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NA61/SHINE at the CERN SPS
SHINE – SPS Heavy Ion and  Neutrino Experiment

 Fixed target experiment in the north area of the CERN SPS
 Based on the upgraded NA49 detector
 Started in 2007
 Beams:

Ions (secondary: Be, primary: Ar and Xe)                           
      at 13A - 158A GeV/c

Hadrons (secondary): p at 13 - 158 GeV/c,                        
      π− at 158 and 350 GeV/c, K- at 158 GeV/c

photo: http://www.flickr.com/photos/spadger/4778710400/in/photostream/
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NA61/SHINE physics program: 
Hadron production in p+p, p+A, h+A, A+A at various energies

 Heavy ion program - spectra, fluctuations, correlations

search for the critical point of strongly interacting matter
study of the properties of the onset of deconfinement
study high p

T 
particles (energy dependence of nuclear modif. factor) 

 Neutrino and cosmic-ray physics programs - precision data on hadron 
production (spectra)

reference measurements of p+C interactions for the T2K experiment for 
computing initial neutrino fluxes at J-PARC
reference measurements of p+C, p+p, π+C, and K+C interactions for 
cosmic-ray physics (Pierre-Auger and KASCADE experiments) for 
improving air shower simulations

 Considered extensions beyond the approved program 
measurements of Pb+Pb collisions for the ion program                                                 
(+ open charm and multi-strange particles, high p

T
 spectra)

measurements for the Fermilab neutrino program
measurements for the CERN (LBNO) neutrino program



  

LMPD

 Four large volume Time Projection 
Chambers (TPCs): VTPC-1, VTPC-2 (inside 
superconducting magnets), MTPC-L, MTPC-
R; measurement of dE/dx and p. Time of 
Flight (ToF) detector walls.
  
 Projectile Spectator Detector (PSD) for 

centrality measurement (energy of projectile 
spectators) and determination of reaction 
plane; resolution of 1 nucleon (!) in the 
studied energy range (important for 
fluctuation analysis).

  Helium beam pipes inside VTPC-1 and 
VTPC-2 (to reduce δ-electrons).

 Z-detector (measures ion charge for on-line 
selection of secondary ions, A-detector (measures 
mass composition of secondary ion beam).

 Low Momentum Particle Detector (LMPD)  for 
centrality determination in p+A; measures target 
nucleus spectators.

PSD

 Large acceptance: ≈ 50%
 High momentum resolution:  
 σ(p)/p2≈10-4(GeV/c)-1 (at full B=9 T∙m)
 ToF walls resolution: 
 ToF-L/R: σ(t)≈60 ps;  ToF-F: σ(t)≈120 ps
 Good particle identification:

   σ(dE/dx)/<dE/dx>≈0.04; σ(minv)≈5 MeV

 High detector efficiency: > 95%
 Event rate: 70 events/sec
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Status of the NA61 data taking 
within the heavy ion program

Status of the NA61 data taking 
within the neutrino and CR programs

Considered extension of ν-program for 
CERN (LAGUNA-LBNO) and US experiments 
(MINERνA, MINOS, NOνA and future LBNE)
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              Results from neutrino and cosmic-ray physics programs Results from neutrino and cosmic-ray physics programs 
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Reference measurements by NA61/SHINE for neutrino physics

The T2K experiment published a 
measurement of 

13
 angle in the neutrino 

mixing matrix (PRL 107, 041801 (2011)).

Systematic error estimate based on the 
NA61/SHINE results (next page).

 Precision measurements of hadron production to precisely predict neutrino fluxes at J-PARC.
 T2K experiment: p+C→π, K,…→νµ, …. Interactions of ν observed at Near detectors and Far 

detector (SK). Looking for ν oscillations: νµ 
→ ν

e 
(osc. characterized by Far-to-Near flux ratios). 

