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Figure 2.2: Left: Ingrid detector as seen from the beam axis. Center: Exploded view
of ND280 detector. Right: ND280 (with UA1 magnet closed) and INGRID in the near
detector pit.

magnet inherited from the UA1 experiment to measure the momenta of generated charged
particles, and can, in addition to constraining the flux parameters, provide essential
measurements of differential neutrino cross sections on various materials installed in the
detector.

2.1.3 Super-Kamiokande detector

Super-Kamiokande (SuperK, SK) is a giant water Cherenkov detector containing 50,000 tons
of ultra-pure water, 1000 m underground in the Kamioka mine of the Gifu mountains.
The detector walls are lined with 11,000 photo-multiplier tubes (PMTs) which detect the
faint Cherenkov light emitted by relativistic particles traveling through the water. By re-
constructing the ring charges and hit timings one can infer the momentum, direction and
interaction point of the particle, as well as the particle type (electron-like or muon-like)
from the blurriness of the ring. It also acts as a far detector for the T2K experiment,
measuring the neutrinos that have traveled for 295 km from Tokai to Kamioka, and most
importantly study the change of the flavor content of this beam, for which the excellent
particle identification performance and large target mass are essential.

2.2 NA61 experiment

The SPS Heavy Ion and Neutrino Experiment (NA61/SHINE) is a hadron production
experiment using a secondary beam from the Super Proton Synchrotron (SPS) at CERN.
It precisely measures the hadrons emitted from a fixed target inserted into the beamline.
The layout used for the 2010 data taking is shown in Fig. 2.3. Upstream of the target
a suite of detectors for measuring the beam prior to hitting the target. These include
scintillating plates (S1, S2, and S3) for trigger logic, detectors for particle identification
and three beam-position detectors (BPD) which measure the profile of the incident proton
beam. The tracks of hadrons emitted from the fixed target are reconstructed using
two time-projection chambers (TPCs, these in particular called vertex TPC, or VTPC)
embedded into magnets for momentum measurement, as well as two additional large
TPCs (MTPC) downstream, and finally time-of-flight (TOF) walls at the end of the

Near	detector	suite	
to	constrain	flux,	cross-
sec=on	and	beam	
direc=on.	
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T2K neutrino 
beamline

• 30 GeV protons hit 90 cm 
graphite target.


• Produced π, K are focused 
using three magnetic horns.


• In-flight decay in ~100m decay 
volume.


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



Understanding 
the flux
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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
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Dominant νμ flux with 
650 MeV peak from π± decay. 
Above 3 GeV K± decay.
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Wrong sign component 
from re-scattered pions 
(low-E) and forward 
mesons from target 
downstream face of 
target that “miss” the 
horns (high-E).
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Small νe contamination 
from μ-decay in tunnel 
and K-decay.

Flux composition is  
�  (in neutrino-mode) 
roughly differing by factor 10 each.
νμ > νμ > νe > νe



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	

!4

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.



Uncertain=es	on	neutrino	flux	
•  Beam	profile	and	off-axis	angle.	
•  Horn	current,	field,	number	of	protons.	
•  Beamline	alignment,	modeling.	
•  Hadron	interac=ons	largest	uncertainty.	

25	
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so they cannot be combined arbitrarily. Two candidate
models were considered for the default model: SF and
RFGþ RPAþ 2p2h. RFGþ RPAþ 2p2h was selected as
the default because it was most consistently able to describe
the available MiniBooNE [42,43] and MINERvA [44,45]
CCQE-like data (see Ref. [35] for details).
Various parameters have been introduced to describe

the theoretical uncertainties and approximations in the
RFGþ RPAþ 2p2h model, which are constrained using
the near detector data. The variable parameters are the axial
mass, MA; the Fermi momentum, pF; the binding energy,
Eb; and the 2p2h cross section normalization.Given the poor
agreement between the MINERvA and MiniBooNE
data sets [35] and slight inconsistencies between the
signal definitions from the two experiments, no external
constraints are applied on thevariable parameters prior to the
ND280 fit. Given the absence of firm predictions on the
scaling of various nuclear effects with the nucleus mass
number, the Fermi momentum, binding energy, and 2p2h
normalization are treated as uncorrelated between 12C and
16O. The 2p2h normalization is also considered to be
uncorrelated betweenneutrino and antineutrino interactions.
All of these parameters can be separately constrained by the

