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Abstract. NA61/SHINE is an experiment at the CERN Super Proton Syn-
chrotron. The main goals of the experiment are the search for the critical point
of strongly interacting matter and the study of the properties of the onset of
deconfinement. To reach these goals, the two-dimensional scan in beam mo-
mentum (13A − 150A GeV/c) and system size (p+p, Be+Be, Ar+Sc, Xe+La,
Pb+Pb) was performed.
In the final stage of the collision, the spectra of protons are only weakly af-
fected by the effects of resonance decays and rescattering due to their large
mass. Thus, proton rapidity distribution is particularly sensitive to the onset of
deconfinement.
This article presents experimental results on proton production in the collision
energy range, which is most relevant to the onset of deconfinement. The proce-
dure of measuring the proton rapidity spectra by NA61/SHINE is described, as
well as Collaboration’s recent results from reactions of p+p, Be+Be and Ar+Sc.
Presented experimental results are confronted with existing data and models.

1 Introduction

NA61/SHINE is a fixed target experiment [1, 2] located in CERN’s SPS North Area. It is a
multi-purpose spectrometer measuring particle production in hadron-hadron, hadron-nucleus,
and nucleus-nucleus collisions in the energy range

√
sNN = 5.12–17.3 GeV. The goals of the

experiment include the search for the critical point of strongly interacting matter and the study
of properties of the onset of deconfinement. To reach these goals, the two-dimensional scan
in collision energy and system size was performed.

The program is mainly motivated by the observation of rapid changes of hadron produc-
tion properties in central Pb+Pb collisions at about 30A GeV/c by the NA49 experiment [3]:
a sharp peak in the K+/π+ ratio (“horn”), the start of a plateau in the inverse slope parameter
for charged kaons (“step”), and a steepening of the increase of pion production per wounded
nucleon with increasing collision energy (“kink”), which can be interpreted as the signa-
tures of the onset of deconfinement. This article for the first time reviews the rich data from
NA61/SHINE in the context of yet another possible signature of the onset of deconfinement,
which is the evolution of the shape of the proton rapidity spectrum with increasing collision
energy.
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The article is organized as follows. Section 2 discusses the motivation to study the shape
of proton rapidity spectra. In Sec. 3, the procedure of measurement of the proton rapidity
spectra is described. The experimental results obtained by NA61/SHINE are presented in
Sec. 4, along with a comparison with available world data. Preliminary results on proton
spectra measured in Ar+Sc collisions are shown for the first time. A confrontation with
current phenomenological models is discussed in Sec. 6. A summary in the Sec. 7 closes the
article.

2 Proton rapidity spectra and the onset of deconfinement

At SPS energies protons are relatively abundant among products of nuclear collisions and
relatively easy to identify (mass is significantly larger than pion and kaon masses). Their
rapidity distributions are weakly affected by processes at the final stages of collisions, and
they were suggested to be sensitive to the onset of deconfinement [4, 5].

Assuming the equation of state that features the phase transition, one expects a particular
evolution of the proton rapidity spectra with increasing collision energy [5]:

(i) At low collision energies, the softest point of the equation of state is not reached, the
system is stiff and the produced fireball is almost spherical. Therefore, the proton ra-
pidity distribution has a peak at the midrapidity (Fig. 1a).

(ii) With the increase of collision energy, the equation of state reaches its softest point, the
fireball is deformed to the disk shape, the rapidity distribution has two peaks and a dip
between them (Fig. 1b).

(iii) Then, with a further increase of collision energy, the equation of state becomes stiff
again and the fireball becomes less deformed, more spherical. Rapidity distribution has
one peak or, at least, the dip strongly decreases (Fig. 1c).

(iv) Finally, with further increase of energy, kinetic pressure overcomes stiffness of the equa-
tion of state – the fireball is strongly deformed and rapidity distribution has two peaks
and a dip between them, again (Fig. 1d).
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Figure 1: Sketch describing “peak-dip-peak-dip” irregularity, proposed as a signal of decon-
finement in Ref. [5].

