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Abstract: The fixed-target NA61/SHINE experiment (SPS CERN) looks for the critical point (CP)
of strongly interacting matter and the properties of the onset of deconfinement. It is a scan of
measurements of particle spectra and fluctuations in proton—proton, proton—nucleus, and nucleus—
nucleus interactions as a function of collision energy and system size. This gives unique possibilities
to researching critical properties of the dense hot hadronic matter created in the collision process.
New measurements and their objectives, related to the third stage of the experiment after 2020, are
presented and discussed here.
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1. Introduction

The NA61/SHINE, Super Proton Synchrotron (SPS) Heavy Ion and Neutrino Experiment,
is the continuation and extension of the NA49 [1,2] measurements of hadron and nuclear fragment
production properties in fixed-target reactions induced by hadron and ion beams. It has used a similar
experimental fixed-target setup as NA49 (Figure 1), but with an extended research program. Beyond an
enhanced strong interactions program, there are the measurements of hadron production for neutrino
and cosmic ray experiments realized. NA61/SHINE is a collaboration, with about 150 physicists,
33 institutions, and 14 countries being involved.

The strong interaction program of NA61/SHINE is devoted to studying the onset of
deconfinement and search for the critical point (CP) of hadronic matter, related to the phase transition
between hadron gas (HG) and quark-gluon plasma (QGP). The first order phase boundary between
the HG and QGP phase is expected to end at the CP, as seen in Figure 2. At the CP, the sharp first-order
phase transition turns into a rapid crossover, resulting in the appearance of large fluctuations of
various observables, which are sensitive to the vicinity of the CP. The CP has long been predicted
for thermal quantum chromodynamics (QCD) at finite yp /T [3-5]. Lattice QCD calculations, which
are becoming more and more accurate, have led to the present conclusions that the cross-over region
occurs at Tc(pp = 0) = 154 £ 9 MeV [6] and the location of the CP is not expected for yip/T < 2 and
T/T.(up = 0) > 0.9 [7]. A more detailed exploration of the QCD phase diagram would need both new
experimental data with extended detection capabilities and improved theoretical models [8].

The NA49 experiment studied hadron production in Pb + Pb interactions, while the NA61/SHINE
collects data varying collision energy (13A-158A GeV) and the size of the colliding systems, as shown
in Figure 3. This is, in a sense, equivalent to the two-dimensional scan of the NA61/SHINE piece of the
hadronic phase diagram in the (T, up) plane, as depicted in Figure 2. Changes in the collision energy
lead to different values of the net baryon number chemical potential pp and temperature T. Different
sizes of colliding systems allow to identify the minimum hadronic volume, which can be excited to the
state where statistical physics concepts of HG/QGP phase transition are still meaningful. The research
program was initiated in 2009, with the p + p collisions used later on as reference measurements for
heavy-ion collisions.
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Figure 1. The present NA61/SHINE detector consists of a large acceptance hadron spectrometer,
followed by a set of six Time Projection Chambers (TPCs), as well as time-of-flight (ToF) detectors.
The high resolution forward calorimeter, the projectile spectator detector (PSD), measures energy flow
around the beam direction. For hadron-nucleus interactions, the collision volume is determined by
counting the low momentum particles emitted from the nuclear target with the low momentum particle
detector (a small TPC) surrounding the target. An array of beam detectors identifies beam particles,
secondary hadrons, and nuclei, as well as primary nuclei, and measures precisely their trajectories.
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Figure 2. Phase structure of hadronic matter covered by NA61/SHINE (green), compared to present
and future heavy ion experiments.
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Figure 3. For the program on strong interactions NA61/SHINE scans in the system size and beam
momentum. In the plot, the recorded data are indicated in green and the approved future data in red.

Hadron production measurements for neutrino experiments are just reference measurements
of p + C interactions for the T2K experiment, since they are necessary for computing initial neutrino
fluxes at ]-PARC. These measurements have been extended to the production of charged pions and
kaons in interactions with thin carbon targets and replicas of the T2K target, to test accelerator neutrino
beams [9]. The collection of data began in 2007.