T2K near detector data with the inclusion of samples with
interactions on both 12Cand on 16O,with ν- and ν̄-mode data.
The NEUT model for resonant pion production is based

on the Rein-Sehgal model [46] with updated nucleon
form factors [47] and with the invariant hadronic mass
restricted to beW ≤ 2 GeV to avoid double-counting pions
produced through deep inelastic scattering (DIS). Three
variable model parameters are considered: the resonant
axial mass, MRES

A ; the value of the axial form factor at zero
transferred 4-momentum, CA

5 ; and the normalization of
the isospin nonresonant component predicted in the Rein-
Sehgal model, I 12. Initial central values and uncertainties for
these parameters are obtained in a fit to low energy
neutrino-deuterium single pion production data from
Argonne National Laboratory [48] and Brookhaven
National Laboratory [49] for the resonant pion production
channels νμp→μ−pπþ, νμn→μ−pπ0 and νμn → μ−nπþ.
For the dominant production channel, νμp → μ−pπþ, the
reanalyzed data set from Ref. [50] was used. Resonant
kaon, photon, and eta production is also modeled using
the Rein-Sehgal resonance production amplitudes, with
modified branching ratios to account for the decay of the

FIG. 2. The T2K fractional systematic uncertainties on the SK flux arising from the beamline configuration and hadron production
prior to constraints from near detector data. Uncertainties are given for ν’s in a ν-mode beam (top left), ν̄’s in a ν-mode beam (top right),
ν̄’s in an ν̄-mode beam (bottom left), and ν’s in an ν̄-mode beam (bottom right). For the ν-mode plots, the total current uncertainties
(NA61 2009 data) are compared to the total uncertainties estimated for the previous T2K results (NA61 2007 data) [27].

K. ABE et al. PHYSICAL REVIEW D 96, 092006 (2017)

092006-6

PhysRevD.96.092006

Uncertainties on neutrino flux
• Beam profile and off-axis angle

• Horn current, field, number of protons

• Beamline alignment, modeling

• Hadron interactions (largest uncertainty)

Non-hadronic 
uncertainties 
(next slide)



Non-hadronic uncertainties

• For right-sign νμ proton beam profile is most important.


• For cooling water, 1 mm layer for horn1 inner conductor is considered (<2% near 
flux maximum). We are trying to check with spare horn1 whether this 1 mm 
assumption is sufficient.


• For wrong-sign νμ above 1 GeV, horn + target alignment and horn field 
asymmetries important
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Figure 58: The non-hadronic interaction modelling portion of uncertainties evaluated on the
SK flux prediction constrained with a combination of 2009 replica-target and thin-target data
data. The uncertainty on the previous flux prediction based purely on thin-target measurements
is labelled by the dashed line.

74

Total non-hadronic error Total non-hadronic error

T2K Preliminary T2K Preliminary

→ causes peak energy shift due 
to ν beam direction change



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.	
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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.

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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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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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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Thin target tuning
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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
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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.



Most	important	uncertain=es	on	
hadron	interac=ons	

•  Interac=on	length	(proton	produc=on	cross	sec=on)	
•  Mul=plicity	uncertain=es	for	mesons	and	baryons	
–  propagated	from	NA61	
–  scaling	available	experimental	data	to	relevant	
momentum	scale	

–  extrapola=ng	beyond	covered	phase	space	
•  pion	rescaTering	
•  Uncertain=es	on	
interac=ons	with	no	
experimental	data	

28	
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Figure 111: The hadron interaction model uncertainties evaluated on the SK flux prediction.
The 13av2 uncertainty is the current version. The 11bv3.2 is the previous version that used the
NA61 2007 thin target data in the tuning.
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Details of 
hadronic 

interactions

T2K Preliminary

Most important hadronic 
uncertainties with thin tuning

so they cannot be combined arbitrarily. Two candidate
models were considered for the default model: SF and
RFGþ RPAþ 2p2h. RFGþ RPAþ 2p2h was selected as
the default because it was most consistently able to describe
the available MiniBooNE [42,43] and MINERvA [44,45]
CCQE-like data (see Ref. [35] for details).
Various parameters have been introduced to describe