Corrections and sys. error estimate depend on knowledge of p + C → π+-, K+-, … production. 
 NA61 helps to determine initial ν flux using reactions: p+C at 31 GeV/c and p+C(LT) at 31 GeV/c.  
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K+

Pion spectra: PR C84, 034604 (2011)

Kaon spectra: PR C85, 035210 (2012)

\

Comparison 
to FLUKA2002

Charged pion and kaon spectra in p+C at 31 GeV/c

The published pion spectra in p+C at 31 GeV/c (PR C84, 034604 (2011)) are already 
used to improve beam neutrino flux predictions and to adjust models (UrQMD 

1107.0374, Fritiof 1109.6768) used in neutrino and cosmic-ray experiments

Recently obtained pion spectra in p+C(LT) at 31 GeV/c (T2K replica target) result in very 
similar values of neutrino flux – see NIM A701, 99 (2013)

Used by T2K for precise prediction of high 
energy tail and νe content of ν beam
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K0
S
 and Λ spectra in p+C at 31 GeV/c

NA61 preliminary

In production processes 
of p+C at 31 GeV/c 
<K0

S
> = 0.125 ± 0.007 

(stat) ± 0.020 (sys) 
 
Inclusive cross section 
σ(K0

S 
) = 28.58 ± 1.85 (stat) 

± 4.62 (sys) [mb]

K0
S
 production measured to better constrain the ν

e
 and ν

e 
  flux at high momenta, and 

to reduce model dependence of feed-down correction (π-  from Λ and K0
S
) 
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 Measurement of particle production spectra for Pierre-Auger and KASCADE experiments to 
improve air shower simulations. Primary cosmic ray is identified by the properties of the 
produced air shower. Problem: large systematic uncertainties of models used for simulations. 
Shower evolution strongly depends on the  π+- + air nucleus → π+-, K+-, p, ... production 
(SPS energies).
 Special 'cosmic runs': π−+C at 158 and 350 GeV/c, C – close to mass of air nuclei
 Also useful:

p+C at 31 GeV/c 
p+p scan from 13 to 158 GeV/c

Modern detector installations:
high statistics/quality data

Indirect measurement
(extensive air showers):

simulations needed

Strong model dependence: due mainly
to simulation of muon production

Cosmic ray composition
of central importance for
understanding sources,

kink, ankle...

Muon production related to hadronic
interactions at fixed-target energies

Reference measurements by NA61/SHINE for cosmic-ray physics

Study of particle 
production in last 
generation of air 
shower cascade

KASCADE
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π- + C → h- + X

N
A

6
1

 d
a

ta
/E

P
O

S

Charged hadrons in π -+C at 158 and 350 GeV/c

p = 0.6, …, 121 GeV/c in steps of lg p/(GeV/c) = 0.08

Input for validation/tuning of 
Monte Carlo generators. 
Compared with models: EPOS1.99, 
UrQMD1.3.1, Fluka2011, QGSJet, etc.
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                Results from heavy ion program Results from heavy ion program 

Do not miss other NA61/SHINE presentations: 

 Results on spectra and yields → talk by Szymon Puławski (Wednesday, Parallel Session (2))
 Results on chemical and multiplicity fluctuations → talk by Maja Maćkowiak-Pawłowska 

(Wednesday, Parallel Session (1))
 Results on fluctuations and correlations of kinematic variables 

→ poster by Tobiasz Czopowicz
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 Search for the Critical Point  
Search for a maximum of CP 
signatures: fluctuations of N, average 
p

T 
, etc., intermittency, when system 

freezes out close to CP

 Study of the properties of the 
Onset of Deconfinement  
Search for the onset of the 
horn/kink/step in collisions of light 
nuclei; additional analysis of 
fluctuations and correlations 
(azimuthal, particle ratios, etc.)Estimated (NA49) and expected (NA61) chemical 

freeze-out points according to  PR C73, 044905 (2006) 

The most interesting region of the phase diagram is accessible at the SPS 
 Onset of deconfinement at ≅ 30A GeV   PR C77, 024903 (2008)

 Critical point? Example: (TCP, µ
Β

CP ) = (162±2,  360±40) MeV  JHEP 0404, 050 (2004)

NA61/SHINE heavy ion program

Comprehensive scan in the whole SPS 
energy range (13A-158A GeV) with 
light and intermediate mass nuclei
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        Spectra and Yields in p+p collisions Spectra and Yields in p+p collisions 

1. h-  analysis method – majority of negatively charged particles are π- mesons. 
Contribution of other particles is subtracted using VENUS and EPOS models. 
2. dE/dx analysis uses information on energy loss in the TPC gas to identify particles 
(Bethe-Bloch relativistic rise region used)

The results are corrected for particles from weak decays (feed-down) and the detector effects 
using simulations. Out of target interactions are subtracted using events recorded with empty 
liquid hydrogen target.

