillation light to a 32-channel arrayed MPPC. Since crosstalk

6

Water + scintillators

Compact magnetized 
iron μ range detector

Emulsion detector



Intermediate Water 
Cherenkov Detector • New 1 kton scale water-Cherenkov detector at 

~1 km baseline planned with goals:


- -interaction with combined measurement of 
fluxes at various off-axis angles


-  cross section


- Constrain NC and  background


- Neutron multiplicity with Gd loading


• Multi-PMTs for higher granularity + directionality

ν

νe

νe

6

Intermediate water Cherenkov detector (IWCD) 
• 1kton scale water Cherenkov detector at ~1km baseline
• Detector can vertically move ⇒ measurement at different off-axis angles 

~50m

1.0°

4.0°

2.5°
Linear sum to make 
monochromatic energy Reconstruction

Physics target
• /-int. measurement by off-axis scanning
• /: cross section (3-5% for ;(=!)/;(="), ;(=!)/;(=") )

• NC and intrinsic /: BG measurement (3-4%)

• Neutron multiplicity with Gd loading

14

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

, , , , , , νμ νμ νμ νμ νμ νμ νμ, , , , , , ντ ντ ντ ντ νe νμ νμ

Hyper

NNN19, Medellin, 7 Nov 2019N. Prouse 3

Hyper-K’s WC detectors
Hyper-K far detector
72 m tall x 68 m diameter = 258 kt total mass
                                            188 kt fiducial mass
20,000 50 cm B&L PMTs + multi-PMT modules + 
B&L or MCP PMTs ➛ equal / better performance

Multi-PMT modules
8 cm PMTs: better position resolution
Additional directionality information
< 1 ns timing resolution

Hyper-Kamiokande

Super-
Kamiokande

See multi-PMT talk:
S. Cuen-Rochin, 2pm Thu

Detector R&D for Hyper-Kamiokande

Multi-PMT module:
(ref. KM3NeT)
High resolution Cherenkov ring 

imaging essential for IWCD

Consider to use for part of HK

IWCD simulation

20-inch MCP PMT:
Test in dark room 

Prototype at TRIUMF

mPMT in Memphyno
water tank in France

Electronics at INFN
Box&Line PMT in Super-K

17

Vertically movable

USING THE OFF-AXIS DATA
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T2K	flux	predic=on	

•  Simulate	interac=ons	of	protons	inside	target	

with	FLUKA	(MC	generator)	

•  Focusing	and	out-of-target	interac=ons	of	
outgoing	mesons	using	Geant3	

•  AÅerwards	go	through	interac=on	chain	and	
apply	weights	to	tune	output	of	MC	generators	to	

external	hadron	produc=on	data	(mostly	NA61),	

–  for	more	precise	flux	predic=on	

–  to	es=mate	systema=c	uncertain=es.	Covariance	

matrix	is	used	to	constrain	SuperK	flux	from	near	

detector	measurements.	

23	

Proton	

π,K	mesons	

Neutrino	

μ+	 SK→	

90	cm	carbon	target	

7

Flux Prediction

• Interactions of protons inside target simulated with FLUKA 
based on proton beam profile measured with upstream beam 
monitors.


• Horn focusing and out-of-target interactions (Al in horns and Fe in 

walls) of outgoing mesons using Geant3 + GCalor.


• Afterwards go through interaction chain and apply weights to 
tune output of MC generators to external hadron production 
data (mostly NA61/SHINE).


• Covariance matrix is used to constrain SuperK flux using 
near detector measurements.



NA61	measurements	for	T2K	
•  Hadron	produc=on	experiment,	momentum	
measurement	with	TPCs	in	superconduc=ng	magnets,	
PID	with	dE/dx	(Bethe-Bloch)	and	=me	of	flight.	

24	

setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

MTPC-L

MTPC-R

VTPC-1 VTPC-2

Vertex Magnets

Gap TPC

ToF-F

ToF-L

ToF-R

Target

S3

BPD-3

V1pV0

S2

BPD-2

THC

BPD-1

S1

CEDAR

~13m

~31m

p + T2K replica target @ 31 GeV/c

z

x

y

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Beam	 Target	 Year	 Stat	(106)	 Outgoing	PID	 Usage	at	T2K	

protons	at	
31	GeV/c	

Thin	
(2cm)	

2007	 0.7	 π±, K±, K0
S, Λ past	

2009	 5.4	 π±, K±, p, K0
S, Λ in	use	

T2K	
replica	
(90cm)	

2007	 0.2	 π±

2009	 2.8	 π± almost	ready	

2010	 10.	 π±, K±, p this	work	
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2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V
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Figure 2.8: Left: The location of the NA61 experiment in the CERN accelerator com-
plex (not to scale, adapted from [28]). Right: The NA61 detector layout with trigger
configuration for the 2010 data taking with the T2K replica target [29].

Analysis of p + T2K replica target data
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Figure 5.13: Energy loss distribution vs. log(p) for the data. The left panel shows the distribu-
tion of the negatively charged tracks and the right panel shows the distribution of the positively
charged tracks. Energy loss parameterization is overlaid on top of the distributions.

relation 5.7 by assuming that a single Gaussian is su�cient for describing the dE/dx distribution
in a single phase space bin:
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Figure 5.14: Distribution of a number of clusters for selected tracks (a) and energy loss resolution
with respect to the number of clusters. Resolution saturates around 0.03 for tracks with the
large number of clusters. Clusters in the GTPC are not included since energy loss measurement
is not performed in the GTPC.

