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NA61/SHINE, the successor to NA49
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SPS Heavy Ion and 
Neutrino Experiment

Aims: 
• Search for QCD critical point at SPS energies 
• Reference measurements for neutrino beams 
• Reference measurements for cosmic ray physics 
• Study of particle production at high pt

Collaboration of 
~140 physicists from 
28 institutes and 14 countries 
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Physics program of NA61/SHINE
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NA61/SHINE

≈ 140 physicists from 14 countries and 28 institutions

 

Strong interactions physics 
• search for the critical point of strongly interacting matter
• study of the properties of the onset of decon�nement
• heavy quarks: direct measurement of open charm at    

SPS energies

Neutrino and cosmic ray physics
• hadron measurements for the J-PARC neutrino program
• hadron measurements for the Fermilab neutrino program
• measurements for cosmic ray physics (Pierre-Auger and 

KASCADE experiments) for improving air shower 
simulations

• measurements of nuclear fragmentation cross sections of 
intermediate mass nuclei needed to understand the 
propagation of cosmic rays in our Galaxy
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cosmic ray groups: KIT (Germany), Uni. Hawaii (USA), Uni. Silesia (Poland)
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Groups mainly interested in cosmic-ray physics:  
                       KIT (Germany), Uni. Hawaii (USA), Uni. Silesia (Poland)  
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SPS proton 
or lead beam

Different energies and secondary particles or spallation products from ion beams possible

NA61/SHINE at the SPS H2 Beam Line



Detector components and layout (i)
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NA61/SHINE Detector

• large acceptance≈ 50% at pT ≤ 2.5GeV/c

• momentum resolution: σ(p)/p2 ≈ 10−4(GeV/c)−1

• tracking efficiency: > 95%, pid with dE/dx and ToF



Detector components and layout (ii)
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NA61/SHINE Detector

• large acceptance≈ 50% at pT ≤ 2.5GeV/c

• momentum resolution: σ(p)/p2 ≈ 10−4(GeV/c)−1

• tracking efficiency: > 95%, pid with dE/dx and ToF
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 NA61 Main TPC 



Cosmic-ray physics with NA61 (2009, 2018)
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Example: display of typical NA61 event
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Particle Production Measurement with NA61/SHINE

π−+C interaction at 158 GeV/c



Particle identification (i)
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Energy deposit from TPCs

Particle Identification

energy deposit in TPC:
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Mass estimate from time of flight
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Particle identification (ii)
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Particle Identification
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Particle Identification
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• Momentum and charge sign from deflection 

• Combining dE/dx and TOF improves particle 
identification at high energy 

• dE/dx needed for electron subtraction
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The Cosmic-Ray Program of the NA61/SHINE Facility at the CERN SPS

• Particle Production in Air Showers
• p+C Interactions

(31, 60, 90, 120 GeV/c)

• π+C Interactions

← this talk

(30, 60, 158, 350 GeV/c)

• Galactic Cosmic Rays
• d, d̄ and p̄ Production

(p+p at 20, 31, 40, 80, 158, 400 GeV/c)

• Nuclear Fragmentation
(C+C, C+CH2 at 13.5 AGeV/c)

PRC 84 (2011) 034604, PRC 85 (2012) 035210, PRC 89 (2014) 025205, EPJ C74 (2014) 2794, EPJ C76 (2016) 84, EPJ C76 (2016) 198, EPJ C77 (2017) 671

EPJ C77 (2017) 626, PRD 98 (2018) 052001, arXiv:2107.12275 (ICRC21), PRD 107 (2023) 062004, PRD 107 (2023) 072004, PRD 108 (2023) 072013.
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Cosmic-ray program of NA61/SHINE
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The Cosmic-Ray Program of the NA61/SHINE Facility at the CERN SPS
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• π+C Interactions

← this talk

(30, 60, 158, 350 GeV/c)

• Galactic Cosmic Rays
• d, d̄ and p̄ Production

(p+p at 20, 31, 40, 80, 158, 400 GeV/c)

• Nuclear Fragmentation
(C+C, C+CH2 at 13.5 AGeV/c)

PRC 84 (2011) 034604, PRC 85 (2012) 035210, PRC 89 (2014) 025205, EPJ C74 (2014) 2794, EPJ C76 (2016) 84, EPJ C76 (2016) 198, EPJ C77 (2017) 671

