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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 deconfinement
• 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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The Super Proton Synchrotron (SPS) at CERN

Maximum BeamMomentum: Z× 450 GeV/c, accelerates p, p̄, O, S, Ar, Pb...



H2 Beam Line: Primary Beam, fragments, π±, K±...



Interaction Target at NA61/SHINE (H2, C, ...)



Particle Production Measurement at NA61/SHINE

• 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



Particle Production Measurement at NA61/SHINE

π−+C interaction at 158 GeV/c



Particle Production Measurement at NA61/SHINE
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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

← this talk

(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), arXiv:2209.10561 (submitted to PRD).
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Energy Spectrum of Ultrahigh-Energy Cosmic Rays
Energy Spectrum of Ultrahigh-Energy Cosmic Rays (UHECRs)
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Detection of Ultrahigh-Energy Cosmic RaysDetection of UHECRs: Air Showers
cosm

ic particle

−−−−−−−−→

fluorescence telescope particle detector

air shower
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Detection of Ultrahigh-Energy Cosmic RaysUHECR Observatories
Telescope Array

Pierre Auger Observatory

3/2711/39





Particle Physics at UHEParticle Physics at UHE

ATLAS@LHC Pierre Auger Observatory∗

• Ebeam = 6.5 TeV
• √s = 13 TeV
• 7 kt detector

• Ebeam > 1× 108 TeV
• √s > 400 TeV∗∗

• 20 kt water-Cherenkov
• 25 Gt air calorimeter

∗to scale but stacked, actual area: 3000 km2

∗∗ for p+air (> 60 TeV for Fe+air)



LHC and UHECR Luminosity
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Muon Production in
Air Showers
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The UHE “Muon Puzzle”

Working Group on Hadronic Interactions and Shower Physics (D.Soldin et al) PoS ICRC2021 349, arXiv:2108.08341
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Muons in UHE Air Showers
energy of last interaction before decay to µ

air shower→ hadron+ air→ π/K +X
↘

µ+ νµ

ultrahigh-energy air shower

e.g. Auger:
• E0 = 1019 eV
• r = 1000 m
• Eµ ≥ 150 MeV
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Muons in UHE Air Showers
simple model: π+, π−, π0

• energy fraction f ∼ 2/3 to π±

• energy fraction (1− f) ∼ 1/3 to π0

→ fraction of initial energy in hadronic
component after n interactions: fn

• 2/3E0 ≈ 0.67E0

• (2/3)2E0 ≈ 0.44E0

• (2/3)3E0 ≈ 0.30E0

• (2/3)4E0 ≈ 0.20E0 • (2/3)5E0 ≈ 0.13E0

π → µ± + ν

18/39



Muons in UHE Air Showers
simple model: π+, π−, π0, ...
• 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∆)

• 2/3E0 ≈ 0.67E0

• (2/3)2E0 ≈ 0.44E0

• (2/3)3E0 ≈ 0.30E0

• (2/3)4E0 ≈ 0.20E0 • (2/3)5E0 ≈ 0.13E0

π → µ± + ν
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Muons in UHE Air Showers
number of muons depends on energy fraction f of produced hadrons

• π0→ electromagnetic shower

• π±

• ρ0 → π+π−

• (anti-) baryons
} → hadronic shower

Muon production in air showers

Nµ depends on the energy fraction of produced hadrons

• π0 →
�� ��electromagnetic shower

• π±�� ��• (anti-)baryons

• ρ0 → π+π−
} �� ��hadronic shower →

�� ��muons at ground
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Nµ ∝ Π
nint
i=1fi

R.Prado ISVHECRI18, Pierog&Werner PRL17, Drescher PRD08 20/39



Particle Production Measurement with NA61/SHINE

π−+C interaction at 158 GeV/c

1

10

210

310

nu
m

be
r 

of
 tr

ac
ks

1 10 210

p [GeV/c]

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

dE
/d

x 
[m

ip
]

+e

+π

+K p d

q=+1

) [GeV]-π +π (invm
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

C
om

bi
na

tio
ns

 / 
0.

08
 G

eV

0

0.5

1

1.5

2

2.5

3

3.5

4
310×

 Data
0ρ 
*0 K

ω 

2 f

0 f
η 

S
0 K

 = 1.01df/n2χ



Particle Production Measurement with NA61/SHINE

π−+C interaction at 158 GeV/c

1

10

210

310

nu
m

be
r 

of
 tr

ac
ks

1 10 210

p [GeV/c]

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

dE
/d

x 
[m

ip
]

+e

+π

+K p d

q=+1

) [GeV]-π +π (invm
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

C
om

bi
na

tio
ns

 / 
0.