the theoretical uncertainties and approximations in the
RFGþ RPAþ 2p2h model, which are constrained using
the near detector data. The variable parameters are the axial
mass, MA; the Fermi momentum, pF; the binding energy,
Eb; and the 2p2h cross section normalization.Given the poor
agreement between the MINERvA and MiniBooNE
data sets [35] and slight inconsistencies between the
signal definitions from the two experiments, no external
constraints are applied on thevariable parameters prior to the
ND280 fit. Given the absence of firm predictions on the
scaling of various nuclear effects with the nucleus mass
number, the Fermi momentum, binding energy, and 2p2h
normalization are treated as uncorrelated between 12C and
16O. The 2p2h normalization is also considered to be
uncorrelated betweenneutrino and antineutrino interactions.
All of these parameters can be separately constrained by the

T2K near detector data with the inclusion of samples with
interactions on both 12Cand on 16O,with ν- and ν̄-mode data.
The NEUT model for resonant pion production is based

on the Rein-Sehgal model [46] with updated nucleon
form factors [47] and with the invariant hadronic mass
restricted to beW ≤ 2 GeV to avoid double-counting pions
produced through deep inelastic scattering (DIS). Three
variable model parameters are considered: the resonant
axial mass, MRES

A ; the value of the axial form factor at zero
transferred 4-momentum, CA

5 ; and the normalization of
the isospin nonresonant component predicted in the Rein-
Sehgal model, I 12. Initial central values and uncertainties for
these parameters are obtained in a fit to low energy
neutrino-deuterium single pion production data from
Argonne National Laboratory [48] and Brookhaven
National Laboratory [49] for the resonant pion production
channels νμp→μ−pπþ, νμn→μ−pπ0 and νμn → μ−nπþ.
For the dominant production channel, νμp → μ−pπþ, the
reanalyzed data set from Ref. [50] was used. Resonant
kaon, photon, and eta production is also modeled using
the Rein-Sehgal resonance production amplitudes, with
modified branching ratios to account for the decay of the

FIG. 2. The T2K fractional systematic uncertainties on the SK flux arising from the beamline configuration and hadron production
prior to constraints from near detector data. Uncertainties are given for ν’s in a ν-mode beam (top left), ν̄’s in a ν-mode beam (top right),
ν̄’s in an ν̄-mode beam (bottom left), and ν’s in an ν̄-mode beam (bottom right). For the ν-mode plots, the total current uncertainties
(NA61 2009 data) are compared to the total uncertainties estimated for the previous T2K results (NA61 2007 data) [27].

K. ABE et al. PHYSICAL REVIEW D 96, 092006 (2017)

092006-6

PhysRevD.96.092006

• Interaction length (mostly proton prod. xsec)

• Multiplicity uncertainties for mesons and protons


- propagated from NA61

- Feynman scaling to relevant momentum scale

- Extrapolation beyond coverage


• Pion rescattering



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.	
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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.

Move to 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

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

protons	at	
31	GeV/c	

Thin	
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S, Λ past	

2009	 5.4	 π±, K±, p, K0
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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.

Move to replica tuning
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Figure 3.32: Replica target data coverage for each flavor. The top four are for neutrino
mode, while the bottom four are for anti-neutrino mode. Left (right) column is neutrino
(anti-neutrino) flux.
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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 ).
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S, Λ in	use	
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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.
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Figure 60: The total uncertainties evaluated on the SK flux prediction constrained with a
combination of 2009 replica-target and thin-target data data. The uncertainty on the previous
flux prediction based purely on thin-target measurements is labelled by the dashed line. The
crucial improvement is achieved at the T2K flux peak (⇠ 600 MeV) in the ⌫µ (⌫̄µ) flux in
(anti)neutrino mode.
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T2K Preliminary

Replica tuning with 2009 data (π ±)
Achieve 5-8% uncertainty near the flux peak 
from reduced interaction length uncertainty.

next T2K results

in development
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Figure 56: The hadronic interaction modelling portion of uncertainties evaluated on the SK flux
prediction constrained with a combination of 2009 replica-target and thin-target data (replica
tuning for exiting pions + thin tuning for all other exiting particles and out-of-target interac-
tions). The uncertainty on the previous flux prediction based purely on thin-target measure-
ments is labelled by the dashed line. The crucial improvement is achieved at the T2K flux peak
(⇠ 600 MeV) in the ⌫µ (⌫̄µ) flux in (anti)neutrino mode.
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For interactions that do not receive tuning weights 
from replica or thin tuning (“unconstrained 
interactions”), assign multiplicity uncertainty in 
xF,pT space motivated by MC-MC comparisons.