EPJ C77 (2017) 626, PRD 98 (2018) 052001, arXiv:2107.12275 (ICRC21), PRD 107 (2023) 062004, PRD 107 (2023) 072004, PRD 108 (2023) 072013.
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Particle Production Measurements of Relevance
for Cosmic-Ray Physics from NA61/SHINE (published)

reaction energy π+ π− K+ K− p p̄ Λ Λ̄ K0
S ρ0 ω K∗0 Ξ0 Ξ̄0 Ξ+ Ξ− φ

p+C 31 ! ! ! ! ! ! !
p+C 120 ! ! ! ! ! ! ! ! !
π++C 60 ! ! ! ! ! ! ! !
π−+C 158 ! ! ! ! ! ! ! ! ! ! ! !
π−+C 350 ! ! ! ! ! ! ! ! ! ! ! !
p+p 20 ! ! ! ! ! !
p+p 31 ! ! ! ! ! !
p+p 40 ! ! ! ! ! ! ! !
p+p 80 ! ! ! ! ! ! ! !
p+p 158 ! ! ! ! ! ! ! ! ! ! ! ! ! !
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Muon production depends on hadronic energy

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-Antibaryon pair production   (Pierog, Werner 2008) 
• Baryon number conservation 
• Low-energy particles: large angle to shower axis 
• Transverse momentum of baryons higher 
• Enhancement of mainly low-energy muons

Baryon 
sub-shower

Meson 
sub-shower

Decay of 
leading particle 
stops hadronic 
sub-cascade

(Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

3 Leading particle effect for pions    (Drescher 2007, Ostapchenko 2016) 
• Leading particle for a π could be ρ0 and not π0 
• Decay of ρ0 to 100% into two charged pions

4 New hadronic physics at high energy   (Farrar, Allen 2012, Salamida 2009) 
• Inhibition of π0 decay (Lorentz invariance violation etc.) 
• Chiral symmetry restauration

30% chance to have
π0 as leading particle

14Several of these effects: Core-Corona model (Pierog et al.)

p�

2 Enhanced kaon/strangeness production (Anchordoqui et al. JHEAp 2022) 
• Similar effects as baryon pairs 
• Decay at higher energy than pions (~600 GeV)

p0 ! gg

r0 ! p+p�



06/28/16 Felix Riehn - Auger Analysis Meeting 2016 6

Leading vector mesons

Pion - Proton Pion - CarbonCrossing not described

Rho production in π-p interactions (Sibyll 2.1 ➞ Sibyll 2.3)

15(Riehn et al., ICRC 2015)
xF = pk/pmax

Elab = 250GeV

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

06/28/16 Felix Riehn - Auger Analysis Meeting 2016 8

Leading vector mesonsLeading particle production



Data taking for resonance measurement (158, 350 GeV)
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Particle Production Measurement with NA61/SHINE

π−+C interaction at 158 GeV/c
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Data taking for resonance measurement (158, 350 GeV)
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Particle Production Measurement with NA61/SHINE

π−+C interaction at 158 GeV/c
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Fig. 6 Invariant mass distribution of oppositely charged particles, cal-
culated assuming pion masses, in π− + C production interactions in the
range 0.3 < xF < 0.4 at 158 GeV/c (left) and at 350 GeV/c (right).

Dots with error bars denote the data and the fitted resonance templates
are shown as filled histograms. The fitted background and featureless
resonances have been subtracted

were calculated using 20 million events generated by the
Epos 1.99 model using the Crmc package.

(i) The Monte Carlo simulations that were used to obtain
the templates for the fitting procedure were used to cal-
culate corrections due to geometrical acceptance, recon-
struction efficiency, losses due to trigger bias, quality
cuts and bin migration effects. For each xF bin, the cor-
rection factor C(xF) is given by

C(xF) =
ngen

MC(xF)

nacc
MC(xF)

, (5)

where

(a) ngen
MC(xF) is the mean multiplicity per event of ρ0 (ω,

K∗0) mesons produced in a given xF bin in π− + C
production interactions at a given beam momentum,
including ρ0 (ω, K∗0) mesons from higher mass res-
onance decays and

(b) nacc
MC(xF) is the mean multiplicity per event of recon-

structed ρ0 (ω, K∗0) mesons that are accepted after
applying all event and track cuts.

The statistical uncertainties of the corrections factors
were calculated assuming binomial distributions for the
number of events and resonances.

(ii) The contribution from ρ0 mesons produced by re-
interactions in the target. This was estimated from the
simulations. This contribution is less than 1% for all
bins apart from xF < 0.15, where the contribution is
1.7%.

(iii) The fitting method was validated by applying the same
procedure to the simulated data set, using the back-

ground estimated from either the charge mixing method
or the true background obtained from the simulation.
This difference is then applied as a multiplicative cor-
rection to the raw yield, f true

i / f fit
i , where f true

i is the true
yield of resonance i and f fit

i is the yield that comes from
the fit to the simulations. This correction is calculated
separately for both background estimations and applied
to the fits to the data that used the same estimation.