π - (from h-)              π+ (from dE/dx)         K- (from dE/dx)            p (from dE/dx)
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π+-, K- and p transverse momentum spectra from p+p interactions 

π+-, K- and p rapidity spectra in p+p at 158 GeV/c (comparison with NA49) 

NA61 results from different methods (dE/dx and h-) and NA49 results agree

NA49 p+p data: EPJ C45, 343 (2006); EPJ C65, 9 (2010); EPJ C68, 1 (2010)
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π− transverse mass spectra in p+p interactions 

Shape differs significantly between p+p and central (7%) Pb+Pb collisions due to
transverse collective flow in Pb+Pb. No change with collision energy.

Pb+Pb results on central (7%; 5%) collisions measured by NA49: 
PR C66, 054902 (2002); PR C77, 024903 (2008)
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proton transverse mass spectra in p+p interactions 

Shape differs significantly between p+p and central (7%) Pb+Pb collisions due to transverse 
collective flow in Pb+Pb. In first approximation differences don't change with collision energy.

Pb+Pb results on central (7%; 5%) collisions measured by NA49: PR C73, 044910 (2006)
(y intervals: -0.32 < y < 0.80 for 40A GeV/c, -0.37 < y < 0.30 for 80A GeV/c, -0.50 < y < -0.1 for 158A GeV/c)
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Schnedermann, Sollfrank, Heinz, 
PR C48, 2462 (1993)

m
T
 spectra in p+p collisions at 158 GeV/c fitted with Blast Wave Model 

Transverse mass spectra are approximately exponential in p+p interactions. In central 
Pb+Pb collisions the exponential dependence is modified by the transverse flow.

dN i

mT dmT dy
=A imT K 1(mT coshρ

T ) I 0( pT sinhρ

T )
ρ=atanhβT
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Kink, step, dale plots – studying the properties of the onset of deconfinement 

 π- multiplicity at the SPS 
energies increases faster in 
central Pb+Pb than in p+p 
collisions (kink). The two 
dependences cross at about 
40A GeV

 Inverse slope parameters T of 
m

T
 spectra at the SPS energies 

show different behavior in 
central Pb+Pb (step) than in 
p+p (smooth increase)

 
 The dale appears to be 

present also in p+p reactions

NA61 precision sufficient to study properties of the onset of deconfinement

Yad. Fiz.16, 395 (1972):

σ y
2
(π

-
)=

8
3

cs
2

1−c s
4 ln (√sNN /2m p)

F≈sNN
1 /4
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              Chemical (particle type) and multiplicity fluctuations Chemical (particle type) and multiplicity fluctuations 

For Poissonian mult. dist. ω = 1
Intensive measure: in WNM 
ω independent of N

W
 but 

dependent on fluctuations of N
W

In experiment chemical fluctuations of identified particles multiplicities may be distorted by 
incomplete particle identification.

Results on chemical fluctuations in NA49 and NA61 presented here are corrected for 
misidentification using the unfolding procedure of the identity method:
Gaździcki, Grebieszkow, Maćkowiak, Mrówczyński, PR C83, 054907 (2011); 
Gorenstein, PR C84, 024902 (2011); 
Rustamov, Gorenstein,  PR C86, 044906 (2012).

Fluctuations cannot be corrected for the limited acceptance → results are presented 
in NA61 acceptance (https://edms.cern.ch/document/1237791/1)

For independent particle emission   = 0
Strongly intensive measure: in WNM 
 independent of N

W 
and fluctuations of N

W



  21

 ω
p+p 

and ω
p
 < 1 probably due to 

baryon number conservation.  
ω

p 
and ω

p+p  
similar (small fraction 

of antiprotons).

 ω
K 

> 1 probably due to 
strangeness conservation.     
ω

K+ 
close to 1 and < ω

K
, which 

suggests that strangeness 
conservation contributes to ω

K
.

 
 Increase of ωπ with energy 

reflecting increase of ω
Nch

 
measured in full phase-space   
(see PR 351, 161 (2001)).  ωπ+< ωπ 

possibly due to charge 
conservation. 

 ωπ and ω
Nch similar at higher 

energies (at lowest energies the 
fraction of protons is significant).

 HSD and EPOS model predictions 
are similar to experimental results.

Scaled variance of the multiplicity distributions in p+p interactions

-

-
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 Φπ(p+p)
 and Φπ+p

< 0 most probably 

due to charge conservation and 
resonance decays (PR C70, 064903 
(2004)). Similar tendency for NA61 
p+p and NA49 Pb+Pb.

 In p+p ΦπK 
> 0 probably due to 

strangeness conservation       
(Φπ+Κ+  

close to 0 supports this 

interpretation). For p+p ΦπK 
slightly

 

increases with energy; such effect 
not visible for NA49 Pb+Pb.

