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Abstract

The goal of the STAR project (JINR participation) is to study the properties of nuclear matter at
extreme densities and temperatures, to search for signatures of quark deconfinement and possible
phase transitions in heavy ion collisions over a wide energy range at the Relativistic Heavy lon
Collider (RHIC). The research program also includes the study of the structure functions of quarks
and gluons in collisions of transversely and longitudinally polarized protons.

The first section of this document is devoted to a discussion of the main results in the STAR
experiment in 2019-2021, and the contribution of the JINR group to this research.

The following sections of the document are devoted to a discussion of the priority physical tasks
of the STAR experiment in 2021-2025. First, this is the completion of studies under the BES-II
program. There are also two new research programs for 2022-2025 with an expanded acceptance
of the STAR facility in the direction of the forward angles — the HOT QCD Physics program in
experiments with heavy ions and Cold QCD Physics programs in experiments on the collision of
polarized protons and polarized protons with nuclei.

At the end of the document, the priority tasks in the STAR experiment for the JINR group are
formulated.

Below is the Beam Use Request outlines the physics programs that compels the STAR
collaboration to request data taking during the years 2021-2025.

STAR’s highest scientific priorities for Run-21 and Run-22 are to complete second phase of the
Beam Energy Scan (BES-II) program, and initiate the “must-do” Cold QCD forward physics
program enabled by the newly completed suite of forward detectors via the collection of transversely
polarized p + p data at 510 GeV. From 2023-25 we will use a combination of soft and hard probes
to explore the microstructure of the QGP and continue the forward physics program via the collection
of high statistics Au + Au, p + Au and p + p data at \/syy = 200 GeV.

The BES-II program has so far been very successful. As shown in Table 1, we have recorded
collisions at /sy = 9.2-27 GeV in collider mode, and \/syy = 3-7.7 GeV in fixed target (FXT)
mode. In Run-21, as shown in Table 2, our number one priority is to complete the BES-II by
recording 100 M good events at \/syy = 7.7 GeV.

Table 1. Summary of all BES-II and FXT Au + Au beam energies, equivalent chemical potential,
event statistics, run times, and date collected.

Beam Energy |v/syy (GeV)| uB Run Time Number Events Date

(GeV/nucleon) (MeV) Requested (Recorded) Collected
13.5 27 156 24 days (560 M) Run-18
9.8 19.6 206 36 days 400 M (582 M) Run-19
7.3 14.6 262 60 days 300 M (324 M) Run-19
5.75 11.5 316 54 days 230 M (235 M) Run-20
4.59 9.2 373 102 days 160 M (162 M)! Run-20 + 20b
31.2 7.7 (FXT) | 420 0.5+1.1 days | 100 M (50 M+112 M) | Run-19 +20
19.5 6.2 (FXT) | 487 1.4 days 100 M (118 M) Run-20
13.5 5.2 (FXT) | 541 1.0 day 100 M (103 M) Run-20
9.8 4.5 (FXT) | 589 0.9 days 100 M (108 M) Run-20
7.3 3.9 (FXT) | 633 1.1 days 100 M (117 M) Run-20
5.75 3.5 (FXT) | 666 0.9 days 100 M (116 M) Run-20
4.59 3.2 (FXT) | 699 2.0 days 100 M (200 M) Run-19




3.85 3.0 (FXT) | 721 4.6 days 100 M (259 M) Run-18
3.85 7.7 420 11-20 weeks 100 M Run-212
"Run-20b data taking completed 7:30am Sept 1.
?Data not yet collected, Run-21 forms part of this year’s BUR.

Table 2. Proposed Run-21 assuming 24-28 cryo-weeks, including an initial one week of cooldown,
one week for CeC, a one week set-up time for each collider energy and 0.5 days for each FXT
energy.

Enerz;nzg(l}ee\]?/z?:;eon) Vsnn (GeV)| Run Time Species (hlj;e];litzs) Priority
3.85 7.7 11-20 weeks Au+ Au 100 M 1
3.85 3 (FXT) 3 days Au+ Au 300 M 2
44.5 9.2 (FXT) | 0.5 days Au + Au 50 M 2
70 11.5 (FXT) | 0.5 days Au+ Au 50 M 2
100 13.7 (FXT) | 0.5 days Au+ Au 50 M 2
100 200 1 week O+0 400 M 3
200 M (central)
8.35 17.1 2.5 weeks Au+ Au 250 M 3
3.85 3 (FXT) 3 weeks Au+ Au 2B 3

Based on guidance from the Collider-Accelerator Department (CAD) and past experience we expect
that the bulk of Run-21 will be devoted to Au + Au collisions at+/syy = 7.7 GeV, the lowest collider
energy of the program. Collection of these events is our highest priority. However, if we assume
optimistic, but not overly so, rates and up-times, and 28 cryo-weeks, we project that the opportunity
to collect of other exciting datasets will arise.

The second highest priority for Run-21 identified by the STAR collaboration is four short FXT
runs; the collection of 300 M good events at v/syy = 3 GeV and 50 M good events at each of
three higher beam energies (\/syy = 9.2, 11.5, and 13.7 GeV). In the second highest priority b
the 3 GeV FXT system is listed first for reasons of logistics. It is recognized that the opportunity
to address the topics listed as second and third priorities will be contingent on the performance of
the 7.7 GeV collider run. Should it become evident early on in that run (in the first 4-8 weeks or
s0), that performance is exceeding the conservative projections and that time will be available at the
end of Run-21, then it would beneficial to take three days to complete the 3 GeV FXT run. This
system uses the same single beam energy (3.85 GeV) as the 7.7 GeV collider program, so there would
be no time lost transitioning, and acquiring these data early in the run would give sufficient time to
analyze the results of the ExpressStream production to investigate the acceptance and background
for the search of the double-A hypernucleus and determine the statistics necessary to pursue this
physics topic (currently estimated to be three weeks). 300 M events at 3 GeV with the enhanced
iTPC and eTOF coverage gives access to the proton higher moments, precision @, hypernuclei, and
dilepton measurements. The higher \/syy FXT data combined with the collider data at the same energy
will provide full proton rapidity coverage allowing us to probe in detail the mechanisms of stopping at
play in heavy-ion collisions. We estimate the total run time required to collect all these datasets is 6
days.