Collected p + C data also allow to better understand nuclear cascades in the cosmic air
showers—necessary in the Pierre Auger and KASCADE experiments [10,11]. These are reference
measurements of p + C, p + p, ™ + C, and K + C interactions for cosmic ray physics. The cosmic
ray collisions with the Earth’s atmosphere produce air shower secondary radiation. Some of the
particles produced in such collisions subsequently decay into muons, which are able to reach the
surface of the Earth. Cosmic ray induced muon production would allow to reproduce primary cosmic
ray composition if the related hadronic interactions are known [12].

As seen in Figure 2, the phase structure of hadronic matter is involved. Progress in the theoretical
understanding of the subject and collecting more experimental data will allow to delve into the subject.
While the highest energies achieved at LHC and RHIC colliders provide data related to the crossover
HG/QGP regions, the SPS fixed-target NA61/SHINE experiment is particularly suited to explore the
phase transition line HG/QGP with the CP included.

Results of Initial NA61/SHINE Research

The production properties of light and medium mass hadrons, in particular pions and kaons,
have been measured [13] according to the NA61/SHINE proposal [1]. The Be + Be results are close to
p + p independently of collision energy. Moreover, the data show a jump between light (p + p, Be + Be)
and intermediate, heavy (Ar + Sc, Pb + Pb) systems [14]. The observed rapid change of hadron
production properties that starts when moving from Be + Be to Ar + Sc collisions can be interpreted
as the beginning of the creation of large clusters of strongly interacting matter—the onset of fireball.
One notes that non-equilibrium clusters produced in p + p and Be + Be collisions seem to have similar
properties at all beam momenta studied here.

The Kt /7™ ratio in p + p interactions is below the predictions of statistical models. However, the
ratio in central Pb + Pb collisions is close to statistical model predictions for large volume systems [15].
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In p + p interactions, and thus also in Be + Be collisions, multiplicity fluctuations are larger than
predicted by statistical models. However, they are close to statistical model predictions for large
volume systems in central Ar + Sc and Pb + Pb collisions [16].

The two-dimensional scan conducted by NA61/SHINE by varying collision energy and nuclear
mass number of colliding nuclei indicates four domains of hadron production separated by two
thresholds: The onset of deconfinement and the onset of fireball [17]. The sketch presented in Figure 4
illustrates this preliminary conclusion. Collected Ar + Sc and Xe + La data are being analyzed to
provide further information.
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Figure 4. The onset of deconfinement and the onset of fireball. The onset of deconfinement is well
established in central Pb + Pb (Au + Au) collisions. Its presence in collisions of low mass nuclei, inelastic
p + p interactions in particular, is questionable.

Total production cross-sections and total inelastic cross-sections for reactions 7" +C,Al and
K*+C,Al at 60 GeV/c and tt+C,Al at 31 GeV/c were measured. These measurements are a key
ingredient for neutrino flux prediction from the reinteractions of secondary hadrons in current and
future accelerator-based long-baseline neutrino experiments [18].

2. New Measurements Requested

The third stage of the experiment, starting after the Long Shutdown 2 (LS-2) of the CERN
accelerator system, would include:

e  Measurements of charm hadron production in Pb + Pb collisions for heavy ion physics;
e measurements of nuclear fragmentation cross-section for cosmic ray physics;
e measurements of hadron production in hadron-nucleus interactions for neutrino physics.

The proposed measurements and analysis are requested by heavy ion, cosmic ray, and neutrino
communities. A careful analysis of fluctuations and intermittency phenomena in NA61/SHINE data
collected so far is necessary to look for the CP [19].

The objective of charm hadron production measurements in Pb + Pb collisions is to obtain the
first data on the mean number of ¢c pairs produced in the full phase space in heavy ion collisions.
Moreover, further new results on the collision energy and system size dependence will be provided.
This will help to answer the questions about the mechanism of open charm production, about the
relation between the onset of deconfinement and open charm production, and about the behavior of
J/¢ in quark-gluon plasma.
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The objective of nuclear fragmentation cross-section measurements is to provide high-precision
data needed for the interpretation of results from current-generation cosmic ray experiments.
The proposed measurements are of crucial importance to extract the characteristics of the diffuse
propagation of cosmic rays in the Galaxy.

