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T2K off-axis neutrino beam
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Long baseline oscillation experiment involving a flux of νµ

1

The      beam  is produced at J-PARC and pointed almost 
at SuperK

νµ

1

νe

L

1

is set to 290 km (distance between Tokai and Kamioka)
νe

E

1

is the free parameter we can tune

A near detector is placed 280 m downstream of the target

Comparing the rates in both detectors gives us access to the 
oscillations parameters

600 MeV

Far to Near (F/N) ratio

because of the acceptance difference,  spectrum shape is different  
between ND280 and SK => has to be taken into account in the F/N ratio
Spectrum shape depends on hadron production =>
precise knowledge on hadron production is important
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Hadron production:

Gustav Wikström, Université de Genève                         DPNC Seminar 29 Sept 2010

Hadron beam

26

50 GeV p beam

Magnet focusing horn

Graphite target π+,K+

π−,K−

π−,K−

Defocused:

Focused:

p+N → π−,K−,π+,K+

Wednesday, September 29, 2010

Gustav Wikström, Université de Genève                         DPNC Seminar 29 Sept 2010

Neutrino beam

27

He decay volume
length optimized so that most pions decay
but most muons don’t (before they stop)

π+,K+

νµ

ν̄µµ+

e+120 m

π+ → µ+ + νµPion decay:

Wednesday, September 29, 2010

Pion decay :

K+ → µ+ + νµ

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

1

K+ → π+ + π0

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

1

K+ → π0 + e+ + νe

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

1

K+ → π0 + µ+ + νµ

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

1

Kaon decay :

≈100%

≈63%
≈21%

≈5%
≈3%

Neutrino-electron interactions

Neutrino-electron elastic scattering
(−)
να + e− →

(−)
να + e−

Neutrino-electron quasielastic scattering
νµ + e− → νe = µ−

Neutrino-Nucleon scattering

Quasielastic charged-current reactions
νl + n → p+ l−

−
νl + p → n+ l+

Elastic neutral-current reactions
(−)
νl +N →

(−)
νl +N

Charged-current deep inelastic scattering
νl +N → l− +X

−
νl +N → l+ +X

K+ → π+ + π+ + π−

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

1

≈5%

Hadron Production
A 31 GeV/c proton beam hits a 90cm long graphite target

Pulse current (320kA, ~0.5ms)

Proton beam
B (~1.5T)target

900mm
Electromagnetic Horn

3 electromagnetic horns focus positively charged particles

Precise knowledge of hadron production => precise knowledge of the flux and contamination

The NA61 experiment precisely measures the hadron production for a  31GeV/c proton beam 
on a graphite target.

...



NA61 experiment at CERN

XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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CERN NA61 measurements

40

Evaluation of Particle Yields in 30 GeV p+C Inelastic Interactions 
and in the T2K replica target

                                                                   Outline 

Neutrino Oscillations 

T2K in Japan 

NA61 at CERN SPS 

Cross Section Measurements 

Normalization of Particle Yields 

Influence on T2K 

NA61 T2K 

Evaluation of Particle Yields in 30 GeV p+C Inelastic Interactions  

for Estimating the T2K Neutrino Flux 
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     NA61/SHINE — Fixed Target Experiment at CERN SPS 

Large acceptance 
spectrometer: 

5 TPCs    
2 dipole magnets 

!(p)/p 2  ! 10-4 (GeV/c)-1 

!(dE/dx)/<dE/dx> !  0.04 

3 ToFs   
  !(ToF-F)  120 ps 
 !!(ToF-L/R)  60 ps 

 !Full Coverage of T2K  
 !phase space 

p + C @ 31 GeV/c 

Particle identification methods used for pions: 

1) dE/dx (p < 1 GeV/c, p > 4 GeV/c) 

2) Combined  dE/dx  + ToF (1 < p [GeV/c] < 4) 

3) Negatively charged hadron analysis, h- analysis ("- only) 

     NA61/SHINE — Fixed Target Experiment at CERN SPS 

Large acceptance 
spectrometer: 

5 TPCs    

2 dipole magnets 
!(p)/p 2  ! 10-4 (GeV/c)-1 

!(dE/dx)/<dE/dx> !  0.04 

3 ToFs   
  !(ToF-F)  120 ps 

 !!(ToF-L/R)  60 ps 

 !Full Coverage of T2K  
 !phase space 

p + C @ 31 GeV/c 

Particle identification methods used for pions: 

1) dE/dx (p < 1 GeV/c, p > 4 GeV/c) 