08
 G

eV

0

0.5

1

1.5

2

2.5

3

3.5

4
310×

 Data
0ρ 
*0 K

ω 

2 f

0 f
η 

S
0 K

 = 1.01df/n2χ



Particle Production Measurement with NA61/SHINE
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Pion Production in π−-C at 158 GeV/c (“the 2/3”)

π− + C → π+ +X π− + C → π− +X
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NA61/SHINE Collaboration, arXiv:2209.10561

• pT-integrated spectra

• area under curves: 1
Nprod

∫
p
dn

dp
dp = fπ · pbeam
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ρ0 and p̄ Production in π−-C at 158 GeV/c (“the∆”∗)
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NA61/SHINE EPJ C77 (2017) 626 NA61/SHINE Collaboration, arXiv:2209.10561

• forward ρ0 can replace π0 → γγ
• p̄ is proxy for baryon production (p, p̄, n, n̄)

∗andΛ, Λ̄, K± , K0S ... 23/39



ρ0 and p̄ Production in π−-C at 158 GeV/c (“the∆”∗)

energy fraction of ρ0 and p̄:
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∗andΛ, Λ̄, K± , K0S ...
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Solution to the “Muon Puzzle”?

Riehn, Fedynitch, Engel UHECR22 25/39
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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 ← this talk
(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), arXiv:2209.10561 (submitted to PRD).
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Particle Production in the Galaxy

https://physics.aps.org/articles/v6/40



Particle Production in the Galaxy

• CR-grammageX (“target thickness”) from secondary nuclei,
e.g. boron/carbon flux ratio (B/C)

• halo size (“target length”) from unstable secondaries
e.g. 10Be/ 9Be

• thin target approximation→ X ∼ (B/C) mp

σprod

λprod =
mp

σprod
= mp

(∑
Ψi × σ(i+ p → B)∑

Ψi

)−1

, i = C,N,O, ...

• prediction for e.g. anti-protons (X ≪ λpp̄):

(p̄/p) ∼ X/λpp̄ = (B/C)
σpp̄
σprod

• relative uncertainty δX = δ(X)/X

δ2p̄/p ∼ δ2(B/C) + δ2σpp̄
+ δ2σprod

∼ 0.032 + 0.22 + 0.22
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Uncertainties of Cosmic-Ray Fluxes
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Uncertainties of Fragmentation Cross Sections
Example: 12C+p→B (including 11C)
adapted from Reinert&Winkler, arXiv:1712.00002
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61.0 mb (WSKR03) (68.6±2.6) mb (RW17a), (75.8± 4.2) mb (RW17b)
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Uncertainty of CR grammage (“target thickness”)

N. Tomassetti, PRD 2017 Heisig+2021

→ dominated by cross-section uncertainties!
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Size of the Galactic Halo (“target length”)

→ large uncertainties due to cross-section uncertainties!
Weinrich+20, Evoli+20, Luque+21, Maurin+22
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New Cosmic-Ray Surprises: F Anomaly and Li Excess

4

parametrizations, so that different predictions of heavier
nuclei into F can be considered. We refer the reader to
[33] for a systematic analysis of the channels contribut-
ing to different nuclei. Their analysis of isotropic boron
(TABLE XI in [33]) is quite similar to ours.

Note that all the four parametrizations provided by the
GALPROP code have been normalized to more complete
datasets than those in the earlier works. Therefore, they
may be different from the original parametrizations in
WNEWTR.FOR code and YIELDX 011000.FOR code, or these
provided in USINE code3.

III. FITTING RESULTS

A. Preliminary Fitting for Each parametrizations

In Appendix A, all collected data above 100 MeV/n are
plotted together with the parametrizations taken from
GALPROP code. To determine the cross-section uncer-
tainties, we perform a data-driven renormalization on the
benchmark parametrizations, where all cross sections are
assumed to be asymptotically energy-independent above
several GeVs. Models of CR propagation rely seriously
on these extrapolations, while different parametrizations
may predict different extrapolations.

Our approach follows the data-driven procedure of ear-
lier studies [41–43]. We re-normalize those formulae to
available data points by applying overall re-scalings4. We
demonstrate the result as Gaussian distributed parame-
ters with central value µ and dispersion σ. Table III lists
all the best-fit values of Gaussian distributed parame-
ters for each parametrization. Cross-section channels for
GAL12 and WE93 show the same Gaussian distributed
parameters when their fragment is F, as they share the
same formulae when data are less collected. GAL22 and
TS00 have a similar relationship. Other channels with
more data for GAL12 and GAL22 parametrizations are
almost the same, obeying a direct fit to the data when
their fragment is B. Since we have added new data for
renormalization, the central values µ of some updated re-
actions are within a few percent below or above the old
ones, such as 28Si −→19 F, 24Mg −→19 Ne −→19 F, and
28Si −→19 Ne −→19 F.

