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One of the main physics goals of the NA61/SHINE programme on strong interactions is the study
of the properties of the onset of deconfinement. This goal is pursued by performing an energy
(beam momentum 13A- 158A GeV/c) and system size (p+p, p+Pb, Be+Be, Ar+Sc, Xe+La) scan.
This paper reviews results and plans of NA61/SHINE. In particular, recently obtained inclusive
spectra in inelastic p+p and centrality selected Be+Be, Ar+Sc interactions at the SPS energies
will be shown. The energy dependence of quantities inspired by the Statistical Model of the Early
Stage (kink, horn and step) shows interesting behavior in p+p interactions, which is not described
by Monte-Carlo models. Moreover a comparison with Be+Be collisions and results from other
heavy ion experiments will be performed.
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1. The NA61/SHINE facility

The layout of the NA61/SHINE detector [1] is presented in Fig. 1. It is a large acceptance
hadron spectrometer with excellent capabilities in charged particle momentum measurements and
identification by a set of eight Time Projection Chambers as well as Time-of-Flight detectors.

~13m

ToF L
Vertex magnets

vTPC-1 | GAP VTPC-2

\—/ ToF-F
Target TPC PC 2/3
B --Jﬂ---- --------------------
vl 4

FTPC-1
ToF-R
MTPC-R

Figure 1: Schematic view of the NA61/SHINE detector system.
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The high resolution forward calorimeter, the Projectile Spectator Detector (PSD), measures
energy flow around the beam direction, which in nucleus-nucleus reactions is primarily a measure
of the number of projectile spectator (non-interacted) nucleons and is thus related to the violence
(centrality) of the collision. The PSD measures not only projectile spectators but also produced
particles in its acceptance. Thanks to the modular construction of the PSD subsets of modules
can be used to optimize centrality selection (only those with anti-correlation between Er and TPC
multiplicity) for different energies and systems. Figure 2 presents examples of the module selection
and the resulting forward energy (Er) distributions for Ar+Sc interactions at 194 and 1504 GeV/c.
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Figure 2: Event (violence) selection is done using the forward energy (Er) dominated by the energy of
projectile spectators. Orange areas on the front face of the PSD indicate the modules used to determine Ef.
Histograms show examples of Er distributions for Ar+Sc interactions at 194 and 1504 GeV/c with various
centrality intervals indicated by colors.

An array of beam detectors identifies beam particles and measures precisely their trajectories.
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Primary and secondary hadron as well as ion beams at 13A-158A GeV/c are used by the experi-
ment.

2. Charged particle identification

Final results were obtained for primary particles produced in strong and electromagnetic pro-
cesses, and are corrected for detector geometrical acceptance and reconstruction efficiency as well
as weak decays and secondary interactions. Three analysis methods were used:

e For m~ spectra the 4~ method [2], which is based on the fact that the majority of negatively
charged particles are 7~ mesons. The contribution of other particles is subtracted using
calculations based on the EPOS model [3],

e for 7*, 7=, K, K~ and p, p the dE /dx method, which uses the measured particle energy
loss (dE /dx) in the TPC gas to identify particles [4],

e for ™, 77, K*, K~ and p, p the tof — dE /dx method, which in addition to the dE /dx in-
formation uses time of flight (fof) measurements. Combined rof — dE /dx analysis provides
excellent separation of different hadron species close to the mid-rapidity region [4].

3. n~ spectra from the energy and system size scan

NAG61/SHINE measures 7w~ spectra by the 4~ method in a large acceptance: transverse mo-
mentum down to 0 GeV/c, full forward hemisphere. Preliminary rapidity distributions of &~ pro-
duced in strong and electromagnetic processes in Ar+Sc interactions at 134, 194, 304, 404, 75A
and 150A GeV/c are shown in Fig. 3 (left). Rapidity spectra are approximately Gaussian, indepen-
dent of collision energy and system size. The large acceptance allows to obtain the total multiplicity
(sum of data and extrapolation) [5].
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Figure 3: Rapidity distributions of 7~ produced in strong and electromagnetic processes in Ar+Sc interac-
tions at 134, 194, 304, 404, 75A and 150A GeV/c (left). Transverse mass distributions of 7 produced in
p+p, Be+Be, Ar+Sc and Pb+Pb collisions at 40A GeV/c around mid-rapidity (right).