The STAR collaboration also finds important scientific opportunities are presented by the
collection of our third highest priority datasets:




» O+0 data at \/syy = 200 GeV, in the context of understanding the early-time conditions of
small systems. These data would allow for a direct comparison with a similarly proposed higher-
energy O+ O run at the LHC, and further motivate the case for a small system scan
complementary to ongoing efforts by the NA61/SHINE collaboration at SPS energies, and other
proposed light-ion species at the LHC.

» A sixth collider beam energy at /sy = 17.1 GeV. These data will provide for a finer scan in a
range where the energy dependence of the net-proton kurtosis and neutron density fluctuations
appear to undergo a sudden change.

* 2 B good events at /syy = 3 GeV in FXT mode. The enhanced statistics enables the
measurements of mid-rapidity proton 5-th/6-th order moments/cumulants and the system size
dependence of @ meson production. Furthermore, the large dataset has the potential to make the
first measurement of (or put limits on) the production rate of the double-A hypernuclei.

The sequence with which we collect these datasets is currently somewhat fluid and are listed in the

order of the requested run time; we do not want to take partial datasets. We expect to refine the

ordering of our goals as Run-21 progresses. Collection of these data during future RHIC running
periods is also of interest to the collaboration.

For Run-22, as shown in Table 3, we propose a dedicated 20 cryo-week transversely polarized p + p
run at s = 510 GeV. This run will take full advantage of STAR’s new forward detection
capabilities, consisting of a Forward Calorimeter System (FCS) and a Forward Tracking System
(FTS) located between 2.5 <1 <4, and further capitalizes on the recent BES-II detector upgrades.

Table 3. Proposed Run-22 assuming 20 cryo-weeks, including an initial one week of cool-down
and a two weeks set-up time.

s Species | Polarization | Run Time Sampled | Priority
(GeV) Luminosity
510 | p+p | Transverse | 16weeks | 400 pb! 1

These data will enable STAR to explore, with unprecedented precision, forward jet physics that
probe both the high-x (largely valence quark) and low-x (primarily gluon) partonic regimes.

Looking further out, the STAR collaboration has determined that there is a compelling scientific
program enabled by the first opportunity to capitalize on the combination of the BES-II and Forward
Upgrades in the data collected from Au+ Au, p + Au, and p + p collisions at \/syy = 200 GeV as
outlined in Table 4.

Table 4. Proposed Run-23 — Run-25 assuming 24 (28) cryo-weeks of running every year, and 6
weeks set-up time to switch species in 2024. Sampled luminosities assume a “take all” triggers.

Vsnn | Species Number Events/ Date
(GeV) Sampled Luminosity

200 |[Au+Au 10B / 38 nb™! 2023
200 p+p 235 pb! 2024
200 p+Au 1.3 pb! 2024
200 |[Au+Au 10B / 52 nb™! 2025

Significantly increased luminosities, the extended acceptance at mid-rapidity due to the iTPC,
improved event plane and triggering capabilities of the EPD, and the ability to probe previously

inaccessible forward region are all exploited in our Hot QCD program, that informs on the
8



microstructure of the QGP, and our Cold QCD program that will utilize transverse polarization
setting the stage for related future measurements at the EIC.
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1. Issues Addressed and Main Goals of Researches

The goal of the STAR project (JINR participation) is to study the properties of nuclear matter at
extreme densities and temperatures, to search for signatures of quark deconfinement and possible
phase transitions in heavy ion collisions over a wide energy range at the Relativistic Heavy lon
Collider (RHIC). The research program also includes the study of the structure functions of quarks
and gluons in collisions of transversely and longitudinally polarized protons.

The first section of this document is devoted to a discussion of the main results in the STAR
experiment in 2019-2021, and the contribution of the JINR group to this research.

The following sections of the document are devoted to a discussion of the priority physical tasks
of the STAR experiment in 2021-2025. First, this is the completion of studies under the BES-II
program. There are also two new research programs for 2022-2025 with an expanded acceptance
of the STAR facility in the direction of the forward angles — the HOT QCD Physics program in
experiments with heavy ions and Cold QCD Physics programs in experiments on the collision of
polarized protons and polarized protons with nuclei.

At the end of the document, the priority tasks in the STAR experiment for the JINR group are
formulated.

2. Participation in the Heavy Ion and the Spin Physics program

in STAR experiment at RHIC

This part of the project contains a short summary of the data obtained by the STAR Collabration
and the JINR group during 2016-2020 and the first part of 2021, as well as proposal to continue
of data tacking runs in the STAR experiment in the years 2021-2025.

In the year 2016, the run to study Heavy Flavor Physics has been hold at RHIC. At the present
large statistics has been taken. The data processing is going on and the effects of suppression and
collective flows in the events with open flavor (Ds, Ac, B, ...) and quarkonia (J/y, Y) production
are studied. One of main results of these researches is heavy quark suppression in gold-gold
collisions at RHIC energy 200 GeV (Phys.Rev. C99(2019)034908).

In the year 2017 the data taken run with polarized protons beams has been performed by STAR at
RHIC. STAR’s highest scientific priority is the first significant measurement of the sign change
of the Sivers’ function, when compared to the value measured in SIDIS, and evolution effects in
transverse momentum distributions through measurements of single spin asymmetries in W, Z,
direct photon and Drell-Yan pairs production in transversely polarized p + p collisions at

Vs =510 GeV (arXiv:1607.01676).

One of the highlighted analyses from the STAR 2017 pp 510 GeV run is a measurement of the Z
boson differential cross-section and its transverse single spin asymmetry Ay. The Z boson
differential cross-section can be included in a global analysis to constrain the quark transverse
momentum distribution (TMD) in the proton, the STAR data will especially constrain the TMDs
at high x. The Z boson Ay is the cleanest observable to test the predicted non-universality of the
Sivers function measures in deep inelastic scattering (DIS) and pp and TMD evolution effects,
which are predicted to be large.