As shown in Fig. 1, using the diffusion coefficient in-
ferred from the B/C ratio reported by AMS-02 [21], the
prediction of the F/Si ratio (purple line) shows a sig-
nificant excess below 100 GV. Although we draw the
1σ and 2σ error bars according to the data restriction
listed in Table III for all the channels producing 19F,
the possible uncertainties do not seem to account for the
overestimation. Here we only illustrate the result of the

3 https://lpsc.in2p3.fr/usine
4 The energy scale is ignored since it modifies the cross section

blow the energy region where we are interested. This approach
possibly underestimates the uncertainty.

FIG. 1. F/Si ratio predicted by the B/C best-fit parameters
(purple line) and the confidence interval (yellow and green
band) caused by cross-section uncertainties, compared with
the experimental data from AMS-02 [11].

GAL12 parametrization, while the overestimation com-
monly emerges in other parametrizations.

B. Combined fitting of nucleon ratios and cross
sections

Considering the cross-section uncertainties, we would
like to test if B/C and F/Si can be interpreted simulta-
neously. For the goodness-of-fit of the model to the data,
we use the least-χ2 method. The χ2 statistic is expressed
as

χ2 =

2∑
q=1

Dq + χ2
cs, (3)

D =

bin∑
i=1

(
ydatai − ymodel

i

σdata
i

)2, (4)

χ2
cs =

ncs∑
i=1

(
µi − Ci
σi

)2. (5)

In the above equations, the q runs over B/C and F/Si,
and each energy bin is calculated separately to get the
quadratic distance between the data and the model. The
constraint from the cross-section data contributes an ad-
ditional term χ2

cs, where µi and σi are the central value
and dispersion of the specific channel i, and Ci is the
tested value of renormalization in the fit. Note that
the CR data contributes most of the degrees of freedom
(d.o.f.) and has better accuracy than the cross-section
data. Thus, it is possible that the best-fit result has
an acceptable χ2/nd.o.f. but a χ2

cs/ncs significantly larger
than 1, where nd.o.f. is the total d.o.f. and ncs is the d.o.f.
of the cross-section data.

MCMC methods are widely used in Bayesian inference
and are powerful to sample the multi-dimensional param-
eter space for CR propagation models [44–47]. We per-
form a combined fitting of nucleon ratios together with

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

2209.03799,2208.01337,2006.01337,2203.00522,2102.13238,2002.11406,2006.01337
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NewMeasurements of Nuclear Fragmentation Needed!

relevant reaction channels for Li, Be, B:

Tomassetti 2018

→ study production of light nuclei at SPS!
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NA61/SHINE Pilot Run on Fragmentation, Dec 2018
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
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Particle Id in TPC: a) Z2 via dE/dx
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NA61/SHINE@ICRC19, arXiv:1909.07136
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Particle Id in TPC: b) A/Z via in deflection in B-field
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Results from Pilot Run on Boron Production (preliminary)
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Recent Detector LS2 Upgrades

 Andrzej Rybicki SPSC Open Session      4Report from NA61/SHINE

Construction of Vertex Detector (VD)for charm decay reconstruction

New trigger and data acquisition system
Upgrade of Projectile Spectator Detector (two detectors, new electronics)

New Time-of-Flight detectors (MRPC-based) 

New Beam Position Detectors, based on single-sided silicon strip detectors

Replacement of the TPC read-out  electronics 
to increase data rate to 
1 kHz

New GeometryReference Chamber(drift velocity meas.) 

New read-out system based on the DRS4 chip (full waveform is measured and stored)
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Outlook
Upcoming Cosmic-Ray Possibilities

• 2023 fragmented Pb beam?
production of GCR secondaries Li, Be, B

• 2024 primary/fragmented oxygen?
energy dependence, low-mass CR fragmentation

• 2025 hight statistics p-p?
nucleon coalescence, anti-deuterons

• physics program after LS3 (> 2028)?

inside NA61 (Julien Ordan/CERN)
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Propagation of GCRs: High-Mass Nuclei
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High-Mass Nuclei: Experimental Challenges
fragmented Pb beam
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• pilot run at 14 AGeV/c: σ(ToF) ∼ 30 ps
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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