2) Combined  dE/dx  + ToF (1 < p [GeV/c] < 4) 

3) Negatively charged hadron analysis, h- analysis ("- only) 
Particle ID 

methods used:
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1) dE/dx (p < 1 GeV/c, p > 4 GeV/c)
2) Combined dE/dx + ToF (1 < p [GeV/c] < 4) 

3) Negatively charged hadron h- analysis (!- only)
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Figure 6: (Color online) Invariant mass distribution of recon-
structed K0

S candidates. The fitted mean value of the peak is
given in the legend. The dashed histogram shows the simu-
lated distribution which is normalized to the data on the right
side of the peak.
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Figure 7: (Color online) Track reconstruction efficiency for
negatively charged particles as a function of momentum in
the polar angle interval [100,140] mrad.

which takes into account the magnetic field as well
as relevant physics processes, such as particle inter-
actions and decays,

(iii) simulation of the detector response using dedicated
NA61 packages which introduce distortions corre-
sponding to all corrections applied to the real data,
see Sec. IV A,

(iv) storage of the simulated events in a file which has
the same format as the raw data,

(v) reconstruction of the simulated events with the
same reconstruction chain as used for the real data
and

(vi) matching of the simulated and reconstructed tracks.
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Figure 8: (Color online) Specific energy loss in the TPCs for
positively (top) and negatively (bottom) charged particles as
a function of momentum. Curves show parameterizations of
the mean dE/dx calculated for different particle species.

D. Detector performance

The quality of measurements was studied by recon-
structing the momentum of beam particles (see Sec. III)
and masses of K0

S and Λ particles from their V 0 decay
topology. As an example the invariant mass distribution
of K0

S candidates is plotted in Fig. 6. The peak position
(0.4976 ± 0.0005 GeV/c2) agrees with the known K0

S
mass. The widths of the K0

S and Λ invariant mass peaks
are reasonably reproduced by the MC simulation which
confirms its validity for the studies presented below.

The track reconstruction efficiency and resolution of
kinematic quantities were calculated by matching of sim-
ulated and reconstructed tracks. As an example, the re-
construction efficiency as a function of momentum for
negatively charged tracks in the polar angle interval
[100,140] mrad is shown in Fig. 7. The momentum res-
olution, σ(p)/p2, was estimated to be about 2×10−3,
7×10−3 and 3×10−2 (GeV/c)−1 at p > 5 GeV/c, p =
2 GeV/c and p = 1GeV/c, respectively. These results
were obtained for negatively charged particles passing the
track selection cuts described in Sec. V A.

Particle identification was performed based on the en-
ergy loss measurements in the TPCs and on the time-
of-flight information from the ToF-F detector. The cali-
brated dE/dx distributions as a function of particle mo-
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Figure 9: (Color online) The dE/dx distributions for posi-
tively (full line) and negatively (dashed line) charged parti-
cles at 5 and 15 GeV/c particle momenta; the momentum bin
width is 0.4 GeV/c.

mentum for positively and negatively charged particles

are presented in Fig. 8. The Bethe-Bloch parametriza-

tion of the mean energy loss, scaled to the experimental

data (see Sec. V D), is shown by the curves for positrons

(electrons), pions, kaons, protons and deuterons. The

typical achieved dE/dx resolution is 3÷ 5%, see Fig. 9.

The intrinsic time-of-flight (tof) resolution of the ToF-

F detector is about 115 ps as derived from measurements

of tof for particles traversing the overlap region of two

adjacent scintillator bars (see Fig. 10). Figure 11 shows

distributions of the mass squared m2
(derived from tof ,

fitted momentum and pathlength) versus dE/dx (mea-

sured in the TPCs) in selected intervals of particle mo-

mentum. The combined m2
and dE/dx measurements

allow us to extract yields of identified particles even in the

cross-over region of the Bethe-Bloch curves (1–4 GeV/c

momentum range).

The geometrical acceptance of the ToF-F detector is

limited to particle momenta above about 0.8 GeV/c.

However, in the low momentum region (less than about

1 GeV/c) the dE/dx information alone is sufficient to dis-

tinguish pions from electrons/positrons, kaons and pro-

tons, see Fig. 8.