With the sample size (pp at v/s = 510 GeV, recorded luminosity 320 pb~!, transverse polarization,
average beam polarization 55 %) comparable to the previous 2011, 2012 and 2013 data combined,
the 2017 Z boson differential cross-section do/dpy as a function of pr has been extracted, and full
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acceptance and efficiency corrections applied. The full systematic uncertainties for the 2017 results
have been finished except for that due to the ongoing determination of the STAR 2017 barrel
electro-magnetic calorimeter (BEMC) gain calibration. The currently measured Z boson 4y shows
a hint of being away from zero in the positive direction, which favors the sign-change in the Sivers
functions and small evolution effects. Howevere this analysis also requires the same BEMC gain
calibration and its uncertainty mentioned in the above differential cross-section measurements.

In the year 2018 the main task of the STAR collaboration was so call “the isobaric run” with *°Zr
and *°Ru collisions. The study of isobaric collisions will provide enhanced clarity of the role of
the magnetic field in the charge separation measurements. STAR scientific priority is the
successful realization of the isobaric collision program. In 2018 there was two 3.5 week run with
collisions of Ruthenium-96 (Ru + Ru) and Zirconium-96 (Zr + Zr) at+/syy = 200 GeV. The
following data analysis and comparison of results from these events will help clarify the
interpretation of measurements related to the chiral magnetic effect. Since Ru nuclei have an
atomic charge of 44 compared to 40 for Zr, Ru + Ru collisions will generate a magnetic field
approximately 10 % larger than Zr + Zr collisions while all else remains essentially constant.
Comparison of charge separation results will aid in determining the fraction of those measurements
which are related to the chiral magnetic effect by isolating the magnetic field dependence. Our
understanding of the chiral magnetic effect will thereby be greatly advanced and have a
fundamental impact beyond the field of high-temperature QCD.

In this section, we briefly summarize the status of the production and analysis of the Isobar
(°Ru + %Ru and *°Zr + *Zr) data collected in Run-18. The scientific goal that drove collection of
this data was to clarify the interpretation of measurements related to the chiral magnetic effect.
Comparison of charge separation results will aid in determining the fraction of those measurements
which are related to the chiral magnetic effect by isolating the magnetic field dependence. STAR
elected to perform blinded analyses on this dataset. This is the first known attempt of analysis
blinding in the Heavy-Ion experimental community. We have implemented a detailed plan for how
to ensure that we have successfully blinded all information that might reveal which isobar collision
each event is the result of. To ensure transparency STAR plans to submit for publication a detailed
description of the final blinding process prior to publication of the results.

In 2018 STAR’s priority also was high statistics measurement and following data analysis of
Au + Au collisions at 1/syy = 27 GeV which will allow to make statistically significant A and A
global polarization measurements. These measurements used advantage of the newly installed
Event Plane Detector’s to improve reaction plane resolution. The JINR group participate in
analyses of global polarization measurements at 27 GeV as well as energy dependence of this
phenomena.

STAR’s highest scientific priority for 2019-2021 is the commencement of the RHIC Beam
Energy Scan II. BES-II is the research program to search for phase transition and critical point of
QCD matter. The main goal of data tacking runs is dramatically enhancement of our understanding
of the QCD phase diagram.

Three upgrades were completed prior to the BES-II. Both the inner Time Projection Chamber
(iTPC) and the End-Cap Time of Flight (¢TOF) were scheduled for full installation in Run 19;
increasing the rapidity and low transverse momentum acceptance of STAR, and extending our
particle identification capabilities. The Event Plane Detector (EPD) was fully installed for in 2018.
The EPD provides enhanced event plane resolution and forward centrality measurements. JINR

13



physicists are have had participation in the work on the installation and preparation of the EPD
(event plane detector) for these runs.

This program started with Run-19 in which the collaboration aims was to collect data from the two
top collider energies of \/syy =19.6 and 14.6 GeV as well as data from a subset of the fixed target
(FXT) program. Collection of all the data outlined in Table 5 is STAR’s highest scientific priority.
BES-II will dramatically enhance our understanding of the QCD phase diagram. The proposed
program involves dedicated low beam energy running and high precision measurements of the
observables which have been proposed as sensitive to the phase structure of QCD matter. In
addition to the five lower collider energies that have been put forward in past, STAR proposes a
sixth collider beam energy at i/syny= 16.7 GeV. These data will provide for a finer scan in a range
where the energy dependence of the net-proton kurtosis and neutron density fluctuations appears
to undergo a sudden change.

Table 5. Summary of all BES-II and FXT Au + Au beam energies, equivalent chemical potential,
requested event statistics, and run times.

Beam Energy SNN uB .

(GeV/nucleon) (G\/e_V) (MeV) Run time Number Events
9.8 19.6 205 4.5 weeks 400M
7.3 14.6 260 5.5 weeks 300M
8.35 16.7 235 5 weeks 250M
5.75 11.5 315 9.5 weeks 230M
4.55 9.1 370 9.5 weeks 160M
3.85 7.7 420 12 weeks 100M
31.2 7.7 (FXT) 420 2 days 100M
9.8 4.5 (FXT) 589 2 days 100M
7.3 3.9 (FXT) 633 2 days 100M
19.5 6.2 (FXT) 487 2 days 100M
13.5 5.2 (FXT) 541 2 days 100M
5.75 3.5 (FXT) 666 2 days 100M
4.55 3.2 (FXT) 699 2 days 100M
3.85 3.0 (FXT) 721 2 days 100M

With Run-19, the Collaboration will start its fixed-target (FXT) program which extends the reach
of its BES-II program energy range down to lower center-of-mass energies. The proposed energies
for both collider and fixed-target mode are summarized in Table 5.