Tracks with the low number of clusters may create tails in the dE/dx distribution for a given
phase space bin. The possibility of the bias is investigated in subsection 5.5.6.
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Analysis of p + T2K replica target data

 p < 4.95 GeV/c≤ < 80 mrad, 4.22 θ ≤ z < 54 cm, 60 ≤36 
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Figure 5.15: Example of the particle identification fit for the positively charged tracks. The top
left panel shows m2

tof ≠ dE/dx distribution, the top right panel shows a projection to the m2
tof

axis, the bottom right panel shows a projection to the dE/dx axis and the bottom left panel
shows a number of extracted particles.

5.3.3.1 Initialization of the parameters

Because of a large number of parameters, it is important to set the initial values and ranges
of the parameters properly. The mean value of the energy loss is taken from the calibrated
dE/dx parametrization (see figure 5.13). The allowed range for the mean value of the energy
loss varies depending on the particle species. For pions, it is set to ±10%, while for the protons
and electrons/positrons it is ±8%. In case of kaons, the range is set to only ±5%. This is
because kaons are under the proton peak in the energy loss distribution and under the pion
peak in the tof mass squared distribution for the momenta larger than 2GeV/c. This makes K+

yields di�cult to extract with great precision. The width of the dE/dx distribution is estimated
to be 0.04µ–

i for all particle species, and the range is set to ±35% of the value, to account for
the possible variations in the number of clusters per track.

Mean values for the squared tof mass are taken from the figure 4.17a. Ranges for elec-
trons/positrons and pions are set to ±100% because of the very small absolute values of the
masses (for example, m2

fi = 0.019GeV2/c4). Ranges for kaons and protons are set to ±50% and
±30% respectively. Widths of the tof mass squared distributions which are momentum depen-
dent are also taken from the calibration (see figure 4.17b), while the ranges are set to ±35% for
all particle species. Since there are two tof widths for each particle species, first one is evaluated
at the low momentum border of the phase space bin, while the second one is evaluated at the
high momentum border. Fraction ÷ is set to value 0.7 and allowed to change from zero to one
for momenta below 8GeV/c and fixed to one above the defined threshold.
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π eK 

Figure 2.9: Left: ionization loss curves for negatively (positively) charged particles on
left (right) half. Right: By combining with m2 information from the TOF measurement,
one can clearly separate p, K+, π+ and e+. Both figures taken from [30].

points at low material budget, and is important for MTPC tracks that do not leave a track
inside the VTPCs. Finally, time-of-flight (TOF) walls at the end of the beamline provide
independent information for particle ID in the crossover regions of dE/dx Bethe-Bloch
curves (Fig. 2.9). NA61 performs measurements using various incident beams (charged
mesons, protons and ions) and targets, mainly to study hadron physics and to provide
valuable inputs for the Monte Carlo simulation of the hadronic processes involved in
producing neutrino beams, as well as cosmic showers.

Drawings+plots from M.Pavin's Ph.D. 
thesis, slightly modified for clarity.
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• NA61 uses cylindrical graphite blocks (same graphite grade as T2K), with different lengths
• Thin target (2 cm) and replica target (90 cm)
• NA61 measures multiplicities of  particles outgoing from the targets arranged in (p,θ,z) bins

Reminder of  NA61 Measurements for T2K

Proton 
beam

2 cm

"
#±

%
&' &( &) &* &+ &,

"
#±

%
Proton 
beam

90 cm

18 cm

Part of  NA61 2009 Replica Target Data for π.

NA61/FLUKA weights

Thin	target	tuning	
(currently	used	method)	

•  Measurements	of	outgoing	meson	mul=plici=es	(inclusive	
xsec	normalized	by	incoming	proton	xsec)	for	proton	hiÉng	
a	thin	target	(mostly	NA61	2009)	

•  Generate	corresponding	mul=plici=es	with	MC	generator	
•  Go	through	interac=on	chain	and	apply	DATA/MC	weights	

for	each	interac=on	
•  Similar	for	cross	sec=on	(~interac=on	length),	where	we	

also	have	aTenua=on	weights	e–l/λI

26	

T. Vladisavljevic 2/16

• Weights get applied at every step in the interaction chain leading up to neutrinos
• Keep in mind that NA61 2009 replica data consists only of  pion multiplicities!

Reminder of  Thin vs Replica Tuning

Proton 
beam

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

FLUKA Thin
+ Xsec

GCALOR Thin + Xsec
Thin Tuning  &  Replica Tuning for /±

Proton 
beam

Weight 1.0
Weight 1.0 Weight 1.0

GCALOR Thin + Xsec
Replica Tuning for 0± FLUKA Replica

No Xsec

Tuning	weights	
at	each	interac=on	

Thin	target	tuning	
Thin	target	

Interaction length Multiplicity

At interaction

Tune based on hadronic 
interaction history

Thin target

For distance L 
traversed in matter

σDATA/σMC ( d2n
dp dθ )

DATA
/ ( d2n

dp dθ )
MC

e−(σDATA−σMC) ρL

tune σprod(p+C) to NA61 measurement Mostly 30 GeV p+C data by NA61

p, θ: outgoing particle kinematics
“Attenuation” weight

“Vertex” weight

N.A.
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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Beam	 Target	 Year	 Stat	(106)	 Outgoing	PID	 Usage	at	T2K	

protons	at	
31	GeV/c	

Thin	
(2cm)	

2007	 0.7	 π±, K±, K0
S, Λ past	

2009	 5.4	 π±, K±, p, K0
S, Λ in	use	

T2K	
replica	
(90cm)	

2007	 0.2	 π±

2009	 2.8	 π± almost	ready	

2010	 10.	 π±, K±, p this	work	
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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Figure 2.8: Left: The location of the NA61 experiment in the CERN accelerator com-
plex (not to scale, adapted from [28]). Right: The NA61 detector layout with trigger
configuration for the 2010 data taking with the T2K replica target [29].