 Very weak increase of Φ (p+p)K 
with energy in p+p data, whereas 
for Pb+Pb Φ(p+p)K decreases with 
energy (high momentum part removed 
from NA49 Pb+Pb data). For both 
systems Φ (p+p)K crosses zero at 
middle SPS energies. No energy 
dependence of ΦpK+.

 EPOS and UrQMD model predictions 
are similar to measurements in p+p.

Φ measure of chemical fluctuations: comparison of p+p with central Pb+Pb (NA49) collisions

-

-

-

-
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              Transverse momentum fluctuations Transverse momentum fluctuations 

 The results are corrected for the effect of 
contamination from non-target interactions 
→ see PAN 75, 567 (2012) [arXiv:1101.0710]. 
Only statistical uncertainties are shown.

 Corrections for detector effects (detector 
inefficiencies, trigger bias) - in progress.

20 GeV

158 GeV



  

Transverse momentum fluctuations: 
p+p within the Pb+Pb selection cuts

To compare results of p
T
 fluctuations,            

NA49 cuts were applied to NA61 data. In NA49:
 because of high density of tracks, analysis was 

limited to forward-rapidity region (1.1 < yπ < 2.6)

 common azimuthal acceptance for all energies 

NA49 acceptance 
(common for all energies): 

forward-rapidity 1.1< yπ < 2.6 and 
limited azimuthal angle

p+p p+p p+p

By applying NA49 cuts Φ
pT

 in p+p decreases (mainly because of narrower rapidity range). 

NA61 plans to extend the physics program to repeat and complement NA49 Pb+Pb 
measurements. The new He beam pipes reduce the number of δ-electrons in VTPCs   
by a factor of 10 and allow to extend the acceptance towards mid-rapidity.
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No indications of 
CP in NA49 

Pb+Pb and in 
NA61 p+p. 

We are waiting for 
the results from 
Be+Be, Ar+Ca, 

and Xe+La.

for Pb+Pb

p+p 
(NA49 acc)

Pb+Pb

Comparison of Φ
pT

 between p+p and Pb+Pb collisions (NA49: PR C79, 044904 (2009)) 

in the NA49 phase-space cuts. No significant difference is observed.



  26

    ∆φ ∆φ – – ∆η∆η correlations   correlations  

 Maximum at (∆φ,∆η) = (0,π), better visible in narrow mult. 
bins. Resonance decays and momentum conservation.
 Coulomb and quantum effects contribute to a weak 

enhancement at (0,0).

p+p 
at 158 GeV/c

(all pairs)

By dividing two-particle correlations analysis into multiplicity bins one can study contributions of certain phenomena to 
the inclusive correlations (e.g. resonance decays). See also ZPC 64, 301 (1994).
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p+p at 158 GeV/c
(pairs of negatively charged particles)

 Practically no resonances which decay into two negatively 
charged particles.
 Very low momentum conservation hill visible at (0,π) on 

averaged distribution and on multiplicity bins distributions. 
Quite difficult to observe, because it is masked by:
 Quantum statistics hill at (0,0).
 Hill at (3,π) for multiplicity selected correlations. Probably 

global momentum conservation.



  

SummarySummary
NA61/SHINE at CERN SPS performs measurement for three different programs:
 Neutrino physics   &   Cosmic-ray physics
 Ion program

Published pion spectra in p+C interactions at 31 GeV/c were already used to improve beam 
neutrino flux predictions in T2K and to adjust models used in neutrino and cosmic-ray 
experiments.

Charged kaon spectra in p+C at 31 GeV/c were published; numerous preliminary results     
(K0

S
, Λ, protons in p+C at 31 GeV/c, h- in π−+C at 158 GeV/c and 350 GeV/c) are released.

π- spectra in p+p at 20-158 GeV/c, as well as π+, K- and p spectra in p+p at 40-158 GeV/c, were 
shown. They confirm that NA61 precision is sufficient to study the properties of the onset 
of deconfinement. Interesting result: the dale is also present in p+p interactions.