As we have mentioned earlier three detector upgrades have been proposed for BES-II and have
been successfully installed for Run-19. The upgrades increase STAR’s acceptance both in rapidity
and low transverse momentum, and extend its particle identification capabilities. The Event Plane
Detector (EPD) was installed prior to Run-18. The inner Time Projection Chamber (iTPC) and the
end-cap Time-of Flight (¢eTOF) commissioning have benefited from an extensive cosmic ray data
taking campaign prior to Run-19. Following recommendations from the 2018 The STAR
collaboration has commenced preparations to significantly improve its forward detection
capabilities. A Forward Calorimeter System (FCS) and Forward Tracking System (FTS) will
provide superior detection capabilities in the forward region between 2.5 <n <4.

STAR’s highest scientific priority for Run-20 was the continuation of the RHIC Beam Energy
Scan II. The collaboration proposes to continue with the next two highest beam energies in collider
mode (11.5and9.1GeV), as well as 6 FXT energies (7.7; 6.2; 5.2; 4.5; 3.94 3.5 GeV).
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STAR’s highest scientific priority for Run-21 is the completion of the RHIC Beam Energy Scan
II. The bulk of the 20-cryoweeks budget will be devoted to Au + Au collisions at the lowest
collider energy of the program, at \/syy = 7.7 GeV. We expect to refine our estimates of the
projected run time for 7.7 GeV, currently 12 weeks, following some tests with C-AD towards the
end of Run-19. The collaboration proposes to run the collider at \/syy = 16.7 GeV to allow
collection of an important data point between 14.6 and 19.6 GeV as is pointed out earlier in this
summary. We list the Run-21 proposed priorities and sequence in Table 6. Depending on the
availability of cryo-weeks in Run-20 and/or Run-21 the collaboration proposes to collect data
set(s) in the context of a small system run using O + O collisions. These data would allow for a
direct comparison with a similarly proposed higher-energy O + O run at the LHC around 2021—
2022, and further motivate the case for a small system scan complementary to ongoing efforts by
the NA61/SHINE collaboration at SPS energies, and other proposed light-ion species at the LHC.

Table 6. Proposed Run-21 assuming 20 cryo-weeks, including an initial one week of cool-down
and a one week set-up time for each collider energy.

Beam Ener S B .

(GeV /nucle(;glf) (Ge]{l;) (l\f[leV) Run time Number Events
3.85 7.7 Au+ Au 12 weeks 100M
8.35 16.7 Au + Au 5 weeks 250M
100 200 0O+0 1 week 400M

For Run-2022 period STAR Collaboration include a request for a dedicated 16-weeks pp run at
500 GeV. This run will take full advantage of STAR’s new forward detection capabilities and
further capitalize on the recent BES-II detector upgrades. We motivate a program that will use
RHIC’s unique ability to provide transverse and longitudinally polarized proton beams to exploit
both an increased statistical power and kinematic reach from recent and planned detector upgrades
as proposed.

3. Beam Energy Scan II Program. Search for QCD Critical Point

3.1. Physics objectives and Specific Observables

The BES-I scientific program has localized the most interesting regions and identified the
observables which are likely to be the most discriminating for understanding the QCD phase
structure. However, several of the key measurements were found to require higher statistics in
order to provide a quantitative physics conclusion. Therefore, we propose to run a second phase
of the beam energy scan (BES Phase-II) which is driven by the precision requirements of this suite
of physics observables. The bullets below provide an overview of the observables key to achieving
the goals of the BES Phase-II program. Following those bullets are subsections detailing the
requirements and expected resolution that will be reached for each key observable.

=  Onset of QGP

Measurements to be carried out include: the nuclear modification factor as a function of pr for
produced hadrons, azimuthal anisotropy measurements as a function of pr for identified hadrons
with particular emphasis on the ¢ meson and the multi-strange hyperons, and the centrality
dependence of charged particle correlations with respect to the reaction plane. Our current
measurements show interesting trends in these measurements as a function of center-of-mass
energies, and they point towards a possible turn-off of the signals of QGP below 19.6 GeV. The
nuclear modification factor at high p having a value below unity is regarded as a signature of

formation of hot and dense matter of quarks and gluons. Current measurements below 27 GeV do
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not have sufficient event statistics to extend in pr to 5 GeV/c, thereby preventing a quantitative
conclusion on the turn-off of this signal of QGP. In the azimuthal anisotropy measurements, the
V2 of @ mesons plays a crucial role. Since generation of a large v2 of @ mesons requires partonic
interactions prior to the formation of @, an absence or a low value of v, of ¢ mesons compared to
other hadrons could indicate that the system created in heavy-ion collisions does not undergo the
quark-hadron phase transition. Current measurements of v, of ¢ mesons versus pr at 11.5 and
7.7 GeV provides such an indication, but with large statistical errors on the data points. A high
statistics measurement of v2 of ¢ mesons versus py is crucial in order to find out if a turn-off of
partonic collectivity occurs below 19.6 GeV. The centrality dependence of a finite difference in
charge correlations with respect to the reaction plane for same- and opposite-charge pairs is
considered a signature of the Chiral Magnetic Effect. Within large statistical uncertainties, this
difference is consistent with zero in BES-I measurements at 7.7 GeV. Since one of the prerequisites
of this phenomenon is the formation of a partonic phase, a statistically significant null result at
lower beam energies will be an observation of turn-off of QGP. With the higher event statistics of
the BES Phase-1II program further effects of the chiral magnetic wave, such as the chiral separation
effect and the chiral vortex effect can also be studied.