Analysis of p + T2K replica target data
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Figure 5.13: Energy loss distribution vs. log(p) for the data. The left panel shows the distribu-
tion of the negatively charged tracks and the right panel shows the distribution of the positively
charged tracks. Energy loss parameterization is overlaid on top of the distributions.

relation 5.7 by assuming that a single Gaussian is su�cient for describing the dE/dx distribution
in a single phase space bin:
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Figure 5.14: Distribution of a number of clusters for selected tracks (a) and energy loss resolution
with respect to the number of clusters. Resolution saturates around 0.03 for tracks with the
large number of clusters. Clusters in the GTPC are not included since energy loss measurement
is not performed in the GTPC.

Tracks with the low number of clusters may create tails in the dE/dx distribution for a given
phase space bin. The possibility of the bias is investigated in subsection 5.5.6.
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Analysis of p + T2K replica target data

 p < 4.95 GeV/c≤ < 80 mrad, 4.22 θ ≤ z < 54 cm, 60 ≤36 
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Figure 5.15: Example of the particle identification fit for the positively charged tracks. The top
left panel shows m2

tof ≠ dE/dx distribution, the top right panel shows a projection to the m2
tof

axis, the bottom right panel shows a projection to the dE/dx axis and the bottom left panel
shows a number of extracted particles.

5.3.3.1 Initialization of the parameters

Because of a large number of parameters, it is important to set the initial values and ranges
of the parameters properly. The mean value of the energy loss is taken from the calibrated
dE/dx parametrization (see figure 5.13). The allowed range for the mean value of the energy
loss varies depending on the particle species. For pions, it is set to ±10%, while for the protons
and electrons/positrons it is ±8%. In case of kaons, the range is set to only ±5%. This is
because kaons are under the proton peak in the energy loss distribution and under the pion
peak in the tof mass squared distribution for the momenta larger than 2GeV/c. This makes K+

yields di�cult to extract with great precision. The width of the dE/dx distribution is estimated
to be 0.04µ–

i for all particle species, and the range is set to ±35% of the value, to account for
the possible variations in the number of clusters per track.

Mean values for the squared tof mass are taken from the figure 4.17a. Ranges for elec-
trons/positrons and pions are set to ±100% because of the very small absolute values of the
masses (for example, m2

fi = 0.019GeV2/c4). Ranges for kaons and protons are set to ±50% and
±30% respectively. Widths of the tof mass squared distributions which are momentum depen-
dent are also taken from the calibration (see figure 4.17b), while the ranges are set to ±35% for
all particle species. Since there are two tof widths for each particle species, first one is evaluated
at the low momentum border of the phase space bin, while the second one is evaluated at the
high momentum border. Fraction ÷ is set to value 0.7 and allowed to change from zero to one
for momenta below 8GeV/c and fixed to one above the defined threshold.
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Figure 2.9: Left: ionization loss curves for negatively (positively) charged particles on
left (right) half. Right: By combining with m2 information from the TOF measurement,
one can clearly separate p, K+, π+ and e+. Both figures taken from [30].

points at low material budget, and is important for MTPC tracks that do not leave a track
inside the VTPCs. Finally, time-of-flight (TOF) walls at the end of the beamline provide
independent information for particle ID in the crossover regions of dE/dx Bethe-Bloch
curves (Fig. 2.9). NA61 performs measurements using various incident beams (charged
mesons, protons and ions) and targets, mainly to study hadron physics and to provide
valuable inputs for the Monte Carlo simulation of the hadronic processes involved in
producing neutrino beams, as well as cosmic showers.

Replica tuning
• NA61 took data with full-sized 

replica of T2K target, binned 
by 


• Ignore interactions inside the 
target and apply single DATA/
MC weight based on exiting 
particle.


• Out-of-target interaction and 
outgoing particles not covered 
by replica data are tuned with 
thin target data.

(z, p, θ)

10

Reduced uncertainty from

• no interaction length uncertainty 

• single weight per exiting particle

latest T2K results

in development
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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Beam	 Target	 Year	 Stat	(106)	 Outgoing	PID	 Usage	at	T2K	

protons	at	
31	GeV/c	

Thin	
(2cm)	

2007	 0.7	 π±, K±, K0
S, Λ past	

2009	 5.4	 π±, K±, p, K0
S, Λ in	use	

T2K	
replica	
(90cm)	

2007	 0.2	 π±

2009	 2.8	 π± almost	ready	

2010	 10.	 π±, K±, p this	work	
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setup is suitable for measuring hadron yields on the T2K replica target surface, although the target is placed
outside of the tracking system.

2 NA61/SHINE experimental setup

The NA61/SHINE setup during the T2K replica target data-taking in 2010 consisted of five Time Projection
Chambers (TPCs), three Time-of-Flight walls (ToF-F, ToF-L and ToF-R), three Beam Position Detectors
(BPD-1, BPD-2, BPD-3), a 90-cm-long graphite target, five scintillator counters and two Cherenkov
detectors. Two of the vertex TPCs (VTPC-1 and VTPC-2) are inside the magnetic field created by two
superconducting magnets. For the study presented here the magnetic field of the dipole magnets was set to
a bending power of 1.14 T m (standard magnetic field), while a small subset of data was also taken with the
full magnetic field of 9 T m. A schematic overview of the setup is presented in Figure 1. More details can
be found in Ref. [1]. The coordinate system is defined as follows: the z-axis is in the nominal direction of
the beam, the x-axis in the horizontal plane is such that positively charged particles are bent in the positive
x-direction, and the y-axis is perpendicular to the horizontal plane and points upward. The origin is located
in the centre of the VTPC-2.