This behaviour of spectra (called here “peak-dip-peak-dip” irregularity) exists only for the
two-phase equation of state, thus it can be viewed as one of the signatures of the onset of
deconfinement.
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3 Measurements of proton rapidity spectra in NA61/SHINE

The geometry of the NA61/SHINE detector allows measuring a large fraction of particles
produced into the forward hemisphere of the collision, down to zero transverse momentum
pT = 0 GeV/c, allowing for the calculation of mean multiplicities of hadrons produced in
the whole phase-space (4π). The main tracking components of the detector are four Time
Projection Chambers (TPC), two of which are located in the magnetic field. Additional mea-
surements for particle identification are done using Time of Flight (ToF) detectors. The Pro-
jectile Spectator Detector (PSD), a high-resolution forward zero-degree calorimeter, is used
to determine the centrality of the collisions.

Charged particle identification in the NA61/SHINE experiment is primarily based on
the measurement of the ionization energy loss, dE/dx, in the region of momentum above
5 GeV/c. At lower momenta, the dE/dx bands for different particle species overlap and
additional measurement of time of flight (tof ) obtained from the ToF walls is required to
remove the ambiguity. These two methods allow covering most of the phase space in ra-
pidity and transverse momentum which is of interest for the strong interaction program of
NA61/SHINE.

Only central events with well-positioned beam without off-time particles were chosen for
the analysis, with an additional requirement on the quality and position of primary vertex fit.
Furthermore, a number of track selection criteria were applied to reduce the background from
non-primary particles and to maximize the tracking efficiency and the dE/dx resolution.

The raw experimental results were corrected using the Monte Carlo (MC) simulation to
account for the effects of detector geometry, inefficiency and contribution from non-primary
particles. First, inelastic interactions were generated using Epos model [6], followed by the
Geant 3-based [7] program chain used to track particles through the spectrometer, generate
decays and secondary interactions and finally the detector response was simulated. Then, the
simulated events were processed using the standard NA61/SHINE reconstruction chain and
reconstructed tracks were matched to the simulated particles based on the cluster positions.
The simulated dataset is used to derive the corrections to the raw data. The heavily model-
dependent contribution from weak decay feed-down was studied carefully and adjusted using
data-driven methods. The dependence on the model of the corrections due to detector-related
effects is minimal.

Total uncertainties were calculated as a combination of statistical and systematic uncer-
tainties. For systematic uncertainties following sources were considered: particle identifica-
tion method, event and track selection, and feed-down corrections.

4 NA61/SHINE experimental results

Currently, NA61/SHINE measured proton rapidity spectra for three systems:

(i) inelastic p+p collisions at 19A − 158A GeV/c published in Refs. [8, 9],

(ii) central (20%) Be+Be collisions at 19A − 150A GeV/c published in Refs. [10, 11],

(iii) central (10%) Ar+Sc collisions at 13A − 150A GeV/c preliminary results shown here
for the first time.

Figure 2 presents rapidity spectra of protons produced in inelastic p+p and central
Be+Be and Ar+Sc collisions at beam momenta 19A(20A), 30A(31A), 40A, 75A(80A),
150A(158A) GeV/c. Full points are measured data, open points show a reflection with re-
spect to mid-rapidity. Systematic and statistical uncertainties are shown as shaded bands and
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Figure 2: Rapidity spectra of protons produced in inelastic p+p and central Be+Be
and Ar+Sc (preliminary results) collisions at beam momenta in range 19A(20A) −
150A(158A) GeV/c. See Sec. 4 for more details.

bars, respectively. Vertical coloured lines are plotted on the beam rapidity of the correspond-
ing system.

Figure 3 presents a comparison of proton rapidity spectra measured by NA61/SHINE
with results on central (5%) Pb+Pb collisions measured by NA49 at two beam momenta,
30A GeV/c (preliminary) and 158A GeV/c [12].
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Figure 3: Rapidity spectra of protons produced in inelastic p+p and central Be+Be, Ar+Sc
(preliminary) and Pb+Pb (preliminary for 30A GeV/c) collisions at 30A(31A) GeV/c (left)
and 150A(158A) GeV/c (right).

In the collisions of light systems, p+p and Be+Be, the proton rapidity spectra feature a
dip at midrapidity for all energies, while in the case of Ar+Sc collisions, the transition from
the “peak” to the “dip” shape is clearly visible. Qualitatively, the Ar+Sc spectra are evidently
more similar to the ones from Pb+Pb collisions, than to spectra from Be+Be interactions.
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For both, Ar+Sc and Pb+Pb reactions, the “peak-dip” transition is observed within the SPS
energy range. However, the “peak-dip-peak-dip” irregularity is observed for the heaviest
systems, as the data is available at a wider collision energy range (Pb+Pb at SPS [12] and
Au+Au at AGS [13]), what probably might also be the case of Ar+Sc as well (within the
beam energy range of future CBM facility at FAIR).