= First-order phase transition

The relevant measurements include the slope of rapidity dependence of directed flow for protons
and net-protons, and tilt angle of the source as measured through azimuthally sensitive
femtoscopy. A minimum in dvi/dy versus center of mass energy has been argued to indicate the
softest point in the EOS of the system formed in heavy-ion collisions. A statistically significant
measurement has been obtained in BES-I, but the location of the minimum energy point has not
been fixed precisely. Current measurements suggest that it lies somewhere between the energy
values of 19.6 and 11.5 GeV, corresponding to a pg difference of more than 100 MeV.
Furthermore, differential measurements of this observable, like as a function of collision centrality
at different beam energies and for different baryon and meson species would provide additional
data to refine this signature of a first-order phase transition. These additional measurements require
increased statistics compared to BES-I. The tilt of the emission source is also proposed to have
sensitivity to the softest point in the EOS. This observable is a new measurement unique to BES
Phase-II. A measurement of this observable was not possible with the BES-I data to the high
statistics demands of the azimuthally sensitive femtoscopy analysis which is necessary to infer
coordinate space anisotropies.

= CriticalPoint

A non-monotonic variation of the product of high moments for net- protons, specifically the xc?
with beam energy has been considered in the literature as a signal for a CP. The current
measurements indicate that the trend of net-proton xo? is flat from 200 to 39 GeV. Starting at
27 GeV, the values of ko? of net-proton show a clear drop. However, the statistical errors on the
measurements at 11.5 and 7.7 GeV are too large for the purpose of further gauging the energy
dependent variations at the lower energies. A high statistics measurement of the possible rise in
the xc? values at energies below 19.6 GeV would open up an exciting opportunity to study the
QCD critical point physics at RHIC.

*  Chiral Phase Transition

High statistics dilepton measurements to date provide the most powerful observable to understand
in-medium effects and a possible chiral phase transition. While in the low mass region (around
and below the p meson mass) there is the possibility of investigating symmetry restoration, the
intermediate mass region allows a possible temperature measurement of the partonic phase. The
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BES program has clearly demonstrated STARSs capability for such measurements for energies as
low as 19.6 GeV. The results obtained so far are consistent with formation of a partonic phase,
with partial restoration of chiral symmetry, and suggest the importance of baryon-dominated
interactions in affecting the p meson spectra. BES Phase-II will offer a great new opportunity to
make a high-statistics measurement of dileptons at energies below 27 GeV to see the effect of the
possible turn-off of QGP and the increased baryonic interactions in the system.

Table 7. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various
observables

Collision Energy (GeV) 77 9.1 11.5 14.5 19.6
ug (MeV) in 0-5% central collisions 420 370 315 260 205

Observables

Rcpupto pr =35 GeV/c - 160 125 92
Elliptic Flow (¢ mesons) 100 150 200 200 400
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 50 75 100 100 200
Azimuthal Femtoscopy (protons) 35 40 50 65 &0
Net-Proton Kurtosis 80 100 120 200 400
Dileptons 100 160 230 300 400
Required Number of Events 100 160 230 300 400

Table 7 shows the statistics requires to make a precision measurement of each proposed observable
at each proposed energy.

3.2. Bulk correlations

Over the past years, the STAR collaboration has performed a series of correlation measurements
directed towards a comprehensive understanding of the QCD phase diagram and the bulk
properties of the QGP phase. Here we highlight the most recent STAR results on bulk correlations,
which are expected to shed light on the QCD phase diagram as well as on the transport properties
of the QGP.

Net-proton number fluctuations and the QCD critical point: One of the main goals of the
STAR Beam Energy Scan (BES) program is to search for possible signatures of the QCD critical
point (CP) by scanning the temperature (7)) and the baryonic chemical potential (pug) plane by
varying the collision energy. When the system produced in the heavy ion collisions approaches
the CP, the correlation length diverges. Higher order cumulants of conserved net-particle
multiplicity distributions are sensitive to such correlation lengths as the divergence of correlation
length leads to enhanced fluctuations in the net-particle multiplicity distributions.

The ratios of the cumulants of identified net-particle multiplicity distributions, such as net-protons,
have been predicted to be ideal observables sensitive to the onset of the QCD phase transition and
the location of the CP. A non-monotonic variation of these ratio of cumulants, such as C,/C,
(= ko?), as a function of collision energy has been proposed to be an experimental signature of the
CP. Taking the ratios of cumulants has advantages as it cancels the volume fluctuations to first
order. Further, these ratios of cumulants are related to the ratio of baryon-number susceptibilities
ata given T and uB. Near the critical point, QCD-based calculations predict the net-baryon number
distributions to be non-Gaussian and susceptibilities to diverge, causing these ratios to have non-
monotonic variation as a function of collision energy. However, the finite-size and finite-time
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effects in heavy-ion collisions limit the growth of correlation length, and hence it could restrict the
values of ko? from its divergence as a function of collision energy.

Figure 1 shows the collision energy variation of net-proton ko? for central and peripheral Au + Au
collisions within the acceptance of 0.4 < p; <2.0 GeV and |y| <0.5. In central collisions, a non-
monotonic variation with beam energy is observed for ko? with a significance of 3.0 . In contrast,
monotonic behavior with beam energy is observed for the statistical hadron gas (HRG) model, and
for a nuclear transport UrQMD model without a critical point, and experimentally in peripheral
collisions.

Old-Results New-Results
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Figure 1. ko? as a function of collision energy for net-proton distributions measured in central (0—
5 %) and peripheral (70-80 %) Au + Au collisions within 0.4 < pr (GeV/c) <2.0 and |y| <0.5.
The error bars and caps show statistical and systematic uncertainties, respectively. The dashed and
dash-dotted lines correspond to results from a hadron resonance gas (HRG) model. The shaded
bands are the results of a transport model calculation (UrQMD). The model calculations utilize the
experimental acceptance and incorporate conservation laws for strong interactions, but do not
include the dynamics of phase transition or critical point. The new results are obtained after
removing the spoiled events, the largest changes are seen in central Au + Au collisions at 7.7 and
62.4 GeV.

High statistics data from the ongoing BES-II program can provide precision measurements at
higher pg region in the QCD phase diagram. In addition, due to the iTPC and eTOF upgrades, a
differential measurement in |y| <1.5 and p; > 0.15 GeV/c will be explored. The study of
acceptance dependence of net-proton ko? and other cumulants ratios are important to understand
critical fluctuation. Furthermore, the forward Event-Plan Detector (EPDs) can also be used to
determine the centrality selection in heavy-ion collisions for this measurement.