Figure 1: A top view of the NA61/SHINE experimental setup used in 2010 for the T2K replica target data-taking.
The beam comes from the left. The orientation of the coordinate system is shown in the bottom left corner, while its
origin is located at the centre of VTPC-2.

2.1 Beamline

The NA61/SHINE spectrometer [1] is served by the so-called H2 beamline at the north area of the SPS. The
beamline is designed to transport both primary and secondary hadrons and ions from the maximum SPS
energy (400 GeV/c) down to 13AGeV/c. Secondary hadron beams of various momenta are produced by
impinging a primary 400 GeV/c proton beam on a beryllium target. Produced hadrons are selected by two
spectrometers and a set of collimators according to their rigidity (momentum to charge ratio). The secondary
beam is then transported towards NA61/SHINE. The beam is defined by three scintillator counters used in
coincidence (S1, S2 and S3) and two scintillator counters with holes used in anticoincidence (V0 and V

p

1 ).

5

Figure 2.8: Left: The location of the NA61 experiment in the CERN accelerator com-
plex (not to scale, adapted from [28]). Right: The NA61 detector layout with trigger
configuration for the 2010 data taking with the T2K replica target [29].

Analysis of p + T2K replica target data
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Figure 5.13: Energy loss distribution vs. log(p) for the data. The left panel shows the distribu-
tion of the negatively charged tracks and the right panel shows the distribution of the positively
charged tracks. Energy loss parameterization is overlaid on top of the distributions.

relation 5.7 by assuming that a single Gaussian is su�cient for describing the dE/dx distribution
in a single phase space bin:
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Figure 5.14: Distribution of a number of clusters for selected tracks (a) and energy loss resolution
with respect to the number of clusters. Resolution saturates around 0.03 for tracks with the
large number of clusters. Clusters in the GTPC are not included since energy loss measurement
is not performed in the GTPC.

Tracks with the low number of clusters may create tails in the dE/dx distribution for a given
phase space bin. The possibility of the bias is investigated in subsection 5.5.6.
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Analysis of p + T2K replica target data

 p < 4.95 GeV/c≤ < 80 mrad, 4.22 θ ≤ z < 54 cm, 60 ≤36 
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Figure 5.15: Example of the particle identification fit for the positively charged tracks. The top
left panel shows m2

tof ≠ dE/dx distribution, the top right panel shows a projection to the m2
tof

axis, the bottom right panel shows a projection to the dE/dx axis and the bottom left panel
shows a number of extracted particles.

5.3.3.1 Initialization of the parameters

Because of a large number of parameters, it is important to set the initial values and ranges
of the parameters properly. The mean value of the energy loss is taken from the calibrated
dE/dx parametrization (see figure 5.13). The allowed range for the mean value of the energy
loss varies depending on the particle species. For pions, it is set to ±10%, while for the protons
and electrons/positrons it is ±8%. In case of kaons, the range is set to only ±5%. This is
because kaons are under the proton peak in the energy loss distribution and under the pion
peak in the tof mass squared distribution for the momenta larger than 2GeV/c. This makes K+

yields di�cult to extract with great precision. The width of the dE/dx distribution is estimated
to be 0.04µ–

i for all particle species, and the range is set to ±35% of the value, to account for
the possible variations in the number of clusters per track.

Mean values for the squared tof mass are taken from the figure 4.17a. Ranges for elec-
trons/positrons and pions are set to ±100% because of the very small absolute values of the
masses (for example, m2

fi = 0.019GeV2/c4). Ranges for kaons and protons are set to ±50% and
±30% respectively. Widths of the tof mass squared distributions which are momentum depen-
dent are also taken from the calibration (see figure 4.17b), while the ranges are set to ±35% for
all particle species. Since there are two tof widths for each particle species, first one is evaluated
at the low momentum border of the phase space bin, while the second one is evaluated at the
high momentum border. Fraction ÷ is set to value 0.7 and allowed to change from zero to one
for momenta below 8GeV/c and fixed to one above the defined threshold.
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 p 

π eK 

Figure 2.9: Left: ionization loss curves for negatively (positively) charged particles on
left (right) half. Right: By combining with m2 information from the TOF measurement,
one can clearly separate p, K+, π+ and e+. Both figures taken from [30].

points at low material budget, and is important for MTPC tracks that do not leave a track
inside the VTPCs. Finally, time-of-flight (TOF) walls at the end of the beamline provide
independent information for particle ID in the crossover regions of dE/dx Bethe-Bloch
curves (Fig. 2.9). NA61 performs measurements using various incident beams (charged
mesons, protons and ions) and targets, mainly to study hadron physics and to provide
valuable inputs for the Monte Carlo simulation of the hadronic processes involved in
producing neutrino beams, as well as cosmic showers.

11

Replica tuning with 2010 data (π ±, K±, p)
Adds K± and proton yields + increased stats.

Achieve ~4% hadron interaction uncertainty 
over wide energy range.

CHAPTER 3. T2K FLUX PREDICTION 96
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Figure 3.57: Hadronic uncertainties at SuperK with replica 2010 tuning.

Replica 2009 Replica 2010

Uncertainties on 
hadron 

interactions
T2K Work in Progress

next T2K results
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Future hadron production
• NA61


• many upgrades e.g. 10x higher trigger rate


• more replica target data (SPSC approved) with 
extended Kaon coverage?


• p + N,O for constraining atmospheric flux 
production


• if tertiary beamline can be built, 
π→π scattering at few GeV/c


• EMPHATIC


• focus on forward region 
(quasi-elastic)


• subtraction of quasi-elastic (QE) xsec 
important for estimating the “production” 
cross section as 
prod = total — elastic – QE


• plan to measure π,K,p scattering on various 
materials starting from few GeV

12

Binning for K

10

NA61 in 2010 binning used 
in K+ analysis from z1  

NA61 case Full Range case

Optimized case

for 2(for 2)

高運動量領域をカバー

高運動量領域をカバー
&統計数を増やすために大きめのbin

JPS 2020 Autumn 
Okada (Okayama U.)