Conservation laws play important role in chemical and multiplicity fluctuations in p+p. 
Fluctuations of p+p with respect to K show different behavior in p+p (NA61) and Pb+Pb 
(NA49) but in both systems they change sign at middle SPS energies. Models (EPOS, HSD 
UrQMD) nicely reproduce tendency of NA61 p+p data.

p
T
 fluctuations (pilot results) in p+p at 20-158 GeV/c are significant in the acceptance of NA61 

and consistent with zero when additional cuts, as used in the energy scan of Pb+Pb in NA49 
(forward-rapidity), are applied. Improvements of NA61 detector (i.e. He beam pipes) will allow 
to study fluctuations in the complete rapidity range available in NA61.
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NA61/SHINE CollaborationNA61/SHINE Collaboration

~150 participants  
from 16 countries

KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary
The Universidad Tecnica Federico Santa Maria, Valparaiso, Chile
Faculty of Physics, University of Warsaw, Warsaw, Poland
Faculty of Physics, University of Sofia, Sofia, Bulgaria
Karlsruhe Institute of Technology, Karlsruhe, German
Joint Institute for Nuclear Research, Dubna, Russia
Warsaw University of Technology, Warsaw, Poland
Fachhochschule Frankfurt, Frankfurt, Germany
Jan Kochanowski University in Kielce, Poland
University of Geneva, Geneva, Switzerland
University of Belgrade, Belgrade, Serbia
Baku State University, Baku, Azerbaijan
Jagiellonian University, Cracow, Poland
University of Silesia, Katowice, Poland
University of Athens, Athens, Greece
ETH, Zurich, Switzerland
University of California, Irvine, USA
University of Bern, Bern, Switzerland
University of Bergen, Bergen, Norway
University of Wrocław, Wrocław, Poland
Rudjer Boskovic Institute, Zagreb, Croatia
University of Frankfurt, Frankfurt, Germany
Institute for Nuclear Research, Moscow, Russia
LPNHE, University of Paris VI and VII, Paris, France
National Center for Nuclear Studies, Warsaw, Poland
St. Petersburg State University, St. Petersburg, Russia
Institute for Particle and Nuclear Studies, KEK, Tsukuba, Japan
Laboratory of Astroparticle Physics, University Nova Gorica, Nova Gorica, Slovenia
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Back-up slidesBack-up slides
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Arguments for the energy scan 
with Pb+Pb collisions:

NA49 energy scan:
NA49 published results from central 
Pb+Pb at 20A, 30A, 40A, 80A, 158A GeV 
(event statistics ~400k events/reaction). 
No minimum bias data at 20A, 30A, and 
80A GeV, also data at 13A GeV were not 
recorded. Reanalysis of NA49 data by 
NA61 difficult - NA49 raw data do not exist, 
compatibility of NA49 and NA61 rec. chain 
and software is lost. 
STAR BES:
High statistics data on min. bias Au+Au at several energies in the SPS range down to 30A GeV. 
Data at 13A and 20A not recorded. Results suffer from: narrow acceptance around mid-rapidity, 
significant low p

T
 cut, lack of possibility for an unbiased centrality selection. 

NA61/SHINE:
In its energy-(system size) scan NA61 registers data of higher statistics (x10) and resolution (PSD, 
He beam pipe) than NA49. New trigger (T1, T2), calibration (dE/dx) and analysis (identity) 
methods were developed for NA61; they should significantly decrease systematic errors.
New quantities were proposed to increase sensitivity to the physics of onset of deconfinement and 
critical point (proton, di-pion intermittency, strongly intensive quantities).

Upgrade by a vertex detector should allow for high statistics measurements of open charm 
production (no detailed measurement of open charm production in A+A is available around SPS 
energies). Open charm production measurement possible at NA61 experiment. With 50M 
160A GeV Pb+Pb(0-5)%: 5M D0 expected. Preferred decay channel: D0 → K- + π+ (BR=3.87%).
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Pb

primary Pb beam 
from the SPS

Pb beam fragments  fragmentation 
target

Fragment
separator

Fragment separator used by NA61 to produce clean light-ion beams (for example Be)

Secondary ion beam production in NA61

 Fragmentation target length optimized to 
maximize the desired fragment production 
 Double magnetic spectrometer separates 

fragments according to the selected 
magnetic rigidity  
 Degrader (Cu plate where ions lose 

energy dE/dx ~ Z2) allows to reach 
required beam purity

Test run in 2010
Primary Pb beam at 13.9A GeV/c corresponds to 12.75A GeV/c secondary 
light (A≈10) ion beam (difference is caused by energy loses in fragmentation 
target and degrader) 
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Z-detector

measures charge of ions in secondary ion beams (on-line selection)