Global polarization measurements at 27 GeV: In heavy-ion collisions, many theoretical models
propose that the large angular momentum in the collisions of two nuclei can be transferred to the
microscopic constituent of the created matter. Consequently, the spin of the produced quarks and
gluons might be polarized along the direction of the global angular momentum due to spin-orbit
coupling. The direction of the global angular momentum is perpendicular to the reaction plane, as
defined by the incoming beam and the impact parameter vector. This direction can be determined
from directed flow measurements of the spectators. STAR observed significant non-zero
polarization of hyperons with increasing strength with decreasing collision energy (from 200 to

7.7 GeV).
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We recently report more differential measurements using our newly installed EPDs in Au+ Au
collisions at 27 GeV as functions of the hyperon’s transverse momentum, and pseudo-rapidity. In
Figure 2 left panel we observe that the polarization does not show a strong dependence on pr,
albeit large uncertainties. There are several expectations on the p; dependence on the polarization.
If global polarization is generated by the vorticity of the initial state that does not have a strong pr
dependence then the result is compatible with expectations. Alternatively, at lower p+, due to the
smearing effect caused by scattering at later stages of the collisions, we might expect a decrease
of the polarization. In addition, one might expect a decrease in the polarization at higher pr due to
the expected larger contribution from jet fragmentation. Figure 2 right panel shows the pseudo-
rapidity dependence of the polarization measurement, no n-dependence of the polarization is
observed within uncertainties. The vorticity is expected to decrease at larger rapidity, but might
also have a local minimum at 1 =0 due to complex shear flow structure however, this might be
difficult to observe within STAR’s acceptance. This preliminary observation of no pr or n
dependence of the polarization is consistent with our previous measurements at 200 GeV. STAR
plans to perform the same measurement with an extended pseudo-rapidity coverage using the iTPC
detector upgrade and with higher statistics BES-II data set enabling higher a precision result.
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Figure 2. The global polarization measurements as a function of py and n in 15-75 % central
Au + Au collisions at \/syy =27 GeV.

Global spin alignment of K*° and ¢: Unlike the self-analyzing (anti)A, the polarization of vector
mesons such as ¢ (1020) and K*°(892) cannot be directly measured since vector mesons mainly
decay through the strong interaction in which parity is conserved. The spin alignment of vector
mesons can be given by a 3 X 3 spin density matrix with unit trace. The spin density matrix
diagonal elements p,,, n=0,1 and —1, represent the probabilities for the spin component along
the quantization axes. When there is no spin alignment this means that all three spin states (p;,)
have equal probability to be occupied meaning p,,,, = 1/3. Out of the three diagonal elements, only
the n = 0 case is independent of the other two. Consequently, it is intriguing to experimentally
investigate the pyq of vector mesons.

Figure 3 shows the centrality dependence of py, for both vector meson species for Au+ Au
collisions at 200 GeV. The -meson results are presented for transverse momentum
1.2 <pr <5.4 GeV/c, and py for this species is significantly above 1/3 for mid-central collisions,
indicating finite global spin alignment. The K*°-meson results are presented for transverse
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momentum 1.0 < pr < 1.5 GeV/c, and the magnitude of py, for this particle species is observed to
be significantly less than 1/3 for mid-central collisions.
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Figure 3. The spin alignment p,, measurements of vector mesons K *° and ¢ as a function of Npart
for the indicated pr range of the Au + Au collisions at 200 and 54.4 GeV.

The distinction between the global spin alignment for K*° and ¢ may be assigned to different in-
medium interactions due to the difference in the lifetime (@-meson is 10 times larger than K*°-
mesons), and/or a different response to the vector meson field. These global spin alignment results
are expected to shed light on the possible vector meson fields. Such investigations are extremely
important since vector meson fields are a crucial part of the nuclear force that binds nucleons to
atomic nuclei and are also central in describing properties of nuclear structure and nuclear matter.

Small system measurements: The comparisons of theoretical models to the flow harmonics, v,,,
continue to be an essential avenue to evaluate the transport properties of partonic matter produced
in large to moderate-sized collision systems. For the small collision systems formed in
p/d*He + Au and p + Pb collisions, collective flow might not develop due to the presence of large
gradients in the energy-momentum tensor that could trigger non-hydrodynamic modes. Certainly,
the most important question that divided our field is whether an alternative initial-state-driven
mechanism dominates over hydrodynamic expansion for these collision systems.

Current measurements for p/d/*He + Au collisions, which supplement earlier measurements at
both RHIC and the LHC aim to address the respective influence of collision system size and its
subnucleonic fluctuations, and viscous attenuation on the measured v,,.

Figure 4 shows the v,(py) and v3(py) values for p/d/*He + Au collisions at 200 GeV before and
after non-flow subtraction, compared for all three subtraction techniques. The presented results
show non-flow contributions which are system-dependent, but the non-flow subtracted v, (top
panels) and v (bottom panels) are method-independent within the uncertainties.
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Figure 4. Comparison of the v, 3(pr) values for p/d/*He + Au collisions at 200 GeV, before and
after non-flow subtraction.

These STAR measurements with non-flow subtracted show that for the comparable charged-
hadron multiplicity (N.) events v, and v, values are independent of collision system. These
observations are compatible with the significant influence of the subnucleonic fluctuations-driven
eccentricities, €; 3, in a system whose size is primarily determined by N.,. However, they are
incompatible with the notion of shape engineering in p/d/*He + Au collisions.