フラックスの比較

16

FHC 250kA

（Weighted Geant4 Flux 
= Geant4 Flux ×Weight Factor）Ratio = Weighted Geant4 FluxFLUKA Flux

⏤ : Nominal case (weightなし)
⏤ : NA61 case
⏤ : Full Range case
⏤ : Optimized case

NA61 case と Optimized case を⽐較すると⾼エネルギー領域で改善が⾒られる
→⾼運動量kaonの測定により、フラックス予測改善が⾒込まれる

today’s topic



Future hadron production
• NA61


• many upgrades e.g. 10x higher trigger rate


• more replica target data (SPSC approved) with 
extended Kaon coverage?


• p + N,O for constraining atmospheric flux 
production


• if tertiary beamline can be built, 
π→π scattering at few GeV/c


• EMPHATIC


• focus on forward region 
(quasi-elastic)


• subtraction of quasi-elastic (QE) xsec 
important for estimating the “production” 
cross section as 
prod = total — elastic – QE


• plan to measure π,K,p scattering on various 
materials at 2–15 GeV
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Interactions not covered by replica data

14

Interaction in C “Thin tuning” Uncertainty

Proton prod xsec NA61 2009 for pin>20GeV/c QE xsec 
(Belletini model)

Meson prod xsec FLUKA is treated as nominal, and GCALOR 
outside target is tuned to FLUKA xsec

QE xsec 
(Belletini model)

p+C→meson multiplicity
NA61 2007+2009 
with Feynman scaling for pin<31GeV/c, BMPT 
extrapolation outside coverage

NA61 uncertainty 
 
Use other data with smaller pin 
instead of Feynman scaling 
 
BMPT on/off

p+C→p multiplicity
NA61 2009 with outside region set by baryon 
number constraint on leading baryon. 
 
Only primary interaction is tuned.

NA61 uncertainty 
 
Secondary interaction tuning on/off 
(using Feynman scaling) 
 
NA49 p+C→n and 
NA61 p+C→Λ etc.

meson→meson multiplicity —

HARP tuning (π→π) on/off. 
 
For others and outside coverage, a 
50% correlated and 50% 
uncorrelated uncertainty in xF-pT 
space.

meson elastic+QE — multiplicity treated in cell above, 
xsec not treated

proton elastic+QE — —

relevant for this ta
lk



Effect of additional tuning

15

Here tuning from FLUKA to Geant4 FTFP_BERT 
— keep in mind that the physics are somewhat similar —
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el+QE tuning of mesons el+QE tuning of protons

 [GeV/c]νE
1−10 1 10

10
-m

es
on

2d
-8

9f
c7

13
 / 

08
-s

ep
_e

lQ
E_

Pr
od

-6
9f

88
cf

0.9
0.92

0.94

0.96

0.98

1
1.02

1.04

1.06

1.08

1.1
Comparison of fake tunes between different commits (FLUKA) (neutrino mode)

µν µν

eν eν
 E× Φ

Comparison of fake tunes between different commits (FLUKA) (neutrino mode)

2d multiplicity tuning of mesons

FH
C

Need to check whether currently assigned uncertainty is large enough This has no uncertainty assigned right now. 
Might be possible to tune with EMPHATIC data.
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–t > 0.06 GeV2 becomes steeper 
due to strange(?) modeling of QE
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T2K Work in Progress

T2K Work in Progress

T2K Work in Progress

T2K Work in Progress
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T2K Work in Progress

T2K Work in Progress
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Horns & 
alignment

Proton 
beam + 
off-axis

After replica 2010 tuning, hadron int. uncertainty still dominant in most regions



Right-sign νμ
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Wrong-sign νμ
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Horns & 
alignment
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π – → π – scat. 
HARP
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Right-sign νe
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NA61 thin coverage 
+ mult. error 
(i.e. not covered by replica)

p, K+ prod. 
xsec

π± prod xsec 
uncertainty (taken σQE)
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K0 → K0 scat. 
(for RHC also K+→K+)
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Pion scattering at low-E
• Since exiting pions are mostly covered by replica 

data, most important materials are Al (horns), Fe 
(decay volume walls)


• Same sign scattering is to a large part QE:
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Soft pions produced from 
hard pion interactions

T2K Work in Progress

cosθ := 1 - Q2/(2|pin| |pout|)

T2K Work in Progress

• Since exiting pions are mostly covered by replica 
data, most important materials are Al (horns), Fe 
(decay volume walls)


• Same sign scattering is to a large part QE:

Pion scattering at low-E

note: for QE number of 
neutrinos doesn’t change, 
so xsec is not as important, 
but t-distribution can matter
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π+ → π+ scat. 
HARP

All interactions QE interactions

Soft pions produced from 
hard pion interactions

cosθ := 1 - Q2/(2|pin| |pout|)

T2K Work in Progress T2K Work in Progress
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π+ → π+ 

K+ → K+

All interactions QE interactions

Soft pions produced from 
hard pion interactions

cosθ := 1 - Q2/(2|pin| |pout|)

T2K Work in Progress T2K Work in Progress
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All interactions QE interactions

Soft kaons produced from 
hard kaon interactions

cosθ := 1 - Q2/(2|pin| |pout|)
I think should take mK into account for proper angle

T2K Work in Progress T2K Work in Progress

Note:  
This  scattering may 
get covered by the 
proposed high-stats 
replica data taking with 
extended coverage, so 
need to check