About 47% of all charged particles produced at the in-

teraction vertex pass the standard TPC track selection

cuts (see Sec.VA). In particular, the uninstrumented re-

gion around the beam-line in VTPC-1 and VTPC-2 (see
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Figure 10: (Color online) Top: Distribution of the difference
between a particle’s time-of-flight measured independently by
two overlapping scintillator bars of the ToF-F detector. The
width of the distribution is about 160 ps, indicating a tof
resolution of about 115 ps for a single measurement. Bottom:
Mass squared, derived from the ToF-F measurement and the
fitted path length and momentum, versus momentum p. The
lines show the expected mass squared values for different par-
ticles.

Fig. 2) and the magnet apertures lead to a limited accep-

tance in azimuthal angle. This is illustrated in Fig. 12,

where the azimuthal angle distribution is shown for all

accepted negatively charged particles. The fraction of

negatively charged particles accepted in the TPCs and

in the TPCs plus ToF-F is plotted as a function of mo-

mentum and polar angle in Fig. 13. Comparing these

plots with Fig. 1 one concludes that the NA61/SHINE

acceptance fully covers the phase space region of interest

for T2K.

V. ANALYSIS TECHNIQUES

This section presents the procedures used for data

analysis. Crucial for this analysis is the identification of

the produced pions. Depending on the momentum inter-

val, different approaches have been adopted, which lead

also to different track selection criteria. The task is facili-

tated for the negatively charged pions, by the observation

that more than 90% of primary negatively charged parti-
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Figure 11: (Color online) Examples of two-dimensional m2–dE/dx plots for positively charged particles in three momentum
intervals indicated in the panels. 2σ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (θ) vs. azimuthal angle
(φ) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5 (top). Com-
parison of the azimuthal angle distribution for reconstructed
negatively charged particles in the data and in the default
Venus MC for the polar angle interval [140,180] mrad (bot-
tom).

cles produced in p+C interactions at this energy are π−,
and thus the analysis of π− spectra can also be carried
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) (top), and after an additional ToF-F
acceptance cut (see Sec. V E) (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

out without additional particle identification.
This section starts from a presentation of event and

track selection cuts. Next, the analysis of interaction
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intervals indicated in the panels. 2σ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (θ) vs. azimuthal angle
(φ) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5 (top). Com-
parison of the azimuthal angle distribution for reconstructed
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cles produced in p+C interactions at this energy are π−,
and thus the analysis of π− spectra can also be carried
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) (top), and after an additional ToF-F
acceptance cut (see Sec. V E) (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

out without additional particle identification.
This section starts from a presentation of event and

track selection cuts. Next, the analysis of interaction

Full coverage of T2K phase space

Prediction from the T2K beam simulation : 
{p,   } distribution for positively charged pions 
weighted by the probability that their decay 
produces a muon neutrino passing through SK

1

PACS numbers: 13.85.Lg,13.85.Hd,13.85.Ni

I. INTRODUCTION

The NA61/SHINE (SPS Heavy Ion and Neutrino Ex-

periment) experiment at the CERN SPS pursues a rich

physics program in various fields [1–4]. First, precise

hadron production measurements are performed for im-

proving calculations of the neutrino flux in the T2K neu-

trino oscillation experiment [5], as well as for more reli-

able simulations of cosmic-ray air showers in the Pierre

Auger and KASCADE experiments [6, 7]. Second, p+p,

p+Pb and nucleus+nucleus collisions will be studied ex-

tensively at SPS energies. A collision energy and system

size scan will be performed with the aim to study prop-

erties of the onset of deconfinement and search for the

critical point of strongly interacting matter. This article

presents first NA61/SHINE results on charged pion spec-

tra in p+C interactions at 31 GeV/c which are needed

for an accurate neutrino flux prediction in the T2K ex-

periment. The results are based on the data collected

during the first NA61/SHINE run in 2007.