The breakdown of these correction factors can be seen,
for the ρ0 spectra at pbeam = 158 and 350 GeV/c, in Fig. 7.
The correction factor C(xF) is broken down into three con-
tributions: bias from the interaction trigger (T2), geometrical
acceptance, and selection efficiency. The geometrical accep-
tance dominates for large xF values.

The correction derived from Monte Carlo simulations
could introduce a bias in the result if the pT spectrum of
the model differed from the true shape. This is because the
extrapolation to full pT phase space is based on the model
spectrum. To investigate this effect another hadronic inter-
action model was used, DPMJet 3.06 [40]. This model also
provides pT spectra for each resonance measured in this anal-
ysis, and the difference between the correction factors found
for DPMJet 3.06 and Epos 1.99 is less than 4%. This sug-
gests that any bias introduced by the extrapolation to full pT
phase space is small. The difference between the correction
factors is used in the estimate of the systematic uncertainties.

The final measurement is calculated by taking the average
of the result using the two different background description
methods, charge mixing and Monte Carlo background, with
all the correction factors that change calculated separately for
the two methods. The difference between these two methods
is taken to be a systematic uncertainty.

123

158 GeV 350 GeV
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• projectile: π− (charged pions are most numerous air-shower particles)

• target: C (very close to to air)

• beammomenta: 158 and 350 GeV/c

• 5× 106 minimum bias interactions at each energy

• p-pT spectra of π+, π−, K+, K−, p, p̄, Λ, Λ̄, K0
S

• xF spectra of ρ0, ω and K∗0

→ precision data for the tuning of air shower simulations
2/14
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Pion Production in π−-C at 158 GeV/c

π− + C → π+ +X π− + C → π− +X
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NA61/SHINE Collaboration PRD 107 (2023) 062004

• pT-integrated spectra

• 1
Nprod

∫
p
dn

dp
dp = ⟨fπ⟩ · pbeam
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ρ0 and p̄ Production in π−-C at 158 GeV/c
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• forward ρ0 can replace π0 → γγ

• p̄ is proxy for baryon production (p, p̄, n, n̄)

16/20

20



21

ρ0 and p̄ Production
in π−-C at 158 GeV/c

energy fraction of ρ0 and p̄:
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energy fraction in air shower development:
• f ∼ (2/3 +∆) to h±, baryons
• (1− f) ∼ (1/3−∆) to π0

• after n generations: f = (2/3 +∆)n

≈ (2/3)n (1 + 3/2n∆)

17/20(NA61, Unger, Herve, Prado, et al. EPJ 77, 2017 & PRD 107, 2023)
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“Kaon Puzzle” PRD 107 (2003) 062004 and arXiv:2312.06572

π−+C at 158 and 350 GeV/c:
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Ar+Sc at 75 A GeV/c:
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NA61 data for cosmic ray propagation

23

01/08/2023  3 /16ICRC 2023, Nagoya

Galactic CR 
propagation

Motivation: Galactic CR Propagation 

12C+p
ISM 

 → 11C

12C

11C  → 11B+β+

12C+p
ISM 

 B, Be, Li→

source

detector

➢ Secondary-to-primary 1ux ratio
➢ Precise laboratory measurements of nuclear fragmentation cross-sections 

NewMeasurements of Nuclear Fragmentation Needed!

relevant reaction channels for Li, Be, B:

Tomassetti 2018

→ study production of light nuclei at SPS!
32/42

4

Cosmic Ray Nuclei in the Galaxy

χ

χ

pχ�

p�

p

p�
pCR

pISM

Source
(SNRs)

X (g /cm2)  ∼ ∫ρISMd l

11C*
10B, 11B 

12C β+

Earth

C N O

p

He

(Tomassetti 2018)(PDG 2024)

Impact of One Week of Fragmented Pb at NA61/SHINE

size of Galactic halo
from “cosmic clock” 10Be

• AMS best fit 2023:
L = 3.6+0.5

−0.4 (stat.) kpc
soon to improve further (HELIX)

• but: current cross section
uncertainty on derived L∼ 30%

Genolini, Maurin, Moskalenko, MU in preparation
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Secondary/Primary CRs: F Anomaly and Li Excess
S. Ting / AMS Collaboration, CERN Colloqium June 8 2023

primary source of Li? spatial dependent diffusion? fragmentation cross sections?