K±
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10 RESULTS 121

Channel Flux-weighted fraction [%]
⇡+ ! ⇡+ 20.74
⇡� ! ⇡+ 8.99
p ! ⇡+ 6.35
⇡� ! ⇡� 6.00
⇡+ ! ⇡� 5.15
K+ ! K+ 4.73
K0 ! K0 3.69
p ! ⇡� 3.57
n ! p 2.73

K+ ! K0 2.73
Other 35.31

Channel Flux-weighted fraction [%]
⇡� ! ⇡� 15.07
⇡+ ! ⇡� 12.06
⇡+ ! ⇡+ 8.15
p ! ⇡+ 4.29
p ! ⇡� 4.04
⇡� ! ⇡+ 3.70
K0 ! K0 3.51
⇤ ! ⇤ 3.48
p ! K0 2.65

K+ ! K0 2.49
Other 40.57

Table 4: In/out PID channels with the highest flux-weighted fraction among the uncon-
strained interactions, for neutrino mode (left) and anti-neutrino mode (right) at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 8.87 9.08 7.76 2.06 2.19 0.36
⇡� ! 5.35 5.23 5.69 0.88 0.26 0.35
K0 ! 4.22 3.33 1.71 0.24 0.05 0.11
K+ ! 4.08 4.85 1.20 0.31 0.11 0.11
K� ! 0.94 1.14 0.36 0.07 0.01 0.03
n ! 2.52 1.77 1.73 0.09 1.36 0.57
p ! 3.02 0.91 0.56 0.06 8.96 0.44
p̄ ! 0.21 0.33 0.09 0.02 0.01 0.01
⇤ ! 2.78 1.21 0.11 0.14 0.00 0.01
⌃ ! 0.94 0.22 0.03 0.03 0.00 0.00
n̄ ! 0.29 0.46 0.14 0.03 0.01 0.01

Table 5: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for neutrino mode at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 7.26 7.09 8.02 1.25 0.39 0.42
⇡� ! 6.17 6.47 5.79 1.45 1.59 0.30
K0 ! 3.77 3.06 1.69 0.22 0.05 0.11
K+ ! 2.75 2.81 1.35 0.17 0.04 0.13
K� ! 1.35 1.95 0.35 0.13 0.04 0.03
n ! 4.49 1.60 1.67 0.07 1.35 0.53
p ! 2.78 0.88 0.68 0.06 7.23 0.61
p̄ ! 0.27 0.43 0.12 0.03 0.02 0.01
⇤ ! 6.17 1.57 0.12 0.18 0.01 0.01
⌃ ! 1.81 0.27 0.03 0.04 0.00 0.00
n̄ ! 0.23 0.37 0.14 0.02 0.01 0.01

Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.
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strained interactions for neutrino mode at SK.
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⇡+ ! 7.26 7.09 8.02 1.25 0.39 0.42
⇡� ! 6.17 6.47 5.79 1.45 1.59 0.30
K0 ! 3.77 3.06 1.69 0.22 0.05 0.11
K+ ! 2.75 2.81 1.35 0.17 0.04 0.13
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⌃ ! 1.81 0.27 0.03 0.04 0.00 0.00
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Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.

Flux-weighted fractions of “unconstrained interactions”

SK, Neutrino mode

SK, Anti-neutrino mode
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Channel Flux-weighted fraction [%]
⇡+ ! Aluminum 9.08
p ! Helium 8.96
⇡+ ! Carbon 8.87
⇡+ ! Iron 7.76
⇡� ! Iron 5.69
⇡� ! Carbon 5.35
⇡� ! Aluminum 5.23
K+ ! Aluminum 4.85
K0 ! Carbon 4.22
K+ ! Carbon 4.08
Other 35.90

Channel Flux-weighted fraction [%]
⇡+ ! Iron 8.02
⇡+ ! Carbon 7.26
p ! Helium 7.23
⇡+ ! Aluminum 7.09
⇡� ! Aluminum 6.47
⇡� ! Carbon 6.17
⇤ ! Carbon 6.17
⇡� ! Iron 5.79
n ! Carbon 4.49
K0 ! Carbon 3.77
Other 37.54

Table 7: Incoming PID/material channels with the highest flux-weighted fraction among
the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode (right)
at SK.
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⇡+ ! Iron 8.02
⇡+ ! Carbon 7.26
p ! Helium 7.23
⇡+ ! Aluminum 7.09
⇡� ! Aluminum 6.47
⇡� ! Carbon 6.17
⇤ ! Carbon 6.17
⇡� ! Iron 5.79
n ! Carbon 4.49
K0 ! Carbon 3.77
Other 37.54

Table 7: Incoming PID/material channels with the highest flux-weighted fraction among
the unconstrained interactions, for neutrino mode (left) and anti-neutrino mode (right)
at SK.

largest contributions:

largest contributions:
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Flux-weighted fractions of “unconstrained interactions”

SK, Neutrino mode

SK, Anti-neutrino mode

T2K Work in Progress
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ken down by the in/out particle types. Tables ??, ??, ?? show the corresponding break-1335

down by interaction material.1336

Corresponding plots for thin target tuning are shown in Fig. ??). Most notably replica1337

target tuning has less uncertainty related to the scattering of kaons. For right-sign ⌫µ1338

the pion-related uncertainties are somewhat reduced as well, but especially for wrong-1339

sign ⌫µ no large improvement over thin target tuning is seen because these are mostly1340

scattering of pions outside the target (horns etc.), which is treated in the same way1341

for the two tuning methods. For reference, we also show in Fig. ?? the uncertainty for1342

production events alone, by assigning no uncertainty on quasi-elastic interactions. The1343

significantly smaller uncertainty shows potential for improved uncertainty evaluation for1344

quasi-elastic interactions that preserves the number of particles, as already discussed in1345

previous sections.1346

This analysis can be further extended to look for the contributing regions in xF – pT1347

space, which will be even more useful as reference to think about additional data to be1348

taken with future hadron production experiments.1349

I should add the studies on the p-theta phase space of these interactions we need
data for