5 System size and collision energy dependence

The system size dependence observed in the results from NA49 and NA61/SHINE experi-
ments can be summarized as follows:

(i) There is no “peak-dip” transition for small systems (p+p and Be+Be).

(ii) There is a “peak-dip” transition for medium and heavy systems (Ar+Sc and Pb+Pb).

A clear visualization of this observation is presented in Fig. 4.
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Figure 4: Two qualitatively different trends in energy dependence: no “peak-dip” transition
for Be+Be (left) and “peak-dip” transition for Ar+Sc (right) collisions.

Table 1 summarizes data on the shape of the rapidity distributions of protons produced
in inelastic p+p and central Be+Be and Ar+Sc collisions measured by NA61/SHINE and
central Pb+Pb collisions within the SPS energy range measured by NA49.

There are clear qualitative differences between small (p+p, Be+Be) and large (Ar+Sc,
Pb+Pb) systems – while the shape of small systems does not change within the SPS collision
energy range, the spectra from heavier systems feature a “peak-dip” transition.

6 Comparison of NA61/SHINE results with models

The comparison of the NA61/SHINE proton rapidity spectra in central Ar+Sc collisions with
predictions of the microscopic models: Epos 1.99 [6], Phsd 4.0 [14, 15] and Smash 1.6 [16,
17] is shown in Fig. 5.

The Epos and Phsdmodels describe the spectra shape relatively well, including the widely
discussed in previous sections “peak-dip” transition. It is not the case with the Smash model
– there is a large discrepancy between the data and model predictions and the distributions
do not feature the peak at midrapidity at lower beam momenta. The Epos model underesti-
mates the yields of protons, while Phsd describes the measured spectra shape much better, in
particular at lower collision energies.
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NA61/SHINE NA49
pLab,

√
sNN , p+p Be+Be Ar+Sc Pb+Pb

GeV/c GeV (preliminary) (20A, 31A preliminary)

20A (19A) 6.3

31A (30A) 7.7

40A 8.8

80A (75A) 12.3

158A (150A) 17.3

Table 1: System size and energy dependence of the shape of the proton rapidity spectra.
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Figure 5: Comparison of the proton rapidity spectra in central Ar+Sc collisions at 13A –
150A GeV/c with Epos 1.99 [6], Phsd 4.0 [14, 15] and Smash 1.6 [16, 17] models. The grey
dashed vertical line is plotted at the beam rapidity.

7 Conclusions

The dependence of the shape of the proton rapidity spectra on collision energy and the col-
liding system was studied. Preliminary NA61/SHINE results on the proton rapidity spectra
in Ar+Sc collisions are shown for the first time.

The “peak-dip” transition is observed for central Ar+Sc and Pb+Pb collisions within the
SPS energy range. No such feature is observed for small systems: p+p and Be+Be. The
“peak-dip-peak-dip” irregularity is observed for the heaviest systems (Pb+Pb and Au+Au),
as the data is available at a wider collision energy range. Observed features seem to uncover
clear qualitative differences between the small and large systems, which are likely related to
the phenomena of the onset of deconfinement and the onset of the fireball. It is important to
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highlight, that similar qualitative differences between small and large systems were already
observed by the NA61/SHINE, in particular in the measurements of K+/π+ ratio – the system
of Ar+Sc is the lightest of studied systems, which shows significant enhancement of this ratio
relatively to p+p interactions [18, 19].

More experimental data is needed to complete the studies of energy dependence for both
higher and lower energies in the case of small and intermediate systems. Current studies
of 129Xe+139La by NA61/SHINE will allow to investigate the interesting region between
40Ar+45Sc and 208Pb+208Pb. Moreover, future SPS plans may allow performing similar stud-
ies for collisions of oxygen ions, which would provide more insight into the transition be-
tween small and large systems.

At the same time, it is paramount to study the shapes of proton rapidity spectra with
modern phenomenological models, featuring a realistic equation of state, and to understand
under which conditions the characteristic features of “dips” and “peaks” are to be expected.
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