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The NA61/SHINE experiment

NA61/SHINE : hadron production
experiment at SPS CERN

Rich physics program covering:

heavy ion physics (presentation from
T. Czopowicz)

hadron-production measurements for
cosmic ray experiments

hadron-production measurements for
accelerator neutrino experiments

Large acceptance spectrometer:

5 TPCs

2 dipole magnets

σ(p)/p2 ∼ 10−4(GeV/c)−1 (at 9Tm)

σ(dE/dx)/ < dE/dx >∼ 0.04

3 ToF

σ(FTOF ) ∼ 120ps

σ(TOF L/R) ∼ 80ps

Beam (GeV/c) graphite target year Nx106

π− 158 2cm 2009 5.5

π− 350 2cm 2009 4.6
p 31 2cm 2007 0.7
p 31 2cm 2009 5.4
p 31 90cm ”T2K replica” 2007 0.2
p 31 90cm ”T2K replica” 2009 4
p 31 90cm ”T2K replica” 2010 10

Alexis Hasler (University of Geneva) 16th Lomonosov Conference August 27, 2013 3 / 14



Hadron-Production measurements for the Cosmic Ray Program

Cosmic Ray composition of central
importance for understanding sources,
knee, ankle, ...

Indirect measurements for Ultra High
Energy Cosmic Rays: extensive air
showers seen by a surface array
detector

Strong model dependence of the
reconstructed primary energy from
surface detector signals

Muon production related to hadronic
interaction at fixed target energies

H. Dembinski for NA61/SHINE 2

Overview

Charged hadron spectra from π–  + C → h + X at 158 and 350 GeV
 
c-1

● Motivation: Lab-measurement of last stage of UHECR air showers

● Data analysis

● Comparison to models: Too few hadrons in models at high p
T

● First results on particle identification

UHECR 
air shower

NA61/SHINE
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Hadron-Production measurements for the Cosmic Ray Program

H. Dembinski for NA61/SHINE 4

Muons in ultra-high energy air showers

µ at ground mostly depend on π / Κ
produced by π  in range of 10-103 GeV
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Hadron-Production measurements for the Cosmic Ray Program

H. Dembinski for NA61/SHINE 13

Result: Double differential cross-section
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Hadron-Production measurements for the Cosmic Ray Program

H. Dembinski for NA61/SHINE 17

Comparison to models: EPOS 1.99
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Hadron Production measurements for the T2K neutrino flux prediction

Conventional ν beam
produced by interactions of
protons on fixed target

Neutrino beam predictions
rely on modeling the proton
interactions and hadron
production in the target

Precise hadron production
measurements allow to
reduce uncertainties on
neutrino flux prediction
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Examples:

HARP, CERN-PS
1.5 - 15 GeV Beam

Mini- Sci- Micro- BooNE at Fermilab
K2K (KEK to Super-Kamiokande)

NA20 & SPY/NA56, SPS
400 - 450 GeV Beam

WANF (NOMAD, CHORUS)
CNGS (OPERA, ICARUS)

NA49, CERN-SPS
160 GeV Beam

MINOS (Fermilab to Soudan)

NA61/SHINE, CERN-SPS
30 GeV Beam

T2K (Tokai to Super-Kamiokande)
NuMI (Fermilab)

LBNE in US, LBNO in Europe
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Analysis Techinques

h− analysis: analysis of π− via measurements of
negatively charges particles

dE/dx analysis at p ≤ 1GeV/c: π± and protons
were identified via energy loss in TPC

ToF − dE/dx analysis at p ≥ 1GeV/c:
information from dE/dx and ToF is combined to

identify π±, K± and protons
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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. 2� 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 (✓) vs azimuthal angle
(�) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5.0.

NA49 Collaboration [26]. The minimum bias trigger on
proton interactions, described in Sec. III, allows us to
define a “trigger” cross section which is used both for
the normalization of the di↵erential inclusive pion dis-
tributions and for the determination of the inelastic and
production cross sections.

From the numbers of selected interactions, fulfilling the
requirements on BPD signals and reconstruction of the
proton beam particles as detailed in Sec. VA, we com-
pute an interaction probability of (6.022 ± 0.034)% with
the carbon target inserted and of (0.709 ± 0.007)% with
the carbon target removed. These measurements lead
to an interaction probability of (5.351 ± 0.035)% in the
carbon target, taking into account the reduction of the
beam intensity in the material along its trajectory. The
corresponding “trigger” cross section is (298.1 ± 1.9 ±
7.3) mb, after correcting for the exponential beam at-
tenuation in the target. The systematic error on the
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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. V A) for negatively charged tracks (top),
and after an additional ToF-F acceptance cut (see Sec. V E)
for positively charged tracks (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

“trigger” cross section was conservatively evaluated by
comparing this value with the one obtained without any
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Six Particle Spices Released for p+C at 31 GeV/c

p + C → π+ + X p + C → π− + X

  5

Relative err for p+Multiplicity of p+

 Black points include data 2007 for p < 1 GeV/c !!! 