Uncertainties on 
hadron 

interactions



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.	
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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:

f–
i (dE/dx;µ–,‡–

i ) = A–
i

‡–
i

Ô
2fi

exp
A

≠
(dE/dx≠µ–

i )2

2(‡–
i )2

B

. (5.8)

clustersn
0 50 100 150 200 2500

10

20

30

40

50

60

70

80

310×

(a)

clustersn
0 50 100 150 200 250

dE
/d
x

µ/
σ

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

(b)

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
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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.

!13

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

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µ
ν) Mode, νSK: Positive Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

µ
ν) Mode, νSK: Positive Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µν) Mode, νSK: Negative Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

µν) Mode, νSK: Negative Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µ
ν) Mode, νSK: Positive Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

µ
ν) Mode, νSK: Positive Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µν) Mode, νSK: Negative Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

µν) Mode, νSK: Negative Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

eν) Mode, νSK: Positive Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

eν) Mode, νSK: Positive Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

eν) Mode, νSK: Negative Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

eν) Mode, νSK: Negative Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

eν) Mode, νSK: Positive Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

eν) Mode, νSK: Positive Focussing (

T2K Preliminary

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

eν) Mode, νSK: Negative Focussing (

Mult. Error
Pion Rescatter Error
Nucl. Error
Int. Length Error
Untuned Int. Error
Replica 2010 Error
Replica 2009 Error
Thin Error

eν) Mode, νSK: Negative Focussing (

T2K Preliminary

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

in development

 (GeV)νE
1−10 1 10

Fr
ac

tio
na

l E
rr

or

0

0.1

0.2

0.3

µνSK: Neutrino Mode, 

Hadron Interactions

Proton Beam Profile & Off-axis Angle

Horn Current & Field

Horn & Target Alignment
Material Modeling
Number of Protons
Replica 2010 Error
Replica 2009 Error
Thin Error, Arb. Norm.νE×Φ

µνSK: Neutrino Mode, 

T2K Work in Progress
Replica 

2009 Replica 2010

1. checked additional systematics → seems robust

2. checking consistency with thin tuning



Consistency checks of tuning methods
• Conventional tuning  
 
FLUKA MC ×                         → tuned flux 

• Fake tuning using fake data     
FLUKA MC ×                          → “tuned” flux   
Geant4 MC                           → “true” flux

 14

NA61 DATA 
“NA61” w/FLUKA

“NA61” w/Geant4 
“NA61” w/FLUKA

Mainly comparing to Geant4's NuBeam physics list, which 
is mostly FTFP BERT in kinematic region of interest.

can check consistency by 
comparing with “fake truth”



Consistency checks 
of tuning methods

Before tuning 
• Fluka/NuBeam differ by 

about 0~7% below 5 GeV.


Fake thin tuning 
• Agreement at 2% level 

below 1 GeV. !

• Discrepancy of about 5% 

at 2~5 GeV range. ⚡


Fake replica tuning 
• Agreement at 2% level for 

wide range up to 5 GeV. !
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mode on the left (right).
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Consistency checks 
of tuning methods

Before tuning 
• Fluka/NuBeam differ by 

about 0~7% below 5 GeV.


Fake thin tuning 
• Agreement at 2% level 

below 1 GeV. !

• Discrepancy of about 5% 

at 2~5 GeV range. ⚡


Fake replica tuning 
• Agreement at 2% level for 

wide range up to 5 GeV. !
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Figure 3.49: Ratio of untuned FLUKA and Geant4 fluxes in neutrino (anti-neutrino)
mode on the left (right).
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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.
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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

Consistency checks 
of tuning methods

Before tuning 
• Fluka/NuBeam differ by 

about 0~7% below 5 GeV.


Fake thin tuning 
• Agreement at 2% level 

below 1 GeV. !