The objectives of new hadron production measurements for neutrino physics are to further
improve the precision of hadron production measurements for the currently used T2K replica
target, to perform measurements for a new target material, both for T2K-II and Hyper-Kamiokande
experiments, and to study the possibility of measurements at low incoming beam momenta (below
12 GeV/c), relevant for improved predictions of both atmospheric and accelerator neutrino fluxes.

NA61/SHINE is the only experiment which will conduct such measurements in the near future.
Together with other HIC experiments, it creates a full-tone physical picture of QCD in dense medium.
Especially concerning the strong interaction heavy-ion program, the NA61/SHINE has unique
capabilities in comparison with the other experiments (see Figure 2):

The limitations of other experiments are related to: (i) Limited acceptance, (ii) measurement of
open charm not considered in the current program, or (iii) very low cross-section at SIS-100.

Concerning other experiments’ capabilities shown at Figure 5:

e LHC and RHIC measurements of open charm at high energies are performed in a limited
acceptance due to the collider kinematics and the detector geometry. The NA61/SHINE
measurement will not be subject to these limitations [20-23];

e RHIC BES collider ( /sy = 7.7 — 39 GeV ): Measurement not considered in the current
program [24-26];

e RHIC BES fixed-target ( \/syy = 3 — 7.7 GeV ): Measurement not considered in the current
program [27];

e NICA (/snn < 11 GeV): Measurements during stage 2 (after 2023) are under consideration [28];

e J-PARC-HI (/syn S 6 GeV): Under consideration, may be possible after 2025 [29];

e FAIR SIS-100 ( /snn S 5): Not possible due to the very low cross-section at SIS-100, charm
measurements are planned with SIS-300 (/syn S 7 GeV), but not with the start version (timeline
is unclear).
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Figure 5. Recent (red) and future (green) heavy ion facilities in the phase diagram of strongly
interacting matter.

The beam momentum range provided to NA61/SHINE by the SPS and the H2 beam line is highly
important for the heavy ion, neutrino, and cosmic ray communities. It covers:



Particles 2018, 1 301

e Energies at which the transition from confined hadrons to quark gluon plasma in heavy ion
collisions takes place—the onset of deconfinement [30];

e proton beams of momenta used to produce neutrino beams at J-PARC, Japan and Fermilab,
US [31];

e light nuclei at momenta > 10 A GeV/c, important for the understanding of the propagation of
cosmic rays in the Galaxy [32].

Specific Research Goals

The NA61/SHINE charm program addresses questions about the validity and the limits of
statistical and dynamical models of high energy collisions in the new domain of quark mass,
me ~ 1300 MeV > T¢ ~ 150 MeV [33]. To answer these questions, knowledge is needed on the mean
number of charm-anticharm quark pairs (c¢) produced in the full phase space of heavy ion collisions.

Such data do not exist yet and NA61/SHINE aims to provide them within the coming years.
The related preparations have started already. In 2015 and 2016, a Small Acceptance Vertex Detector
(SAVD) was constructed and first measurements of open charm production started in 2016—Figure 6.
Vertex resolution has appeared precisely enough (30 um) to distinguish D° decay. That was possible
due to the fixed-target experiment-specific property, where the Lorenz factor By ~ 10 makes
short-living D an observable particle, even in such a small acceptance vertex detector.
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Figure 6. Present NA61/SHINE setup with the SAVD included.

Successful performance of the SAVD in 2016 led to the decision to also use it during the collection
of Xe + La data in 2017. About 5 x 10° events of central Xe + La collisions at 150A GeV /c were collected.
The Xe + La data are currently under analysis and are expected to lead to physics results in the coming
months. One expects to reconstruct several hundreds of D® and DO decays. Beyond this, about 4000 D°
and DP decays can be expected to be reconstructed from the collection of Pb + Pb data in 2018. Further
data collection on Pb + Pb collisions and the reconstruction of decays of various open charm mesons
are planned by NA61/SHINE for the years 2022-2024. This would be combined with the required
detector upgrades, including a full scale, large acceptance vertex detector—now under construction.