The Quartz (2.5 mm) Cerenkov 

7Be, 75A GeV/c
A-det vs Z-det

The Quartz Detector (QD) with a quartz (GE214P) plate 
160x40x2:5[mm] as the radiator is equipped with two photo- 
multipliers (X2020Q) attached to both sides of the quartz plate
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A-detector

measures mass (tof, 140 m upstream of the target) of ions in secondary ion beam

11C

12C

7Be

σ(tof)  100 ps

pure  7Be beam is possible
( 6Be and  8Be decay fast)

new A-detector
during the 2011 test

The tof spectra measured during the 2010 test:

Plastic scintillator bar 150 x 5 x 15 mm3 with 
light readout from both ends
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Beam Position Detectors

Be @ 75A GeV/c

Beam focused in the target region

BPD1       →        BPD2       →         BPD3

Be @ 40A GeV/c

Beam tracks: from BPD2 to the end of MTPC

BPD2       TARGET          TPC



  36

Low Momentum Particle Detector (LMPD)

Projectile (p, h) hits nucleons when passing through a 
nucleus (A). Some of hit nucleons can knock out other 
nucleons (“grey” nucleons). Centrality of p+A/h+A 
is correlated to the number of grey target 
protons with low momenta. 

LMPD – physics objectives:
 h+A interactions: low momentum (grey) particles 

measurement (energy and identification). Number of 
these slow particles is sensitive to the centrality of 
the collision → centrality detector
 A+A interactions: backward multiplicity (if it can 

work in high multiplicity environment) 

Two small size TPCs with 4 absorber 
and 5 detection layers each

Fig. B. Boimska 
PhD thesis
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37

High pT physics: nuclear modification factor R

Not sufficient p+p and p+Pb statistic in 
NA49 and WA98 
NA61 will study R for 13A-158A GeV

NA61/SHINE

p+p

p+Pb
central
Pb+Pb

co
u

n
ts

/(
G

eV
/c

)

NA49 at 158A GeV

charged pions

NA61 program: 50M p + p i p + Pb @ 158 GeV
(reference for the NA49 Pb + Pb @ 158A GeV data)



  38

 Channeling of high intensity heavy ion beam through the gas volume of the Vertex 
TPCs has limitations when compared to proton beam

 Delta electrons produced in the gas volume inside VTPCs from heavy ion beam-
gas interactions (electrons kicked off from TPC gas atoms by beam ions/spectators) 
may significantly increase the background in TPCs and distort measurements of 
event-by-event fluctuations 

Example of the effect 
from a single δ-electron 
in VTPC-1 (spiralling 
low-energy knock-on 
electron)

Registered in 2009 

Installation of the helium beam pipes in the VTPC gas cage (around the 
beam line) - a reduction of the delta-electron background by a factor of 10 

VTPC-1 VTPC-2

He beam pipes 
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 Helium-filled beam pipes were 
successfully mounted inside fragile  
detectors (in both Vertex TPCs)

 Measurements show significant decrease 
of secondary interactions with He beam 
pipes installed

Without He beam pipes

With He beam pipes

Position of the reconstr. 
interaction point along the 
beam direction
p+p collisions at 158 GeV
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Precise measurement of the energy 
of projectile spectators.

. 
Needed for

 centrality selection (on trigger level)
 measurement of event-by-event fluctuations 

(to reduce N
part

 fluctuations)
 Reconstruction of the reaction plane

Main features of PSD:
  high energy resolution ~55%/E 
  high granularity: transverse homogeneity of        

energy resolution, reaction plane measurements

PSD

Fig. 1. Front view of the PSD on moving platform.

Resolution of 1 nucleon (!) 
in the studied energy range

NA61 PSD central modules

120 cm

Total weight   
∼ 17 tons!

Projectile Spectator Detector (PSD)

Compensating calorimeter (44 modules, 16 
central in trigger)
Pb/scintillator (4/1) sandwich
Modules 10 x 10 x 120 cm3 and 20 x 20 x 120 cm3
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Spectrum of 
PSD energy for 
all triggers 

d He

Be

Correlation: PSD energy and Z-det.  (75A GeV/c)

7Be

W/o Z cuts
Beam trigger

Z cuts are applied
Be beam trigger

Energy in PSD

Be
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p+C at 31 GeV/c

1 < p < 2 GeV/c 2 < p < 3 GeV/c 4 < p < 5 GeV/c
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Comparison to Gheisha2008

NA61 preliminary

← Comparison of K0
S
 

mean multiplicity in p+C 
at 31 GeV/c with those 
from p+p interactions. 