• Discrepancy of about 5% 

at 2~5 GeV range. ⚡


Fake replica tuning 
• Agreement at 2% level for 

wide range up to 5 GeV. !
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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.
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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 3.49: 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
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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.
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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
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Figure 1.9: Various interaction types of a baryon with a nucleus. Left: elastic, middle:
quasi-elastic, right: production event.

is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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quasi-elastic, right: production event.

is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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Figure 1.9: Various interaction types of a baryon with a nucleus. Left: elastic, middle:
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is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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Figure 1.9: Various interaction types of a baryon with a nucleus. Left: elastic, middle:
quasi-elastic, right: production event.

is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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Figure 1.9: Various interaction types of a baryon with a nucleus. Left: elastic, middle:
quasi-elastic, right: production event.

is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2
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√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.

Most 
important 

for ν-beams

Mostly just a change in momentum direction, no change in 
number of mesons → indirect effect on neutrino flux.


However: for E>1GeV flux even O(10mrad) change can 
affect neutrino flux if particle is not focused by horns.

Relying on MC-MC comparisons for 
some systematics due to insufficient 

hadron production data.
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is that hadrons aren’t just made of two or three quarks, but rather a sea of quark/anti-
quarks and gluons (collectively called partons), with radius 1/ΛQCD such that one almost
has a collision of two disks whose cross section is constant π/Λ2

QCD from pure geometry,
independent of the CMS energy

√
s. Or in a more physical picture, with increasing

energy one has more and more interactions of the sea quarks and gluons. Furthermore if
quarks are knocked off, asymptotic freedom and color confinement cause a fragmentation
of rubber-like gluon fluxtubes into quark/anti-quark pairs, such that many mesons are
produced in a single interaction.

The problem then is that for a single interaction one can have a large number of exit-
ing particles of many types (e.g. A+B → a+ b+ c+ d+ e), such that it becomes nearly
impossible to parametrize differential cross-sections containing all the exiting particles
(called exclusive cross-section). Instead one chooses to focus on a single outgoing particle
type in a particular place in phase space, and measures the total number of them regard-
less of the other outgoing particles (e.g. A + B → a + · · · ). If the same particle were
to be produced twice in a single interaction we would count both. Such a cross-section
is called an inclusive cross-section. Dividing the inclusive cross-section dσI by the total
cross-section σtot we obtain the so-called multiplicity dn, which counts the number of
particles (of a given type, in a given phase space etc.) produced in a single interaction.

1.3.3 Interaction types

For proton-nucleus interactions we will differentiate between the following types: (Fig. 1.9)

• elastic events (also called coherent-elastic), where the proton interacts elastically
with the nucleus as a whole.

• quasi-elastic events, where the proton scatters elastically from one nucleon inside
the target nucleus. The remaining nucleus might recoil (possibly in some excited
state), or get fragmented into constituent nucleons or smaller nuclei.

• production events, where the proton interacts inelastically with one nucleon, possi-
bly producing other mesons or baryon/anti-baryon pairs.
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Most 
important 

for ν-beams

Mostly just a change in momentum direction, no change in 
number of mesons → indirect effect on neutrino flux.


However: for E>1GeV flux even O(10mrad) change can 
affect neutrino flux if particle is not focused by horns.

Relying on MC-MC comparisons for 
some systematics due to insufficient 

hadron production data.

At fake tuning level it seems that both elastic and inelastic scattering of 
mesons contribute to the observed discrepancy. Proper treatment and 
systematics assignment should be investigated in the future.  
Note with replica 2010 tuning ~90% of flux is covered with replica data, so 
this matters mostly for remaining 10% and out-of-target interactions.
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At high-E for wrong-sign 
flux beamline optics 
dominant source of 
systematics.



Summary

 26

• By moving from thin to replica target tuning, T2K achieves 
significant reduction of hadron interaction uncertainties to 
5% level near the flux peak. Will be used in upcoming 
physics analyses.


• Soon we expect 5% level error for wide energy range (up 
to high-E) from additional �  data in replica 2010 tuning.


• Using fake data, confirmed both thin and replica target 
tuning are consistent with “fake truth” to ~2% level near 
flux peak. With replica tuning we see better consistency up 
to higher energies.


• Further systematic reduction with meson scattering data, 
and also utilizing INGRID beam direction measurements.

K, p
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For anti-neutrino mode K±, K0L contributions change (not shown here)


