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Phase diagram of strongly interacting matter

T

µB
baryon chemical potential [MeV]

temperature [MeV]

8006004002000

50

100

150

200

250

First-order phase transition

Quark-Gluon Plasma

Vacuum Nuclearmatter

√sNN [GeV] = 17.3 11.9 8.77 7.62 6.27 5.12

NA61/SHINE
RHIC

LHC

Hadron Resonance Gas

u, d, s … + g

π+(ud̅), K+(us̅), p(uud) ...

Onset of deconfinement

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 2 / 33



Heavy-ion collisions and QGP

Early Stage Freeze Out
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NA61/SHINE physics program on strong interactions

Study of the properties of
the onset of deconfinement,

search for the critical point of
strongly interacting matter
(Nikolaos Davis),

direct measurement of open
charm,

study of violation of isospin
symmetry in the kaonic sector
of multiparticle production.
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NA61/SHINE detector

Fixed-target experiment located at CERN SPS.
Coverage of the full forward center-of-mass hemisphere, down to pT = 0.

Beams:

Ions (Be, O, Ar, Xe, Pb):
pbeam = 13A− 150A GeV/c,

√
sNN = 5.1− 16.8 GeV.

Hadrons (π, K, p):
pbeam = 13− 400 GeV/c,

√
sNN = 5.1− 27.4 GeV.
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How does TPC work?
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Centrality selection

Centrality selection is based on the projectile spectator energy EF

measured by the Projectile Spectator Detector (PSD).
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129Xe + 139La collision at 150A GeV/c

shine3d.web.cern.ch

For each track, electric charge(q), momentum(p⃗), and specific
energy loss (dE/dx) are measured, which allows us to obtain the
mass of the particle (particle identification – PID).
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Methods of charged particle identification

For charged hadrons:

dE/dx:

▶ based on ionization energy loss
in TPCs,

▶ plab ≳ 5 GeV/c.

tof − dE/dx:

▶ based on the ionization energy
loss + time of flight,

▶ 1 GeV/c ≲ plab ≲ 10 GeV/c.

Additionally, the h− method for π−:

▶ ≈ 90% of h− are π−,

▶ π− are estimated from h− using
MC correction,

▶ the largest acceptance.
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dE/dx method

Bethe-Bloch:
〈
−dE

dx

〉
= A

β2

[
lnBβ2γ2 − 2β2 − δ(βγ)

]
, (0.1 ≲ βγ ≤ 1000).
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dE/dx method
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Fit with a dedicated function, which contains the precise knowledge of
the detector response to the ionizing particle:
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Ni
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tof − dE/dx method

Based on dE/dx and m2 measurements.

( ) ( )

Figure 8: The dE/dx distributions for negatively (left) and positively (right) charged particles in a selected p− pT
bin produced in central Ar+Sc collisions at 75AGeV/c. The fits by a sum of contributions from different particle
types are shown by solid lines. The corresponding residuals (the difference between the data and fit divided by the
statistical uncertainty of the data) are shown in the bottom plots. The absolute dE/dx scale is precise to 2%.

Figure 9: Distribution of particles in the plane laboratory momentum and mass squared derived using time-of-flight
measured by ToF-R (right) and ToF-L (left) produced in central Ar+Sc collisions at 30AGeV/c. The lines show the
expected mass squared values for different hadron species.

The tof −dE/dx identification method proceeds by fitting the two-dimensional distribution of particles
in the dE/dx – m2 plane. Fits were performed in the momentum range from 2-10 GeV/c and transverse
momentum range 0-1.5 GeV/c. Particles with total momentum less than 2 GeV/c are identified based on
m2 measurement alone, as different species of particles are separated enough. Contamination of electrons
to pions identified in such a way is removed with a dedicated dE/dx cut (see Fig. 10 and Ref. [33]). For
positively charged particles the fit function included contributions of p, K+, π+, and e+, and for negatively

15

Ar+Sc at 30A GeV/c

m2 = p2 ·
[
c2 · (tof)2

l2
− 1

]
.

Figure 11: Example of the tof − dE/dx fit (Eq. 4) obtained in a single bin (2 < p < 3 GeV/c and 0.5 < pT <
0.6 GeV/c) for positively charged particles in central Ar+Sc collisions at 30AGeV/c.

is enlarged by the tof − dE/dx analysis. The results from both methods partly overlap at the highest
beam momenta. In these regions, the results from both PID methods were combined using standard
formulae [37].