  6

Multiplicity of p- Relative err for p-

 Black points include data 2007 for p < 1 GeV/c !!! 2007 data set already published and used by the T2K experiment

8 times more statistics for the 2009 data set; preliminary results released
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The T2K Beam Tuning with NA61/SHINE Measurements

p+C at 31 GeV/c data in T2K

Major part of the T2K phase space is covered by
NA61/SHINE data

Interaction chain is stored at the simulation level
to be tuned later with measurements

Tuning of tertiary particles requires extrapolation
from NA61/SHINE data:

Extrapolation to different incident nucleon
momenta
Extrapolation to different material (carbon
to aluminum)

Larger uncertainty to the flux due to tertiary
particle production

  

The phase space of hadrons contribution to the predicted n  flux at SK

(T2K) K.Abe et al., Phys.Rev.D87 (2013)012001
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FIG. 24: Ratio of the hadron interaction re-weighted flux over the nominal flux for ⌫µ (upper left), ⌫̄µ (upper right),
⌫e (lower left), ⌫̄e (lower right)

1. Pion production uncertainties

The uncertainty on the pion production multiplicity
modeling arises from a number of sources:

1. The uncertainty on the NA61/SHINE data used to
re-weight the pion production multiplicity

2. The uncertainty on the incident particle momen-
tum scaling used to apply the NA61/SHINE data
to interactions with lower momentum incident nu-
cleons

3. The uncertainty from phase space that is not cov-
ered by the NA61/SHINE data points

The uncertainty from the NA61/SHINE pion multi-
plicity data points is dominated by the systematic un-
certainties, which are described in detail elsewhere [11].
Figure 26 shows the total errors including statistical er-
rors for each of the NA61/SHINE p�✓ bins. The total er-
rors are typically 5 to 10% in the most important regions
of the phase space. The dominant sources of uncertainty
are the correction for the feed-down from strange parti-
cle decays and particle identification. For most sources of

uncertainty, the systematic e↵ect is assumed to be corre-
lated across all NA61/SHINE bins. This is a reasonable
assumption for the feed-down error given the correlated
model dependence of the strange particle production. For
the particle identification error, it is assumed that bins of
similar momenta are more correlated, and the systematic
errors are modeled with a ranged correlation:

Ci,j =1 �
✓

pi � pj

6 GeV/c

◆2

for |pi � pj |  6 GeV/c

(18)

=0 for |pi � pj | > 6 GeV/c
(19)

Here pi and pj are the central value for the momentum in
each bin. The functional form with a range of 6 GeV/c
was chosen since it gives a reasonable model for the cor-
relations and propagates the errors conservatively.

The NA61/SHINE data are also used to re-weight pion
production from the interactions of nucleons in the horn
conductor aluminum after A-dependent scaling has been
applied. For the scaled data points, additional errors of
5% (correlated between p�✓ bins) and 5% (uncorrelated
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FIG. 38: Fractional flux error due to hadron production uncertainties.
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FIG. 39: Re-weighted ⌫µ flux at the far detector based
on the NA61/SHINE thin target and replica target

measurements.

contribution to this systematic uncertainty is an overall
uncertainty in the relative alignment between the pri-
mary beamline and the secondary beamline, it is treated
as fully correlated between the horns. For the case of the
horn angular alignment uncertainties, the e↵ects of horn
rotations in both the horizontal and vertical plane by
0.2 mrad were studied. Only rotations of the first horn,
however, showed any significant e↵ect on the predicted
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FIG. 40: An example of the fractional change of SK ⌫µ

flux when the beam center position (Y ) and center
angle (✓Y ) measured in Run 1 are changed by 1�, i.e.

set to 1.42 mm and 0.29 mrad, respectively.

neutrino flux.

The e↵ects of the systematic uncertainties in the target
and horn alignments on the predicted ⌫µ fluxes at ND280
and SK are summarized in Fig. 42. For neutrinos with
energies below 7 GeV the fractional uncertainties due to
these sources are under 3%.
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The T2K Beam Tuning with NA61/SHINE Measurements

Alternative approach to the neutrino flux prediction:

Measurement of hadron multiplicities at the
surface of a T2K replica target placed in the
NA61/SHINE experimental set-up

Analysis in (p, θ, z) bins (6 ”longitudinal” z bins)

Re-weighting multiplicities of hadrons exiting the
target in the T2K beam simulation

Re-weighting up to 90% as compared to 60% in
the standard approach

Hadron Production Measurements with the T2K Replica Target in
NA61/SHINE for the T2K Neutrino Flux Prediction