2209.03799,2208.01337,2006.01337,2203.00522,2102.13238,2002.11406,2006.01337

30/42
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Pilot run for fragmentation measurement (2018)

25
8

Pilot Run on Fragmentation Studies
Beam ID:
 Z2

 from (dE/dx)S1

 (A/Z) from t.o.f. diEerence = tS1 - tA

Triggered beam particles. 

C
PE

Fragment ID :
 Z2

 from (dE/dx)MTPC

 (A/Z) from Δx ∝ R(A,Z)

Fragments as measured in the MTPC.

12C+p at 13.5A GeV/c

Targets used:
 Polyethylene (PE)

 Graphite (C)
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Pilot Run on Fragmentation Studies
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 from (dE/dx)S1
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Triggered beam particles. 

C
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Fragment ID :
 Z2

 from (dE/dx)MTPC

 (A/Z) from Δx ∝ R(A,Z)

Fragments as measured in the MTPC.

12C+p at 13.5A GeV/c

Targets used:
 Polyethylene (PE)

 Graphite (C)
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Production Probability for 11B 

Target 
(PE,C)

12C beam

No Target

Upstream Downstream
(inside the  Leld)B⃗

12C beam

= 0

ΔxT
ΔxDN

ΔxDN

<latexit sha1_base64="rlSAiBrXP9JJt0KKkN9ccLk2zJg="></latexit>

Dx



NA61/SHINE Pilot Run on Fragmentation, Dec 2018
13.5 AGeV/c fragmented Pb beam

SPS beam-fragment identification reaction-fragment identification
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• 2.5 days data taking at 13.5 AGeV/c

• events after upstream 12C selection:

• 1.7× 105 CH2-target
• 1.5× 105 C-target
• 0.4× 105 empty-target

33/42
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First fragmentation results and outlook
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01/08/2023  15 /16ICRC 2023, Nagoya

Boron Production Cross-section

PRELIMINARY

Evoli+19

GP12

WKS98 NA61/SHINE
11B

10B

PRELIMINARY

Impact of One Week of Fragmented Pb at NA61/SHINE
Diffusion coefficient from CR secondaries, “Galactic target thickness”
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Expected impact of one week of 
NA61 fragmentation run

Impact of One Week of Fragmented Pb at NA61/SHINE
Diffusion coefficient from CR secondaries, “Galactic target thickness”
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Nuclear Fragmentation in Air Showers

Model Predictions: Heavy Nuclei
Naive superposition:
mean: µX (A,E) = µX (p,E/A)
fluctuations: σX (A) = 1

√

A
σX (p)

Nuclear cross sections and fragmentation:
mean: µX (A,E) ≈ µX (p,E/A) (!)
fluctuations: σX (A) ≪ 1

√

A
σX (p)

extreme cases:

spectator nucleons

sX (A) < σX (A) <

single spectator nucleus

SX (A)

Engel&Pierog ISVHECRI 2010

Nuclear Fragmentation in Air Showers

Model Predictions: Heavy Nuclei
Naive superposition:
mean: µX (A,E) = µX (p,E/A)
fluctuations: σX (A) = 1

√

A
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Nuclear cross sections and fragmentation:
mean: µX (A,E) ≈ µX (p,E/A) (!)
fluctuations: σX (A) ≪ 1

√

A
σX (p)

extreme cases:

spectator nucleons

sX (A) < σX (A) <

single spectator nucleus

SX (A)

Engel&Pierog ISVHECRI 2010

Possible relevance for air shower physics



Timeline towards a Physics Run

2017 • first ideas at XSCRC at CERN
• Proposal of Test Run CERN-SPSC-2017-035

2018 • quantification of needed data Phys. Rev. C 98, 034611 (Editors’ Suggestion)
• Proposal of early post-LS2 Measurements CERN-SPSC-2018-008
• three days of pilot data taking in December 2018

2019 • preliminary release of σ(12C+ p → B+ X) at ICRC and at XSCRC at CERN
• NCN/DFG Beethoven grant for NA61 upgrade (cosmic rays)
• SPSC recommendation

“The SPSC notes with satisfaction the promising results the pilot run with the
fragmented ion setup to understand cosmic radiation, and is looking forward to
further measurements and results with the setup.”

2021 • preliminary release of σ(12C+p → 11C+X) at ICRC

2022 • fragmented lead beam canceled due to early YETS

2023 • 1 week fragmented lead? (CERN-SPSC-2022-034)

N.Amin (KIT) 2022 37/42
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2024

Timeline towards a full NA61 fragmentation run
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Detector Upgrades for Run 3

 Andrzej Rybicki SPSC Open Session      4Report from NA61/SHINE
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