3.3. Net-protons number fluctuations and the QCD critical point

Observations from collisions of heavy ions at relativistic energies have established the formation
of a new phase of matter, Quark Gluon Plasma (QGP), a deconfined state of quarks and gluons in
a specific region of the temperature versus baryonic chemical potential phase diagram of strong
interactions. A program to study the features of the phase diagram, such as a possible critical point,
by varying the collision energy (1/syy), is performed at the Relativistic Heavy-Ion Collider (RHIC)
facility. Non-monotonic variation with (y/syy)of moments of the net-baryon number distribution,
related to the correlation length and the susceptibilities of the system, is suggested as a signature
for a critical point. The first evidence of a non-monotonic variation in kurtosis x variance of the

net-proton number (proxy for net-baryon number) distribution as a function of y/syy with 3.00
significance, for head-on (central) gold-on-gold (Au + Au) collisions measured using the STAR
detector at RHIC have been obtained. Non-central Au + Au collisions and models of heavy-ion
collisions without a critical point show a monotonic variation as a function of \/syy.

The goal of this work is to search for the possible signatures of the critical point by scanning the
temperature (7) versus p, in the QCD phase diagram by varying the collision energy +/syy of the

heavy-ion collisions.

Upon approaching a critical point, the correlation length diverges and thus renders, to alarge extent,
microscopic details irrelevant. Hence observables like the moments of the conserve dnet-baryon
number distribution, which are sensitive to the correlation length, are of interest when searching
for a critical point. A non-monotonic variation of these moments as a function of \/syy has been
proposed as an experimental signature of a critical point. However, considering the complexity of
the system formed in heavy-ion collisions, signatures of a critical point are detectable only if they
can survive the evolution of the system, including the effects of finite size and time. Hence, it was
proposed to study higher moments of distributions of conserved quantities () due to their stronger
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dependence on the correlation length 15. The promising higher moments are the skewness, S =
((N)3)/03, and kurtosis,k = [((6N)*)/c*] — 3, where SN = N — M, M is the mean and o is the
standard deviation. The magnitude and the sign of the moments, whichquantify the shape of the
multiplicity distributions, are important for understanding the critical point. An additional crucial
experimental challenge is to reconstruct, on an event-by-event basis, all of the baryons produced
within the acceptance of a detector. However, theoretical calculations have shown that the proton-
number fluctuations can also reflect the baryon-number fluctuations at the critical point.

The measurements performed were Au + Au collisions recorded by the STAR detector at RHIC
from the years 2010 to 2014. The data covered the range of collision energy +/syy = 7.7, 11.5,
14.5,19.6, 27, 39, 62.4 and 200 GeV and is a part of phase-I of the Beam Energy Scan (BES)

program at RHIC. These +/syy values correspond to p, values ranging from 420 MeV to 20 MeV

at chemicalfreeze-out.

The results presented here correspond to two event classes: central collisions (impact parameters
~0-3 fm, obtained from the top 5 % of the above-mentioned multiplicity distribution) and
peripheral collisions (impact parameters ~12—13 fm, obtained from the 70-80 % region of the
multiplicity distribution).

The protons (p) and anti-protons (p) are identified, along with their momentum, by
reconstructingtheir tracks in the Time Projection Chamber (TPC) placed within a solenoidal
magnetictield of 0.5 Tesla, and by measuring their ionization energy loss (dE/dx) in the sensitive
gas-filled volume of the chamber. The analysis included the addition of the TOF detector, where
the pracceptance is increased upto 2 GeV/c. The observation of non-monotonic variation of the
kurtosis x variance is much more significant with the increased acceptance.

Figure 5 shows the event-by-event net-proton (AN, = N, — N;) distributions obtained
bymeasuring the number of protons (N,) and anti-protons (N) at mid-rapidity ([y|<0.5) in the

transverse momentum range 0.4 <p;(GeV/c) < 2.0 for Au+ Au collisions at various /syy. To

study the shape of the event-by-event net-proton distribution in detail, cumulants (C,) of
variousorders are calculated, where C; = M, C, = 02, C3 = So3and C, = ko*.
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Figure 5. Event-by-event net-proton number distributions for head-on (0-5 % central) Au + Au
collisions for nine 1/syy values measured by the STAR detector at RHIC. The distributions are
normalized to the total number of events at each /syy . The statistical uncertainties are smaller
than the symbol sizes and the lines are to guide the eye. The distributions in this figure are not
corrected for proton and anti-proton detection efficiency.
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Figure 6 shows the variation of net-proton cumulants (C,,) as a function of 1/syy for central and
peripheral Au + Au collisions. The cumulants are corrected for the multiplicity variations arising
due to finite impact parameter range for the measurements. These corrections suppress the volume
fluctuations considerably. The cumulants are also corrected for finite track reconstruction
efficiencies of the TPC and TOF detectors.
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Figure 6. Cumulants (Cr) of the net-proton distributions for central (0—5 %) and peripheral (70—
80 %) Au + Au collisions as a function of collision energy. The pr range for the measurements is
from 0.4 to 2 GeV/c and the rapidity (y) range is = 0.5. The vertical bars represent the statistical
uncertainties and the caps correspond to the systematic uncertainties.

The results for the ratios of cumulants C5/C, = So and C,/C, = kc? are shown in Figure 7 for
central (0—5 %) and peripheral (70-80 %) collisions within 0.4 < py (GeV/c) < 2.0 and [y| <0.5.

The error bars and caps show statistical and systematic uncertainties, respectively. The vertical-
dashed (0-5 %) and dash-dotted (70—80 %) lines correspond to results from a hadron resonance
gas (HRG) model. The orange (0—5 %) and black (70-80 %) shaded bands are the results from a
transport model calculation (UrQMD33). These model calculations utilize the experimental
acceptance, and incorporate conservation laws for strong interactions, but do not include a phase
transition or a critical point.
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Figure 7. Sc (left panel) and ko?(right panel) as a function of collision energy for net-proton
distributions measured in Au + Au collisions.

As seen from Figure 7 in central collisions a non-monotonic variation with beam energy is
observed for k2. The ko? values go below unity (statistical baseline) and then rise to values above
unity with decrease in beam energy. The peripheral collisions on the other hand show a monotonic
variation with \/syy and xc? values are always below unity. It is worth noting that in peripheral
collisions, the system formed may not be hot and dense enough to undergo a phase transition or
come close to the QCD critical point.