Figure 3 (right) presents examples of measured transverse mass (mr) distributions of £~ pro-
duced in p+p, Be+Be, Ar+Sc and Pb+Pb collisions at 40A GeV/c around mid-rapidity. The mr
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spectra in p+p collisions are exponential whereas in larger systems for central collisions they de-
viate from the exponential shape. The shape of my spectra differs significantly between p+p in-
teractions and central A+A collisions. Transverse mass spectra of 7~ at mid-rapidity produced in
Be+Be, Ar+Sc and Pb+Pb divided by the correspoding results from p+p interactions are shown
in Fig. 4 at 19A-150A GeV/c. The ratios show a clear system size dependence, but no signifi-
cant energy dependence for the same system. The change of shape is most likely associated with
transverse collective flow.
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Figure 4: Ratio between the 7~ traverse mass (mr) spectra produced in Be+Be, Ar+Sc, Pb+Pb collisions
and corresponding results from p+p interactions. Only statistical uncertainties are presented.

4. Onset of deconfinement

The Statistical Model of the Early Stage (SMES) [6] predicts a 1st order phase transition to
the QGP between top AGS and top SPS energies. In the transition region constant temperature
and pressure in the mixed phase and an increase of the number of internal degrees of freedom is
expected.

These predictions were confirmed by measurements in central Pb+Pb interactions by the NA49
experiment. The ratio of mean total pion multiplicity () and mean number of wounded nucleons
(W) as function of collision energy ("kink" plot) is presented in Fig. 5. The slope of increase with
energy (proportional to the number of internal degrees of freedom) is larger for heavier than for
lighter systems at high SPS energies.

A plateau ("step") in the energy dependence of the inverse slope parameter T was observed by
the NA49 experiment in Pb+Pb collisions for my spectra of K*. It was expected for the onset of
deconfinement due to the presence of a mixed phase of hadron gas (HRG) and quark-gluon plasma
(QGP). In p+p interactions at SPS energies the inverse slope parameter T of mr spectra show
qualitatively similar structure as in central Pb+Pb collisions ("step") and such a behavior seems to
emerge also in p+p and in Be+Be reactions, as visible in Fig. 6. The values of the T parameter in
Be+Be collisions are slightly above those in p+p.

Finally, rapid changes of the ratios K* /7" at mid-rapidity and (K*) /(n") as function of
collision energy ("horn") were observed in Pb+Pb collisions by the NA49 experiment. These were
predicted by the SMES model as a signature of the onset of deconfinement. These two ratios
together with new NAG61/SHINE results from Be+Be and Ar+Sc collisions are shown in Fig. 7. A
plateau like structure is visible in p+p interactions. The ratio K™ /™ at mid-rapidity from Be+Be
collisions is close to the p+p data points. For the three analyzed energies of Ar+Sc collisions, the
ratio (K1) /(™) shows similar dependence on collision energy as in p+p interactions.
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Figure 5: Ratio of mean total pion multiplicity (7) and mean number of wounded nucleons (W) as function
of collision energy ("kink" plot). Only statistical uncertainties are shown.
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Figure 6: Inverse slope parameter T of my spectra of K* as function of collision energy. Most results are
shown with statistical uncertainties only. For the p+p data the shaded band indicates systematic uncertainties.

5. System size dependence of K /7"

The yield ratio Kt /™ at mid-rapidity at 304 and 150A GeV/c as function of the mean number
of wounded nucleons (W) (system size dependence) is shown in Fig. 8. Surprisingly results for
Be+Be and p+p reactions are very close, independent of collision energy. Comparing to heavier
systems the data suggest a jump between light and heavy systems as in the case of multiplicity
fluctuations [7].