1350

⇡+ ⇡� K0 K+ K� n p p̄ ⇤ ⌃ n̄
⇡+ ! 20.74 5.15 1.98 1.28 0.26 0.29 0.35 0.00 0.11 0.16 0.00
⇡� ! 8.99 6.00 1.38 0.58 0.21 0.30 0.15 0.00 0.07 0.08 0.00
K0 ! 2.49 0.64 3.69 2.08 0.65 0.03 0.02 0.00 0.03 0.04 0.00
K+ ! 2.70 0.42 2.73 4.73 0.02 0.02 0.02 0.00 0.01 0.01 0.00
K� ! 0.76 0.26 0.79 0.02 0.67 0.01 0.00 0.00 0.02 0.02 0.00
n ! 0.90 1.12 0.06 1.76 0.27 0.11 2.73 0.00 0.52 0.56 0.00
p ! 6.35 3.57 2.65 0.64 0.18 0.13 0.21 0.00 0.15 0.07 0.00
p̄ ! 0.47 0.15 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
⇤ ! 1.87 0.20 0.47 0.10 0.10 0.14 0.05 0.00 0.68 0.63 0.00
⌃ ! 0.44 0.04 0.15 0.03 0.02 0.03 0.02 0.00 0.16 0.33 0.00
n̄ ! 0.73 0.15 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Table 2: Flux-weighted fraction of each in/out PID among the unconstrained interactions
for neutrino mode at SK.

⇡+ ⇡� K0 K+ K� n p p̄ ⇤ ⌃ n̄
⇡+ ! 8.15 12.06 1.87 0.68 0.43 0.33 0.26 0.00 0.39 0.27 0.00
⇡� ! 3.70 15.07 1.32 0.33 0.39 0.37 0.12 0.00 0.25 0.24 0.00
K0 ! 0.63 2.31 3.51 1.14 1.08 0.03 0.01 0.00 0.10 0.08 0.00
K+ ! 0.61 1.70 2.49 2.31 0.03 0.03 0.02 0.00 0.03 0.02 0.00
K� ! 0.17 1.30 0.81 0.01 1.41 0.01 0.00 0.00 0.07 0.06 0.00
n ! 0.72 1.26 0.06 1.07 0.40 0.10 2.25 0.00 1.97 1.86 0.00
p ! 4.29 4.04 2.65 0.53 0.17 0.12 0.20 0.00 0.15 0.08 0.00
p̄ ! 0.13 0.70 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
⇤ ! 0.19 1.80 0.45 0.03 0.28 0.18 0.03 0.00 3.48 1.61 0.00
⌃ ! 0.05 0.41 0.14 0.01 0.07 0.04 0.01 0.00 0.83 0.61 0.00
n̄ ! 0.19 0.54 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00

Table 3: Flux-weighted fraction of each in/out PID among the unconstrained interactions
for anti-neutrino mode at SK.

10 RESULTS 117

ken down by the in/out particle types. Tables ??, ??, ?? show the corresponding break-1335

down by interaction material.1336

Corresponding plots for thin target tuning are shown in Fig. ??). Most notably replica1337

target tuning has less uncertainty related to the scattering of kaons. For right-sign ⌫µ1338
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Table 2: Flux-weighted fraction of each in/out PID among the unconstrained interactions
for neutrino mode at SK.

⇡+ ⇡� K0 K+ K� n p p̄ ⇤ ⌃ n̄
⇡+ ! 8.15 12.06 1.87 0.68 0.43 0.33 0.26 0.00 0.39 0.27 0.00
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⌃ ! 0.05 0.41 0.14 0.01 0.07 0.04 0.01 0.00 0.83 0.61 0.00
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Table 3: Flux-weighted fraction of each in/out PID among the unconstrained interactions
for anti-neutrino mode at SK.
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Channel Flux-weighted fraction [%]
⇡+ ! ⇡+ 20.74
⇡� ! ⇡+ 8.99
p ! ⇡+ 6.35
⇡� ! ⇡� 6.00
⇡+ ! ⇡� 5.15
K+ ! K+ 4.73
K0 ! K0 3.69
p ! ⇡� 3.57
n ! p 2.73

K+ ! K0 2.73
Other 35.31

Channel Flux-weighted fraction [%]
⇡� ! ⇡� 15.07
⇡+ ! ⇡� 12.06
⇡+ ! ⇡+ 8.15
p ! ⇡+ 4.29
p ! ⇡� 4.04
⇡� ! ⇡+ 3.70
K0 ! K0 3.51
⇤ ! ⇤ 3.48
p ! K0 2.65

K+ ! K0 2.49
Other 40.57

Table 4: In/out PID channels with the highest flux-weighted fraction among the uncon-
strained interactions, for neutrino mode (left) and anti-neutrino mode (right) at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 8.87 9.08 7.76 2.06 2.19 0.36
⇡� ! 5.35 5.23 5.69 0.88 0.26 0.35
K0 ! 4.22 3.33 1.71 0.24 0.05 0.11
K+ ! 4.08 4.85 1.20 0.31 0.11 0.11
K� ! 0.94 1.14 0.36 0.07 0.01 0.03
n ! 2.52 1.77 1.73 0.09 1.36 0.57
p ! 3.02 0.91 0.56 0.06 8.96 0.44
p̄ ! 0.21 0.33 0.09 0.02 0.01 0.01
⇤ ! 2.78 1.21 0.11 0.14 0.00 0.01
⌃ ! 0.94 0.22 0.03 0.03 0.00 0.00
n̄ ! 0.29 0.46 0.14 0.03 0.01 0.01

Table 5: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for neutrino mode at SK.