Alexis Haesler on behalf of the NA61/SHINE collaboration

Neutrino 2012; Kyoto 3 - 9 June 2012

T2K Replica Target Analysis
In the T2K long baseline neutrino oscillation experiment [1–3], a high intensity neutrino beam is created by a 30
GeV proton beam impinging on the 90 cm long T2K graphite target. The neutrino flux can be decomposed in 2
categories:

• the secondary component relates to neutrinos coming from decays of pions produced in primary interactions
of the protons in the target p + C → π+ + X; represents ∼ 60% of pions produced in the 90 cm long T2K
target; this component can be contained by measurements of pion and kaon cross-sections with a thin graphite
target [4, 5].
• the tertiary component relates to neutrinos coming from decays of hadrons produced in interactions of
secondary particles either in the target or out of the target (elements in the beam line). This component
represent∼ 40% of the neutrino flux and can only be constrained through measurements of hadron production
with a replica of the T2K target.

Three set of measurements with a replica of the T2K target have been taken in NA61/SHINE. 0.2 M triggers for
the 2007 period, 4M trigger for the 2009 period and 10M triggers for the 2010 period.

NA61/SHINE Set Up
The NA61/SHINE experiment is a fixed target experiment based on large acceptance spectrometer (for a precise
description of the set-up see [6]). Upstream of the target, the beam line contains 3 Beam Position Detectors
(BPD’s) and a set of counters. The BPD’s allow to reconstruct the proton beam trajectories. Different sets of
counters define different triggers for the data taking. For the 2009 data taking period, two triggers (namely T2
and T3) were based on a scintillation counter (S3) glued on the upstream face of the target in order to assure
that selected beam protons hit the target. Definition of the triggers and distributions of the beam under the two
different triggers T2 and T3 are given bellow.

2009 Triggers : counters in trigger
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Beam profile on the target upstream
face under T2 and T3 triggers for the
2009 data set period. The black circle
shows the position of the target

upstream face. The resolution of the
position of the beam protons given
by the BPD is ∼ 300µm in both x

and y directions.

Downstream of the target the NA61 spectrometer consists of five large Time Projection Chambers (TPC’s), two
of them being embedded in superconducting dipole magnets, and a Time Of Flight (TOF) detector. For each
particle going trough the TPC’s and hitting the TOF detector, a track can be reconstructed with associated energy
loss and mass squared information.
A backward extrapolation of the tracks through the magnetic field up to the target surface allow to reconstruct the
position of the outgoing particles created by the interaction of the beam in the target. Bellow, 2D distributions in
the the x-z plan and y-z plan of outgoing particles off the target are shown.
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A new target support system for the 2009 and 2010 data set periods allowed to get a precise alignment of the target in the beam as
shown here for the 2009 data. A total of 6 longitudinal bins are considered for the analysis: 5 bins of 18 cm each along the target
surface plus the target downstream face as the 6th bin.

NA61/SHINE PID Capabilities for the 2009 Data Set
The Particle Identification in NA61/SHINE is done through a combined TOF-dE/dx analysis [6]. A precise knowledge of the m2 and
dE/dx distributions and parametrizations is important to initialize 2d-likelihood fits used to extract particle yields in the (m2, dE/dx)
plan.
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Analysis binning in (p, θ, z)
Detailed studies of the T2K beam line have shown that the neutrino energy spectrum is sensitive to exit position
of neutrino parent particles on the target surface. The analysis of the replica target is divided in 6 longitudinal
bins: 5 bins of 18 cm each along the target surface and the downstream face of the target considered as the 6th
bin (forward production of particles).
The analysis binning in the (p, θ) phase space (polar angle and momentum of exiting particles off the target) is
chosen so that most of the phase space of interest for T2K can be covered after all the track quality cuts needed
for the combined TOF-dE/dx analysis. Looking at the 6 longitudinal bins along the target, one can clearly see the
different track topologies through the (p, θ) distributions. Large angle tracks are populating the most upstream
part of the target while the small angle tracks are obviously coming from the downstream face.

momentum [GeV/c]
0 2 4 6 8 10 12 14 16 18 20

the
ta 

[m
rad

]

0

50

100

150

200

250

300

hthetap_tgt
Entries  42105
Mean x   3.225
Mean y   126.8
RMS x   2.756
RMS y   69.45

-110

1

10

hthetap_tgt
Entries  42105
Mean x   3.225
Mean y   126.8
RMS x   2.756
RMS y   69.45

theta vs momentum for particle exiting the targetmost upstream longitudinal bin in z along target
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theta vs momentum for particle exiting the target2nd longitudinal bin in z along target
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theta vs momentum for particle exiting the target3rd longitudinal bin in z along target
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theta vs momentum for particle exiting the target4th longitudinal bin in z along target
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theta vs momentum for particle exiting the target5th longitudinal bin in z along target
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theta vs momentum for particle exiting the targetdownstream face of the target 6th longitudinal bin in z

Reconstructed π+ Yields from the T2K Replica Target for 2007 Data Set
Comparison of π+ yields extracted from the 2007 NA61/SHINE data and the Monte Carlo (FLUKA 2011.2)
simulation for different longitudinal bins along the target [7] (2009 data are currently being analyzed).