3.3.3 Probability method

The 1D (dE/dx ) and 2D (tof −dE/dx) models fitted to experimental distributions provide information
on the contribution of individual particle species to total measured yields in bins of p and pT . In order to
unfold these contributions in the dE/dx method, for each particle trajectory with measured charge q, p, pT

and dE/dx a probability Pi of being a given species can be calculated as:

Pi(p, pT ,dE/dx) =
ρ p,pT

i (dE/dx)

∑
i=π,K,p,e,d

ρ p,pT
i (dE/dx)

, (6)

where ρ p,pT
i is the probability density according to the model with parameters fitted in a given (p, pT ) bin

calculated for dE/dx of the particle.

17

Ar+Sc at 30A GeV/c

NA61/SHINE: EPJC 84 (2024) 416
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Raw d2n/dydpT spectrum of K− at 40A GeV/c
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From raw to corrected data

K− MC
generated
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From 2D spectra to 1D spectra and mean multiplicities
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pT distributions of π− from h− and K− at 40A GeV/c
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Rapidity spectra of π−

Spectra are scaled by mean number of wounded nucleons (⟨W ⟩∗).
Open points are reflected measured data points.
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NA61/SHINE: EPJC 80 (2020) 961, EPJC 81 (2021) 397
NA49: PRC 66 (2002) 054902, PRC 77 (2008) 024903
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Rapidity spectra of π− in Xe+La collisions
Models’ predictions
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⟨π−⟩/⟨W ⟩ as function of system size
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Non-monotonic dependence of the ⟨π−⟩/⟨W ⟩ on the system size.
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Rapidity spectra of K+

Spectra are scaled by mean number of wounded nucleons (⟨W ⟩).
Open points are reflected measured data points.
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NA49: PRC 66 (2002) 054902, PRC 77 (2008) 024903

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 20 / 33



Rapidity spectra of K+ in Xe+La collisions
Models’ predictions
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All models underestimate strangeness production.
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Horn – ⟨K+⟩/⟨π+⟩ as function of collision energy
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Horn – ⟨K+⟩/⟨π+⟩ as function of collision energy
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Gazdzicki, Gorenstein, Acta Phys. Pol. B 30, 2705 (1999)
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Horn: ⟨K+⟩/⟨π+⟩ and K+/π+
(y≈0) as function of

√
sNN
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Difference between light (p+ p and Be+Be) and heavy (Ar+Sc,
Xe+La, Pb+Pb) systems.

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 24 / 33



System size dependence of ⟨K+⟩/⟨π+⟩
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K+/π+ at y ≈ 0 system size dependence
Comparison with models
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None of the models can describe data.
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Large isospin symmetry violation in Ar+Sc
Nature Communications 16 (2025) 1, 2849

IFJ PAN Eurekalert, May 7th, 2025

Not yet understood by known sources.

Potentially very important for the understanding of strong
interactions.

Is there isospin symmetry violation in Xe+La?
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Rapidity spectra of p see also: M. Jeżabek et al. PLB816 (2021) 136200
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Baryon density at y ≈ 0 decreases with increasing energy (baryon
transparency) but increases with increasing system size.

NA61/SHINE: EPJC 81 (2021) 73, EPJC 84 (2024) 416, preliminary
NA49: PRC 83 (2011) 014901, private communicationOleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 28 / 33



Rapidity spectra of p in Xe+La collisions
Models’ predictions
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Peak-dip-peak-dip irregularity in p rapidity spectra

Reason of irregularity – onset of deconfinement!

For the EoS with a phase transition:
√
sNN 1

√
sNN 2

√
sNN 3

√
sNN 4< < <

peak
 

0 y

 

y
/dnd

 
dip

 

0 y

 

y
/dnd

 
peak

 

0 y

 

y
/dnd

 
dip

 

0 y

 

y
/dnd

 

stiff EoS –
spherical fireball

softest point re-
gion of the EoS –
deformed fireball

stiffness of the
EoS grows – less
deformed fireball

kinetic pressure
overcomes stiffness
of the EoS –
deformed fireball

Ivanov, Blaschke, EPJ A, 52, 237 (2016)

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 30 / 33



Peak-dip-peak-dip irregularity in p rapidity spectra

Peak-dip-peak-dip irregularity for experimental proton spectra.
Ivanov, Blaschke, EPJ A (2016) 52: 237

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 31 / 33



Peak-dip-peak-dip irregularity in p rapidity spectra

plab
√
sNN NA61/SHINE NA49

(GeV/c) (GeV) p+p Be+Be Ar+Sc Xe+La Pb+Pb

19A 6.12

          

30A 7.62

          

40A 8.77

          

75A 11.9

          

150A 16.8

          

“Peak-dip” transition is observed for medium and heavy systems:
Ar+Sc, Xe+La, and Pb+Pb within SPS energy range.