! Carbon ! Aluminum ! Iron ! Titanium ! Helium ! Other
⇡+ ! 7.26 7.09 8.02 1.25 0.39 0.42
⇡� ! 6.17 6.47 5.79 1.45 1.59 0.30
K0 ! 3.77 3.06 1.69 0.22 0.05 0.11
K+ ! 2.75 2.81 1.35 0.17 0.04 0.13
K� ! 1.35 1.95 0.35 0.13 0.04 0.03
n ! 4.49 1.60 1.67 0.07 1.35 0.53
p ! 2.78 0.88 0.68 0.06 7.23 0.61
p̄ ! 0.27 0.43 0.12 0.03 0.02 0.01
⇤ ! 6.17 1.57 0.12 0.18 0.01 0.01
⌃ ! 1.81 0.27 0.03 0.04 0.00 0.00
n̄ ! 0.23 0.37 0.14 0.02 0.01 0.01

Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.
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n̄ ! 0.23 0.37 0.14 0.02 0.01 0.01

Table 6: Flux-weighted fraction of each incoming PID vs. material among the uncon-
strained interactions for anti-neutrino mode at SK.

largest contributions:

largest contributions:



• Tuning using replica data and thin 
data only gives ~10% difference 
in flux prediction at high-energies


• Possibly caused by  prod. 
xsec on C, the FLUKA 2011 
values seem to be tuned to 
Denisov et al., which comparing 
to the recent NA61 30 GeV/c 
measurement is prod+QE, not 
prod xsec.


• Fits to replica data actually 
suggest that one needs to move 
this more than just the Denisov/
NA61 xsec difference at 30 GeV. 
Would be good to have 
measurements between 
5~20 GeV 
 
(below 5 GeV the MC generators are 
tuned to Vlasov et al?)

π±

29
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Figure 3.49: Ratio of untuned FLUKA and Geant4 fluxes in neutrino (anti-neutrino)
mode on the left (right).

No tuning
Work in Progress

For tuning to NA61 data no “truth” is 
available, but can compare thin and replica 
tuned fluxes. Above 1 GeV a discrepancy 
similar to that seen in fake thin tuning is 
observed.


Seems to be related to interactions 
with insufficient data for thin tuning? 
→ extend fake thin tuning to understand origin 
     and assess systematic assignment

 18
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Figure 3.50: Ratio of FLUKA thin-target tuned to Geant4 vs. untuned Geant4 flux (top
row) and contribution from exiting right-sign pions (second row), exiting right-sign kaons
(third row) and protons (bottom row). The large fluctuations are simply due to MC
statistics for energies that are barely produced by the selected particle type.

Fake thin 
tuning
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Figure 3.51: Ratio of FLUKA replica-target tuned to Geant4 vs. untuned Geant4 flux
(top row) and contribution from exiting right-sign pions (second row), exiting right-sign
kaons (third row) and protons (bottom row). The large fluctuations are simply due to
MC statistics for energies that are barely produced by the selected particle type.
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Figure 3.53: Ratio of replica tuned fluxes with the untuned neutrino flux using
FLUKA 2011.2x for the in-target simulation.
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Figure 3.54: Ratios of NA61 thin and replica 2010 (π±, K±, p) tuned fluxes at SuperK,
in neutrino (anti-neutrino) mode on the left (right). Notice the y-axis range is half of the
tuned/untuned plot in Fig. 3.53.

we think there are some unaccounted uncertainties or issues in the thin-target tuning
procedure. The replica tuned flux, for which the tuning procedure is much simpler and
unambiguous, might be considered more accurate. Careful consistency checks considering
the common systematic uncertainties are to be performed in the near future.

3.7.2 Uncertainties with thin target tuning

The hadronic uncertainties on the thin target tuned fluxes are shown in Fig. 3.55. The
error is in general dominated by the interaction length uncertainty, except for energies
close to 10GeV (dominant: meson multiplicity uncertainty), and the low energy wrong-
sign νµ component (dominant: uncertainties on untuned interactions and pion scattering).
Compared to the flux prediction used for the latest oscillation analyses (13av2), the
untuned interactions uncertainty and interaction length uncertainty for neutral kaons
was added, which explains the increase in the overall uncertainty. For low-energy νµ,
the total uncertainty has not changed despite the significant contribution from untuned
interactions. This is because in the previous flux prediction, the pion scattering on
iron (which is not covered by HARP data, see Sect. 3.3.4) was treated by doubling the

Replica vs. 
thin tuning 
(tuning to NA61 data)

Work in Progress

/

Discrepancy

Consistency checks 
of tuning methods

NBI 2019

 prod. xsecπ±



Summary
• Better understanding of flux important for success of J-PARC neutrino 

program (T2K, many near detectors, IWCD, HK, …)


• Dominant systematic at low energy wrong-sign  flux from few-GeV  
scattering inside horns (Al) and decay volume (Fe)


• Similarly for right-sign  + few-GeV  scattering above flux peak


• For wrong-sign  neutral Kaon scattering


• Having the option to run accurate thin target tuning will also be important 
toward HK era until HK-target replica tuning becomes available

νμ π±

νμ K±

νe

30



backup

31



Alternative tunes 
FHC, thin target tuning

32
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π± + Al Increase el+QE xsec to 
absorb change of tuned 
prod xsec, such that 
total xsec is same as 
FLUKA xsec