π+ spectra for the first (most upstream)
longitudinal bin along the target surface.

π+ spectra for the fifth longitudinal bin
along the target surface.

π+ spectra for last longitudinal bin, which
corresponds to the target downstream face

T2K Replica Target Re-Weighting and its Effects on the νµ Flux
By considering ratios between Data and Monte Carlo reconstructed with the same procedure, most of the cor-
rection factors (and hence systematic uncertainties) related to geometrical acceptance, particle losses, etc. cancel
out (only the TOF efficiency has to be taken into account as the efficiency is artificially at 100% in the NA61
simulation) [8]. Hence, re-weighting factors are calculated as:

w(p, θ, z) =
1

εNA61
TOF (p, θ)

× NNA61
π

NFLUKA
π

(p, θ, z) × NFLUKA
POT

NNA61
POT

Sources of systematic uncertainties are:
• Particle Identification: ∼ 1 − 5%

•Normalization to protons on target: ∼ 1.4%

• TOF efficiency: ∼ 3%

• Target alignement: 3%

• Target density: < 3%

• Beam momentum: < 3%

Target alignment, target density and beam mo-
mentum are not exactly the same in NA61 and
T2K. Related systematic uncertainties on the re-
weighting factors have been estimated to be < 3%
with dedicated MC studies.

Due to restricted amount of data taken in 2007, the statistical errors for this data set is typically 10 − 15%. It will
significantly decrease with the 2009 data set, as the amount of recorded events is one order of magnitude larger.
The re-weighting factors calculated with the replica target data can be directly used to tune the particle emission
from the target in the T2K beam simulation. The obtained prediction is compared to that based on the NA61 thin
target data bellow. Both methods, the thin target tuning and the T2K replica target tuning are consistent within
the current uncertainties.

Ratio of the νµ flux predictions with the thin target
tuning and T2K replica target tuning. A first order
polynomial fit is overlaid on top of the ratio.

Weighted νµ flux predictions at the far detector of T2K
based on thin target and replica target data. In both
caes, error bands correspond to the error associated to
the pion re-weighting.

The actual large uncertainty over the replica target re-weighting factors can be significantly reduced by the high
statistics data that were taken in 2009-2010 (currently being analyzed) as well as a dedicated V0 analysis for the
T2K replica target analysis [9]. The full set of replica target data from the NA61/SHINE experiment will allow
to reach the 5% uncertainty on neutrino flux for the near and far detector, as required to reach T2K physics goals.
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The T2K Beam Tuning with NA61/SHINE Measurements

Consider ratios ωNA61
π (p, θ, z) = nNA61

πdata/n
NA61
πMC for model tuning (n = numer of π/proton on target)
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Propagating these results in the T2K beam simulation:
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Pilot Analysis based on 2007 low statistics Data set
”Pion emission from the T2K replica target: method, results and application”
Nuclear Inst. and Methods in Physics Research, A (2013) pp. 99-114
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Summary

The NA61/SHINE experiment has proved it’s ability to deliver high quality data used for Cosmic Ray
physics and Neutrino Physics programs

Preliminary results of hadrons spectra from pion-carbon interactions at 158 and 350 GeV/c have been
released

All data requested by the T2K long baseline experiment have been recorded

8 particle species are extracted for p+C at 31 GeV/c:

π±, K±,K 0
s and protons released

analysis for Λ and anti-protons is ongoing

3 articles have been published from p+C at 31 GeV/c

Measurement of Production Properties of Positively Charged Kaons in Proton-Carbon Interactions at
31 GeV/c; Phys.Rev. C85 (2012)
Measurements of Cross Sections and Charged Pion Spectra in Proton-Carbon Interactions at 31
GeV/c; Phys.Rev. C84 (2011)
Pion emission from the T2K replica target: method, results and application; Nuclear Inst. and
Methods in Physics Research, A (2013)

NA61/SHINE published results have been extensively used and have contributed to the recent
achievements of the T2K experiment. Detailed explanations have been published in an article by the T2K
collaboration (T2K neutrino flux prediction; Phys. Rev. D 87,(2013)). Future results with the thin (2cm)
and T2K replica graphite target analyses will allow to further improve the T2K neutrino flux prediction.

NA61/SHINE plans to continue taking hadron production measurements for future neutrino program at
Fermilab and for long base line neutrino experiments
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