In production processes of p+C at 31 GeV/c 
<K0

S
> = 0.125 ± 0.007 (stat) ± 0.020 (sys) 

Inclusive cross section:
σ(K0

S 
) = 28.58 ± 1.85 (stat) ± 4.62 (sys)  [mb]

Wounded Nucleon Model scaling factor = 2/N
w
 = 

2/2.524
 
Independent Collisions Model scaling factor = 
1/N

W target
 = 1/1.524

Mean Number of Collisions scaling factor = 1.6 
(in different models this number varies from 1.5 
to 1.7) 

(arXiv:1107.0374)

Comparison to UrQMD 1.3.1
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proton spectra in p+C at 31 GeV/c

NA61 preliminary

Significant contribution to 
the error on the neutrino 
flux come from poor 
knowledge of secondary 
proton interactions
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π+ spectra in p+C(LT) at 31 GeV/c

Recently obtained pion spectra in p+C(LT) at 31 GeV/c (T2K replica target) result in 
values of neutrino flux very similar to those obtained in p+C at 31 GeV/c (thin target). 
Fig. from NIM A701, 99 (2013).

π+

A large fraction (up to 40%) of the neutrinos originates from particles produced by re-interactions of 
secondary particles in the target, which for T2K is 90 cm long. This contribution is difficult to calculate 
precisely and thus motivates a careful analysis of the data taken with the long target. 
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Measuring cosmic-ray composition
Example: cross section and spectra measurements

Input for validation/tuning of Monte Carlo generators:

EPOS1.99
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Average pAverage p
TT and multiplicity fluctuations: dependence on phase diagram coordinates  and multiplicity fluctuations: dependence on phase diagram coordinates 

all chargedall charged two locations of 
CP consideredCP

2
CP

1

ξ = 6 fm  (dashed)
ξ = 3 fm  (solid)

ξ(Pb+Pb)=6 fm  ↘ ξ(p+p)=2 fm 
(dashed), and 3 fm  ↘ 1 fm (solid)

Maximum of Φ
pT

 and ω 
observed for C+C and Si+Si 

Data are consistent with 
the CP

2
 predictions

NA49: see Nucl. Phys. A830, 547C-550C 
(2009) for details
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        Summary of critical point search in NA49Summary of critical point search in NA49

  System size dependenceSystem size dependence  (p+p, C+C, Si+Si, Pb+Pb)  of fluctuations at 158of fluctuations at 158AA GeV GeV

all charged

CP assumed at freezout of 
p+p at 158A GeV

 

ξ(Pb+Pb)=6 fm  ↘ ξ(p+p)=2 fm (dashed), 
and 3 fm  ↘ 1 fm (solid)

Nucl. Phys. A830, 547C-550C (2009); 
Acta Phys. Polon. B 43, 609 (2012); 
NA49 arXiv:1208.5292v1   

Fluctuations of 
 average p

T
 

 multiplicity
 average azimuthal angle (?)
 multiplicity of π+π- pairs
 net-proton density 

tend to a maximum in Si+Si 
(Si+A) collisions at 158A GeV

→ strong motivation for 
future experiments

Intermittency in π+π- pairs

Intermittency 
in net protons

+A 
(A=Si, Al, P)

+A 
(A=C, N)

+Pb
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2D spectra from dE/dx and h- analysis in p+p interactions

(from h-)
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π+-, K- and p transverse momentum spectra in p+p collisions 
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The width of the rapidity 
distribution is smaller in 
p+p than in central 
Pb+Pb collisions. No 
significant difference of 
energy dependence in p+p 
and Pb+Pb. Pb+Pb: PR C66, 
054902 (2002), PR C77, 024903 
(2008).
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158 AGeV

arXiv:0806.0286

p+p       C+C  Si+Si    Pb+Pb 

158A GeV (√s
NN

 = 17.3 GeV)

fits for
NA49 data
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νdyn( Particle1 , Particle2 )=
〈 N 1(N 1−1)〉

〈 N 1 〉
2 +

〈N 2(N 2−1)〉

〈N 2 〉
2 −

2 〈 N 1N 2 〉

〈N 1 〉 〈N 2 〉

νdyn≈sgn (σdyn)σdyn
2

Problems with σ
dyn

?        Let's test both σ
dyn 

(or ν
dyn

) and Φ/ on fast generators

Old known quantities now used for chemical fluctuations:
Φ and  - strongly intensive measures of fluctuations (do not 
depend on volume and volume fluctuations)