T2K is a long baseline neutrino experiment in Japan,

which uses a high intensity neutrino beam produced at

J-PARC
1
. It aims to precisely measure the νµ → νe

appearance and νµ disappearance [5]. In order to gen-

erate the neutrino beam a high intensity 30 GeV (ki-

netic energy) proton beam impinging on a 90 cm long

graphite target is used, where π and K mesons decaying

into (anti)neutrinos are produced. The neutrino fluxes

and spectra are then measured both at the near detec-

tor complex, 280 m from the target, and by the Super-

Kamiokande (SK) detector located 295 km away from

the neutrino source and 2.5 degrees off-axis. Neutrino

oscillations are probed by comparing the neutrino flux

measured at SK to the predicted one. In order to predict

the flux at SK one uses the near detector measurements

and extrapolates them to SK with the help of Monte

Carlo (MC) simulations. Up to now, these MC predic-

tions are based on hadron production models only. For

more precise predictions, which would allow the reduc-

tion of systematic uncertainties to the level needed for

the T2K physics goals, measurements of pion and kaon

production off carbon targets are essential [1–3]. The

purpose of the NA61/SHINE measurements for T2K is to

provide this information at exactly the proton extraction

energy of the J-PARC Main Ring synchrotron, namely

30 GeV kinetic energy (approximately 31 GeV/c momen-

tum). Presently, the T2K neutrino beamline is set up

to focus positively charged hadrons, in such a way that

it produces a νµ beam. Spectra of positively charged

pions presented in this paper constitute directly an es-

adeceased
1

Japan Proton Accelerator Research Complex organized jointly

by JAEA and KEK in Tokai, Japan
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Figure 1: (Color online) The prediction from the T2K beam
simulation: the {p, θ} distribution for positively charged pions
weighted by the probability that their decay produces a muon
neutrino passing through the SK detector.

sential ingredient in the neutrino flux calculation. The

kinematic region of interest for positively charged pions

whose daughter muon neutrinos pass through the SK de-

tector is shown in Fig. 1, for the kinematic variables p -

the momentum of a given particle and θ - its polar angle

in the laboratory frame.

In addition to providing reference data for T2K, precise

results on particle production in proton-carbon interac-

tions furnish important input to improve hadronic gener-

ators needed for the interpretation of air showers initiated

by ultra high energy cosmic particles (see e.g. [8–11]).

The NA61/SHINE data will allow also to test and im-

prove existing hadron production models in an interme-

diate energy region which is not well constrained by mea-

surements at present.

Experimental data on proton-nucleus interactions in

the region of momentum of a few tens of GeV/c are rather

scarce. Incident proton momenta from 3 up to 12 GeV/c

were explored by the HARP Collaboration [12] for a large

variety of nuclear targets, including carbon [13]. Almost

40 years ago an experiment was performed at CERN at

24 GeV/c [14]. Several targets were used but the momen-

tum and angular range of produced particles was limited

to angles from 17 to 127 mrad and momenta from 4 to

18 GeV/c. Recently the MIPP particle production ex-

periment at FERMILAB presented preliminary results

from its first data collected at 120 GeV/c [15]. Precise

measurements of pion production in proton-Carbon in-

teractions at 158 GeV/c are available from the NA49

Collaboration [16].

The paper is organized as follows. In Sec. II the

NA61/SHINE experimental set-up is described. Details

on the beam, trigger and event selection are given in

Sec. III. Data reconstruction, simulation and detector

performance are described in Sec. IV. Analysis techniques

and final results are presented in Secs. V and VI, respec-

NA61 fraction of accepted particles as a 
function of momentum and polar angle after 
the track reconstruction cuts (for thin target 
analysis)

Neutrino-electron interactions

Neutrino-electron elastic scattering
(−)
να + e− →

(−)
να + e−

Neutrino-electron quasielastic scattering
νµ + e− → νe = µ−

Neutrino-Nucleon scattering

Quasielastic charged-current reactions
νl + n → p+ l−

−
νl + p → n+ l+

Elastic neutral-current reactions
(−)
νl +N →

(−)
νl +N

Charged-current deep inelastic scattering
νl +N → l− +X

−
νl +N → l+ +X

K+ → π+ + π+ + π−

Pion decay kinematics

Eν = mπ−mµ

2Eπ−pπcos(θ)

θ

1

Particle ID
(Thin target data)

dE/dx identification ToF identification combined ToF dE/dx identification



NA61 long target measurements
At the T2K far detector:
~95% of νµ from π+ mesons

Among these π+ mesons:
~60% from the primary interaction

~90% produced in the target coming
  from primary + secondary interactions

NA61 thin target data: π+ production 
cross sections in p+C at 31 GeV/c

re-weight π+ production from primary 
interaction in the FLUKA based T2K 

beam simulation

NA61 long target data: 
all π+ exiting the target

re-weight the whole π+ production 
from the target in the FLUKA based T2K 

beam simulation

Target binning in (p,θ,z)
5 longitudinal bins + 1 for

the downstream face

θ
p

beam

Fill m2 (ToF) vs 
dEdx distributions
+ 2D likelihood

minimization
(for Data & MC)

Extract π+ 
component

Compare FLUKA and Data
e.g. 40 < θ < 100 mrad

Compute re-weighting factors
pre

lim
ina

ry

p
θ