No such transition for small systems: p+p and Be+Be.

Data for lower energies are needed!
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Summary

1 210 410
 (GeV)NNs
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 0
)

≈ y
 (

+ π/
+

K

NA61/SHINE WORLD
p+p

Pb+Pb
Au+Au

p+p
Be+Be
Ar+Sc
Xe+La (prelim.)

AGS SPS RHIC LHC

?

SIS18/
SIS100

Very violent effects in strangeness
production as a function of system
size and energy at the SPS,
... just between CBM and LHC
experiments!

These effects cannot be explained
by a number of theoretical models.

There is a horn, which was
attributed to the onset of
deconfinement – transition from
hadronic matter to QGP.

However, this transition seems to
have a non-trivial dependence on
system size.

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 33 / 33



Backup Slides



Data selection: Event cuts

Two types of cuts:
upstream (not biasing):
▶ only one beam particle,
▶ well measured beam,
▶ no detector malfunctioning.

downstream (biasing):
▶ 10% of the most central events,
▶ main vertex present,
▶ good quality of vertex fit,
▶ fitted z-position of the main vertex is within 2 cm from

the middle of the target.
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Data selection: Vertex track cuts

Tracks pointing to the main vertex,

tracks with q · px > 0,

total number of measured clusters > 30 (maximum is 234, only for
dE/dx),

number of measured VTPC clusters > 15 (maximum is 144),

azimutal angle |φ| < 30◦ (only for dE/dx).

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 2 / 21



Fitting

Simultaneous fit for positive and negative charges.

Sum of asymmetric Gaussians for p,K+, π+, e+, d (p̄,K−, π−, e−d):

f(x) =
∑

i=p,K,π,e,d

Ni
1∑
l nl

∑
l

nl√
2πσi,l

exp

[
−1

2

(
x− x′i

(1± δ)σi,l

)2
]
,

x′i = xi − 2√
2π
σi,lδ – mean dE/dxi (≈ peak position),

Ni – yields,
nl – number of tracks with l number of clusters,

1∑
l nl

∑
l ... – weighted average of asymmetric Gaussians with widths

σi,l =
σ0√
l

(
xi
xπ

)α

,

δ = δ0√
l
– assymetry,

σ0, δ0 – common for all particle types,
α = 0.625 – universal constant.
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Parameters of fit for 25.12 31.62 0.45 0.50 histograms:

σ0, δ0, σe, δe, α,

π peak position,

e peak position,

p/π, K/π, d/π peak positions,

Nπ, NK , Np, Nd, Ne.

red – fixed parameters,

green – parameters
different for − and +
histograms,

black – parameters
common for − and +
histograms.

Total number of Free parameters:
20 for both histograms (NFree),
13 for one histogram (NFree1).
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Distribution of strangeness between hadrons

s̄

K+(us̄) K0(ds̄)

Λ̄(ūd̄s̄)

≈
symmetry
isospin

≪ ≈

s

K̄0(d̄s)K−(ūs)

Λ(uds)

≈
symmetry
isospin

=

net strangeness
conservation

≪
high baryon

density

– sensitive to strangeness content only

– sensitive to strangeness content and baryon density
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How to measure strangeness

2⟨Nss̄⟩ = ⟨Λ + Λ̄⟩+ ⟨K+ +K− +K0 + K̄0⟩+ ...

2⟨Nss̄⟩ ≈ ⟨Λ⟩+ ⟨K+ +K− +K0 + K̄0⟩,
⟨Nss̄⟩ ≈ ⟨Λ⟩+ ⟨K− + K̄0⟩ ≈ ⟨K+ +K0⟩ ≈ 2⟨K+⟩.