Another domain of NA61/SHINE activity will be to measure fragmentation cross-sections relevant
for the production of Li, Be, B, C, and N nuclei. These elements are of particular importance for the
physics of cosmic rays in the Galaxy. The NA61/SHINE facility has already successfully taken
data with light ion beams [34] and can be used with practically no modifications to perform the
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needed cross-section measurements at isotope level. The ability to separate different isotopes from
fragmentation interactions for a given charge was validated with simulations [35].
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Abbreviations

The following abbreviations are used in this manuscript:

CERN  Conseil Europén pour la Recherche Nucléaire

CcP
FAIR
HG
HIC

critical point

Facility for Antiproton and Ion Research
hadron gas

heavy-ion collision

J-PARC  Japan Proton Accelerator Research Complex

LHC
LS

Large Hadron Collider
long shutdown

NICA Nuclotron-based Ion Collider fAcility

QCD
QGP

quantum chromodynamics
quark-gluon plasma

SAVD small acceptance vertex detector
RHIC Relativistic Heavy Ion Collider

SPS Super Proton Synchrotron

References

1.  Gazdzicki, M.; Fodor, Z.; Vesztergombi, G. NA49-future Collaboration. In Study of Hadron Production in
Hadron-Nucleus and Nucleus-Nucleus Collisions at the CERN SPS; Technical Report CERN-SPSC-2006-034;
SPSC-P-330; CERN: Geneva, Switzerland, 2006

2. Abgrall, N. NA61/SHINE Collaboration. In Calibration and Analysis of the 2007 Data; Technical Report
CERN-SPSC-2008-018; CERN: Geneva, Switzerland, 2008

3. Barducci, A.; Casalbuoni, R.; De Curtis, S.; Gatto, R.; Pettini, G. Chiral Symmetry Breaking in QCD at Finite
Temperature and Density. Phys. Lett. B 1989, 231, 463—470. [CrossRef]

4. Halasz, A.M.; Jackson, A.D.; Shrock, R.E.; Stephanov, M.A.; Verbaarschot, ].J].M. Phase diagram of QCD.
Phys. Rev. D 1998, 58, 096007. [CrossRef]

5. Berges, J.; Rajagopal, K. Color superconductivity and chiral symmetry restoration at nonzero baryon density
and temperature. Nucl. Phys. B 1999, 538, 215-232. [CrossRef]

6. Bazavov, A,; Bhattacharya, T.; DeTar, C.; Ding, H.-T.; Gottlieb, S.; Gupta, R.; Hegde, P.; Heller, U.M.; Karsch,
F.; Laermann, E.; et al. Equation of state in (2+1)-flavor QCD. Phys. Rev. D 2014, 90, 094503. [CrossRef]

7. Bazavov, A.; Ding, H.-T.; Hegde, P.; Kaczmarek, O.; Karsch, F; Laermann, E.; Maezawa, Y.; Ohno, H.;
Petreczky, PH.; Wagner, M.; et al. The QCD Equation of State to O(u$) from Lattice QCD. Phys. Rev. D
2017, 95, 054504. [CrossRef]

8.  Caines, H. The Search for Critical Behavior and Other Features of the QCD Phase Diagram—Current Status
and Future Prospects. Nucl. Phys. A 2017, 967, 121-128. [CrossRef]

9. Abgrall, N.; Aduszkiewicz, A.; Andrieu, B.; Anticic, T.; Antoniou, N.; Argyriades, J.; Asryan, A.G.; Baatar, B.;
Blondel, A.; Blumer, J.; et al. (NA61/SHINE Collaboration). Measurements of Cross Sections and Charged
Pion Spectra in Proton-Carbon Interactions at 31 GeV/c. Phys. Rev. C 2011, 84, 034604. [CrossRef]