Φ chemical
 (p

T
, φ → x)

Here for system composed by kaons and pions we use 
x = 1 for kaons
x = 0 for pions

zx=x− x̄ ;    x̄  - inclusive average

event variable Z x=∑
i=1

N

(x i− x̄)

Φx=√〈Zx
2
〉

〈N 〉
−√ z̄x2

Ψx=
〈 Zx

2
〉

〈N 〉
− z̄x

2

Simulation of 
independent 
particle 
production

Grebieszkow, 
unpublished
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 ν
dyn

 and thus σ
dyn 

are not intensive measures 

 ratio fluctuations scale roughly as the inverse of the accepted multiplicity  σ
dyn

2 ~ 1/<N>
accepted

 => rise toward low √s in K/π fluct. due to low multiplicity rather then due to deconfinement (as 
originally believed)

 Moreover: all existing chemical fluctuation measures are sensitive to non-perfect 
particle identification :(

Solution: identity method (→ see Gaździcki, Grebieszkow, Maćkowiak, Mrówczyński, PR C83, 054907 

(2011)). Advantages: e-by-e fits of particle ratios not required (only global dE/dx fits), mixed 
events as reference not required, effect of limited dE/dx resolution can be corrected in a 
model independent way.
x

i
 (assumed ID) replaced by identity w

i
(dE/dx) = ρ

i
(dE/dx)/ρ(dE/dx) measuring the 

probability that the particle is pion or kaon or proton or electron, etc.
Original idea developed and improved in: PR C84, 024902 (2011), PR C86, 044906 (2012) and 
currently applied to NA49 and NA61 data (M. Maćkowiak-Pawłowska, A. Rustamov).

PR C83, 054907 (2011)
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Identity method
In experiment chemical fluctuation of identified particles multiplicities may be distorted by the

incomplete particle identification.

The identity method allows to obtain second and third 
moments (pure and mixed) of identified particle multiplicity 
distribution corrected for misidentification effect.

(i: π, p, K)
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See PR C84, 024902 
(2011), PR C86, 044906 

(2012) for the details of the 
matrix used in calculations For perfect particle identification W

i
 

distribution equals the multiplicity distribution.

Details of identity method: 
PR C83, 054907
PR C84, 024902
PR C86, 044906)
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Multiplicity fluctuations in p+p increase linearly with < N
ch

 > in full phase-space 
(KNO Scaling) - Phys. Rept. 351, 161 (2001)
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Common NA61/SHINE and NA49 acceptance for chemical fluctuations
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p
T
 fluctuations

NA49:
  0.005 < p

T
 < 1.5 GeV/c

 Common azimuthal acceptance → 
the acceptance for the lowest energy
 Forward rapidity 1.1 < y*

π
  < 2.6

 Additional cut y*
p
 < y*

beam
 – 0.5   

NA61/SHINE:
 p

T 
< 1.5 GeV/c

 Azimuthal and rapidity range as available by NA61 detector
 NA61/SHINE uses a cut to remove events in which beam 

protons were elastically scattered. It skips events, where there    
is only one, positive particle with total momentum close to the 
beam momentum.

p+p p+p p+p



  

p+p at 158 GeV/c
(pairs of positively charged particles)

 Low resonance (possible ∆++) and momentum 
conservation hill at (0,π) for averaged distribution. 
Better visible for narrow multiplicity bins
 Hill in (∆φ,∆η)=(0,0): quantum statistics effects.

Remark for all possible charge combinations: the azimuthal angle 
is folded (to improve statistics): if ∆φ > π then ∆φ = 2π −∆φ

Correlation function ratio is calculated and normalized in restricted ∆η region: 0 < ∆η < 3. Event and track cuts were chosen 
to select only inelastic interactions with particles produced in strong and EM processes within the NA61 acceptance.
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New period in the
experimental study of 

A+A collisions at the SPS
energy range started
in 2009 with the p+p

energy scan of NA61/SHINE
at the CERN SPS

Programs complementary to NA61/SHINE 

CERN SPS (NA61) 
BNL RHIC (STAR, PHENIX)
JINR NICA (MPD)
GSI FAIR SIS-100/300 
(HADES+CBM, CBM)
JINR NUCLOTRON-M (BM@N)

2009(11) ↗
2010  ↗
2017  ↗
2017(19)  ↗
2009  ↗
2015 ↗
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