How to measure entropy

Entropy ∼ ⟨π⟩
⟨π⟩ = ⟨π+ + π0 + π−⟩ ≈ 3⟨π+⟩

Experimental measure of strangeness to entropy ratio

strangeness

entropy
∼ ⟨Nss̄⟩

⟨π⟩ ≈ 2⟨K+⟩
3⟨π+⟩
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Strangeness at phase transition

⟨Ni⟩ =
gV

(2π)3

∫
d3p

1

exp (E/T )± 1

confined matter

K-mesons

gK = 4

2MK ≈ 2× 500MeV
heavy – MK > Tc

⟨NK⟩ = gKV

(
MKT

2π

) 3
2

exp (−MK/T )

Phase transition
Tc ≈ 150MeV

quark-gluon plasma

s, s̄ - quarks

gs = 12

2Ms ≈ 2× 100MeV
light – Ms < Tc

⟨Ns⟩ = gsV
2π2

4 · 45 · T 3

Strangeness production is sensitive to phase transition.
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Strangeness/entropy at phase transition

hadron gas

⟨K⟩
⟨π⟩ ∼ (MKT )

3
2

T 3
exp−

MK
T

quark-gluon plasma

⟨s⟩
⟨u+ d+ g⟩ ∼ T 3

T 3
= const(T )
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Rapidity spectra of π− from h−
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Rapidity spectra of K+
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Rapidity spectra of K−
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Rapidity spectra of p̄
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Rapidity spectra of p
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Rapidity spectra of π− from h−
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Rapidity spectra of K−
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Rapidity spectra of K+
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Rapidity spectra of p̄
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Rapidity spectra of p

4− 2− 0 2 4
y

0

10

20

30

40

50

60

70

80

y
/dnd

c GeV/A at 13X + p →Xe+La 

13A
4− 2− 0 2 4

y
0

10

20

30

40

50

60

70

y
/dnd

c GeV/A at 19X + p →Xe+La 

19A
4− 2− 0 2 4

y
0

10

20

30

40

50

60

70

80

90

y
/dnd

c GeV/A at 30X + p →Xe+La 

30A

4− 2− 0 2 4
y

0

10

20

30

40

50

60y
/dnd

c GeV/A at 40X + p →Xe+La 

40A
4− 2− 0 2 4

y
0

10

20

30

40

50

60

70

y
/dnd

c GeV/A at 75X + p →Xe+La 

75A
4− 2− 0 2 4

y
0

20

40

60

80

100

y
/dnd

c GeV/A at 150X + p →Xe+La 

150A

Xe+La UrQMD SMASH FTFP_BERT EPOS

Oleksandra Panova Charged hadron production in nucleus-nucleus collisions from NA61/SHINE 18 / 21



h− method for π−

h− – all negatively charged hadrons (≈ 90% π− + K− + p̄ + ...).

π− MC
generated
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n[π−]data = cM × (n[h−]dataraw − cA),

cM =
n[π−]MC

gen

(n[π−,K−, p̄]MC
sel )prim+sec not dec

, cA = (n[π−,K−, p̄]MC
sel )sec dec + n[other−]MC

sel .
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Fitting of pT distributions

For π+ and π−, fit with Tsalis (q-exponential) function:

f(pT) =
A · pT

T (T +mπ)

(
1 + (1− q) · (mπ −mT)

T

)1/(1−q)

.

For K+ and K−, fit with exponential function:

f(pT) =
A · pT

T (T +mK)
exp

mK −mT

T
,

For p and p̄, fit with Blast-wave function:

f(pT) = A · pT
∫ R

0
r drmT I0

(
pT sinh ρ

T

)
K1

(
mT cosh ρ

T

)
.

where

ρ = tanh−1 βT(r) , βT(r) = βs

( r

R

)α
, ⟨βT⟩ =

βs
α/2 + 1

.
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Calculation of dn/dy and ⟨n⟩

To go from d2n/dydpT to dn/dy:

dn

dy
(y) =

∫ pmin
T

0
f(pT)dpT +

∑
pT

d2n

dydpT
(y) ·∆pT +

∫ ∞

pmax
T

f(pT)dpT .

To go from dn/dy to ⟨n⟩:

⟨n⟩ =
∑
y

dn

dy
·∆y +

∫ ymin

−∞
f(y)dy +

∫ ∞

ymax

f(y)dy ,

where

f(y) =
A0

σ0
√
2π

exp

(
−(y − y0)

2

2σ2
0

)
+

A0

σ0
√
2π

exp

(
−(y + y0)

2

2σ2
0

)
.
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