10. Abraham, J.; Aglietta, M.; Aguirre, 1.C.; Albrow, M.; Allard, D.; Allekotte, I.; Allison, P.; Alvarez Muiiz, ].;

do Amaral, M.G.; Ambrosio, M.; et al. (Pierre Auger Collaboration). Properties and performance of the
prototype instrument for the Pierre Auger Observatory. Nucl. Instrum. Methods Phys. Res. Sect. A 2004, 523,
50-95. [CrossRef]


http://dx.doi.org/10.1016/0370-2693(89)90695-3
http://dx.doi.org/10.1103/PhysRevD.58.096007
http://dx.doi.org/10.1016/S0550-3213(98)00620-8
http://dx.doi.org/10.1103/PhysRevD.90.094503
http://dx.doi.org/10.1103/PhysRevD.95.054504
http://dx.doi.org/10.1016/j.nuclphysa.2017.05.116
http://dx.doi.org/10.1103/PhysRevC.84.034604
http://dx.doi.org/10.1016/j.nima.2003.12.012

Particles 2018, 1 303

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Antoni, T.; Apel, W.D.; Badea, F; Bekk, K.; Bercuci, A.; Blimer, H.; Bozdog, H.; Brancus, I.M.; Biittner, C.;
Chilingarian, A.; et al. (KASCADE Collaboration). The Cosmic ray experiment KASCADE. Nucl. Instrum.
Methods Phys. Res. Sect. A 2003, 513, 490-510. [CrossRef]

Morison, I. Introduction to Astronomy and Cosmology; John Wiley & Sons: Hoboken, NJ, USA, 2008;
ISBN 978-0-470-03333-3.

Turko, L. (NA61/SHINE Collaboration) Looking for the Phase Transition-Recent NA61/SHINE Results.
Universe 2018, 4 , 52. [CrossRef]

Aduszkiewicz, A. (NA61/SHINE Collaboration Collaboration). In Report from the NA61/SHINE Experiment at
the CERN SPS; Technical Report CERN-SPSC-2017-038; SPSC-SR-221; CERN: Geneva, Switzerland, 2017.
Becattini, F.; Manninen, J.; Gazdzicki, M. Energy and system size dependence of chemical freeze-out in
relativistic nuclear collisions. Phys. Rev. 2006, C73, 044905. [CrossRef]

Begun, V.V,; Gazdzicki, M.; Gorenstein, M.I.; Hauer, M.; Konchakovski, V.P.; Lungwitz, B. Multiplicity
fluctuations in relativistic nuclear collisions: Statistical model versus experimental data. Phys. Rev.
2007, C76, 024902. [CrossRef]

Larsen, D. (NA61/SHINE Collaboration) The onsets of deconfinement and fireball of NA61/SHINE. arXiv
2018, arXiv:1810.02756.

Aduszkiewicz, A.; Andronov, E.; Anti¢i¢, T.; Antoniou, N.; Baatar, B.; Baszczyk, M.; Bhosale, S.; Blondel, A.;
Bogomilov, M.; Brandin, A.; et al. (NA61/SHINE Collaboration) Measurements of total production cross
sections for 77 +C, r++Al, KT+C, and K*+Al at 60 GeV/c and 7" +C and 71t +Al at 31 GeV/c. Phys. Rev. D
2018, 98, 052001. [CrossRef]

Andronov, E. (NA61/SHINE Collaboration) Search for the critical point by the NA61/SHINE experiment.
arXiv 2018, arXiv:1807.10737.

Meninno, E. (ALICE Collaboration) Open-charm production measurements in pp, 1 p-Pb and Pb-Pb collisions
with ALICE at the LHC. EP] Web Conf. 2017, 137, 06018. [CrossRef]

Hou, G.W.S. (ATLAS, CMS Collaboration) Open charm production and spectroscopy at ATLAS and CMS.
Proc. Sci. 2016. [CrossRef]

Simko, M. (STAR Collaboration) Measurements of open charm hadrons at the STAR experiment. J. Phys.
Conf. Ser. 2017, 832, 012028. [CrossRef]

Nagashima, K. (PHENIX Collaboration) PHENIX measurements of single electrons from charm and bottom
decays at midrapidity in Au+Au collisions. Nucl. Phys. 2017, A967, 644-647. [CrossRef]

Odyniec, G. The RHIC Beam Energy Scan program in STAR and what’s next... J. Phys. Conf. Ser. 2013,
455, 012037. [CrossRef]

Yang, C. (STAR Collaboration) The STAR beam energy scan phase II physics and upgrades. Nucl. Phys. 2017,
A967,800. [CrossRef]