6. ¢(1020) meson production in p+p interactions

The production of ¢ mesons was measured in p+p interactions at 40, 80 and 158 GeV/c.
¢ mesons were identified by their charged kaon decays ¢ — K + K~ using the invariant mass
method. The low statistics of the 40 GeV/c data-set only allowed to extract single differential dn/dy
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Figure 7: Ratio of yields K* /7" at mid-rapidity and the ratio of total yields (K*) / (™) produced in p+p,
Be+Be and Pb+Pb collisions as function of collision energy.
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Figure 8: Ratio Kt /7" of mid-rapidity yields in p+p, Be+Be and Pb+Pb collisions as function of the mean
number of wounded nucleons (W) at 304 and 1504 GeV/c beam momentum. Only statistical uncertainties

are presented.

and dn/dpr spectra in one wide transverse momentum and one rapidity bin, respectively, while at
80 and 158 GeV/c a double-differential analysis in bins of rapidity and transverse momentum was
possible. These are the first measurements of ¢ production at 40 and 80 GeV/c and the first double-
differential measurements at 158 GeV/c.

Examples of pr spectra are presented in Fig. 9. The spectra are fitted with an exponential
function in my shown by the blue curve. The extracted values of the inverse slope parameter T at
80 and 158 GeV/c are in the range 120-160 MeV and decrease with increasing rapidity.

The rapidity spectra of ¢ mesons are presented in Fig. 10. Shown are also predictions for the
shape of the rapidity spectra from the Epos1.99 [3] (version in CRMC1.6.0 package), Pythia6.4.28 [8]
and Urgmd3.4 [9, 10] models which are normalized to the integral of the data. All models approx-
imately describe the shape of the spectra. The result of the fit with a single Gaussian to the experi-
mental points is shown by the black curve. The width of the rapidity spectra derived from the fit is
compared to the width of the rapidity spectra of 7=, K* in p+p [4] collisions in Fig. 11 (left) and
to the width of the rapidity spectra of ¢ mesons in Pb+Pb [11] collisions in Fig. 11 (right). While
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Figure 9: Examples of py spectra of ¢ (1020) mesons produced in inelastic p+p interactions. The systematic
uncertainties are shown by the blue shaded boxes while horizontal error bars indicate the width of the pr

bins.
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Figure 10: Rapidity spectra of ¢(1020) mesons produced in inelastic p+p interactions. The systematic
uncertainties are shown by the blue shaded boxes while horizontal error bars indicate the width of the pr

bins.

in p+p collisions the ¢ follows the trend of the other hadrons, the width of the rapidity distributions
of ¢ mesons in Pb+Pb collisions increases much faster with energy.

7. NA61/SHINE plans

The physics program of the NA61/SHINE Collaboration was recently extended by pilot open
charm measurements and precise measurement of fluctuations and collective effects in Pb+Pb colli-
sions. This extension was possible thanks to the installation of a new precise vertex detector (VD).
A small Acceptance version was commissioned in 2015 and test data were recorded in 2016. The
vertex fit resolution obtained in the preliminary analysis is on the level of 50 um.

Precise measurements of open charm produced in Pb+Pb collisions are planned for 2021-
2024. To reach this goal detector upgrades are planned during the Long Shutdown LS2 in 2019—
2020. The readout rate will be increased to 1 kHz by upgrading the TPC readout electronics, a
Large Acceptance Vertex Detector (LAVD) will be built based on ALPIDE sensors. Moreover, it
is foreseen to increase the intensity and improve the quality of the beam. The predicted number
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Figure 11: The width of the ¢(1020) meson rapidity spectra as function of energy compared to that of 7™,
K* in p+p [4] interactions (left) and to that of ¢ mesons in central Pb+Pb collisions [11] (right).

of registered and visible D° decays produced in Pb+Pb interactions during 10 days of data taking

after 2021 is approximately 4 - 10* in 4 - 107 events.
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