Luo, X.; Xu, N. Search for the QCD Critical Point with Fluctuations of Conserved Quantities in Relativistic
Heavy-Ion Collisions at RHIC: An Overview. Nucl. Sci. Tech. 2017, 28, 112. [CrossRef]

Meehan, K.C. (STAR Collaboration) Fixed Target Collisions at STAR. Nucl. Phys. 2016, A956, 878. [CrossRef]
Kekelidze, V.; Kovalenko, A.; Lednicky, R.; Matveev, V.; Meshkov, I.; Sorin, A.; Trubnikov, G. Feasibility
study of heavy-ion collision physics at NICA JINR. Nucl. Phys. A 2017, 967, 884-887. [CrossRef]

Sako, H.; Harada, H.; Sakaguchi, T.; Chujo, T.; Esumi, S.; Gunji, T.; Hasegawa, S.; Hwang, S.H.; Ichikaw, Y.;
Imai, K.; et al. (J-PARC Heavy-Ion Collaboration) Studies of high density baryon matter with high intensity
heavy-ion beams at J-PARC. Nucl. Phys. A 2016, 956, 850-853. [CrossRef]

Gazdzicki, M.; Gorenstei, M.; Seyboth, P. Onset of deconfinement in nucleus-nucleus collisions: Review for
pedestrians and experts. Acta Phys. Polon. B 2011, 42, 307-351. [CrossRef]

Abgrall, N.; Aduszkiewicz, A.; Andronov, E.V.; Anti¢i¢, T.; Baatar, B.; Baszczyk, M.; Bhosale, S.; Blondel, A.;
Bogomilov, M.; Brandin, A.; et al. (NA61 Collaboration) Measurements of £, K* and proton yields from
the surface of the T2K replica target for incoming 31 GeV /¢ protons with the NA61/SHINE spectrometer at
the CERN SPS. arXiv 2018, arXiv:1808.04927.

Genolini, Y.; Maurin, D.; Moskalenko, I.V.; Unger, M. Current status and desired accuracy of the isotopic
production cross sections relevant to astrophysics of cosmic rays L. Li, Be, B, C, N. Phys. Rev. C 2018,
98, 034611. [CrossRef]

Snoch, A. (NA61/SHINE Collaboration) Charm Program of NA61/SHINE: Motivation and Measurements.
arXiv 2018, arXiv:1803.01692.


http://dx.doi.org/10.1016/S0168-9002(03)02076-X
http://dx.doi.org/10.3390/universe4030052
http://dx.doi.org/10.1103/PhysRevC.73.044905
http://dx.doi.org/10.1103/PhysRevC.76.024902
http://dx.doi.org/10.1103/PhysRevD.98.052001
http://dx.doi.org/10.1051/epjconf/201713706018
http://dx.doi.org/10.22323/1.289.0088
http://dx.doi.org/10.1088/1742-6596/832/1/012028
http://dx.doi.org/10.1016/j.nuclphysa.2017.06.038
http://dx.doi.org/10.1088/1742-6596/455/1/012037
http://dx.doi.org/10.1016/j.nuclphysa.2017.05.042
http://dx.doi.org/10.1007/s41365-017-0257-0
http://dx.doi.org/10.1016/j.nuclphysa.2016.04.016
http://dx.doi.org/10.1016/j.nuclphysa.2017.06.031
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.030
http://dx.doi.org/10.5506/APhysPolB.42.307
http://dx.doi.org/10.1103/PhysRevC.98.034611

Particles 2018, 1 304

34. Kaptur, E. (NA61/SHINE Collaboration) Energy scan with Be+Be collisions: Cross-section, centrality
determination, pion spectra and mean multiplicities, CPOD2014. Proc. Sci. 2015, 053.

35. Aduszkiewicz, A. (NA61/SHINE Collaboration). In Feasibility Study for the Measurement of Nuclear
Fragmentation Cross Sections with NA61/SHINE at the CERN SPS; CERN-SPSC-2017-035; SPSC-P-330-ADD-9;
CERN: Geneva, Switzerland, 2017.

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	New Measurements Requested
	References