23



The deviation of the measured k62 from several baseline calculations with no critical point, and
its non-monotonic dependence on +/syy, are qualitatively consistent with expectations from a
QCD-based model which includes a critical point. Our measurements can also be compared to the
baryon-number susceptibilities computed from QCD to understand various other features of the
QCD phase structure as well as to obtain the freeze-out conditions in heavy-ion collisions. Higher
event statistics in BES-II will help in establishing the critical point.

Publications:

1. STAR Collaboration

“Bulk properties of the medium produced in relativistic heavy-ion collisions from the beam energy
scan program”, Phys. Rev. C 96, 044904 (2017).

2. STAR Collaboration
“Net-proton number fluctuations and the Quantum Chromodynamics critical point”,
arXiv:2001.02852v1 [nucl-ex] 9 Jan 2020.

3. Stephanov, M.A., On the Sign of kurtosis near the QCD critical point, Phys. Rev. Lett. 107,
052301 (2011).

4. Bzdak, A.,Esumi, S.,Koch, V.,Liao, J.,Stephanov, M. and Xu, N., Mapping the Phases of
Quantum Chromodynamics with Beam Energy Scan, arXiv:1906.00936 [nucl-th].

3.4. Spectra of charged particles. Energy dependence and modification
» Charged particle spectra

Huge experimental efforts at the Super Proton Synchrotron (SPS) at CERN, the Relativistic Heavy
Ion Collider (RHIC) at BNL, and the Large Hadron Collider (LHC) at CERN are under-taken to
produce a new state of the nuclear matter in collisions of heavy ions and to investigate its properties
over a wide range of energy and centrality. Various probes were used to deter-mine the features of
the phase diagram of the nuclear matter. Experimental results from the RHIC and LHC support
the hypothesis that a strongly coupled nuclear medium with partonic degrees of freedom, namely
the Quark-Gluon Plasma (QGP), is created in heavy-ion collisions at high energy. Among the
properties of the new medium there is opacity characterized by the suppression of particle yields
and viscosity which is found to be such small that the matter looks like an ideal liquid rather than
a gas of free quarks and gluons.

Measurements of bulk properties of the matter produced in Au + Au collisions at y/syy =7.7, 11.5,
19.6, 27, and 39 GeV using identified hadrons (n*, KE, p and p from the STAR experiment in the
Beam Energy Scan (BES) Program at the Relativistic Heavy Ion Collider (RHIC)) have been
performed.

Midrapidity (|y| <0.1) results for multiplicity densities dN/dy, average transverse momenta < pr>,
and particle ratios are presented. The chemical and kinetic freeze-out dynamics at these energies
are discussed and presented as a function of collision centrality and energy. These results constitute
the systematic measurements of bulk properties of matter formed in heavy-ion collisions over a
broad range of energy (or baryon chemical potential) at RHIC.

The bulk properties of matter in the Beam Energy Scan Program at RHIC have been studied. The
BES-I program covers the energy range from 7.7 to 39 GeV, which along with top RHIC energy
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corresponds to the baryon chemical potential region of 20400 MeV. The midrapidity yields of
identified hadrons have been presented. They show the expected signatures of a high baryon
stopping region at lower energies. At high energies, the pair production mechanism dominates the
particle production. At intermediate energies there is clearly a transition between these two
regions, which is explored by the BES program. The data have been used to analyze both chemical
and kinetic freeze-out parameters. The chemical freeze-out was studied using both GCE and SCE
approaches, and the fits were performed using both particle yields and particle ratios. The results
show no significant difference between these approaches but indicate in heavy-ion collisions a
clear centrality dependence of the baryon chemical potential at lower energies. The centrality
dependence of the freeze-out parameters provides an opportunity for the BES program at RHIC to
enlarge the (7, ug) region of the phase diagram to search for the QCD critical point. The difference
between chemical and kinetic freeze-out increases with increasing energy, suggesting increasing
hadronic interactions after chemical freeze-out at higher energies.

Despite the tremendous efforts there were found no clear experimental indications on structure of
phase diagram of the nuclear matter up to now. The discovery of CP would in a stroke transform
the map of the QCD phase diagram based only on reasonable inference from universality, lattice
gauge theory and models into one with a solid experimental basis.
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Figure 8. Spectra of charged particles production in BES-II

Publications:

1. M.V. Tokarev (for the STAR Collaboration). Int. J. Mod. Phys. (2015) 1560103.

A.O. Keueuan, M.B. Toxkapes “High p; spectra of hadrons in Au + Au collisions at 9.2 GeV”,
STAR Collaboration meeting, 14—19 September, 2020.

Stepan Maukhov, Alisher Aitbaev, Alexei Aparin “Au + Au spectra at 27 and 54 GeV”, STAR
Collaboration meeting, 2—14 March, 2021

* Momentum modification of hadron spectra in Au+Aucollisions at BES energies
A. Kechechyan, STAR Regional Meeting, Warsaw, Poland, June 27-30, 2017

It has been established that in relativistic heavy-ion collisions a hot, dense medium is rapidly
formed, capable of interacting with the high-p partons produced in primordial hard scattering and
making them lose some energy while traversing the medium. Quantifying this energy loss is an
important issue, because it is directly related to the properties of the medium.
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The Alternative Method to Estimate Fractional Momentum Loss (FML) was suggested in the Phys.
Rev.C 93, 024911 (2016) and used for analysis of RHIC(PHENIX) and LHC (ALICE) data.

STAR BES-I negative charged particle transverse momentum spectra in Au + Au were used for
estimation of the fractional momentum loss as a function of collision energy and centrality.

Calculation of the difference of normalized transverse momentum spectra is performed at the same
hadron yields. The events are divided into centrality classes: 0—5 %, 5—-10%, 10-20 %, 20—40 %,
40-60 %, 60—80 %. The fraction energy loss is defined as follows §py /pr = (p2 — pL)/pr,where
index “0” corresponds to centrality 60—80 %, and index “i”— to the other centralities.
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Figure 10. The fractal momentum loss as a function of transverse momentum and centrality at
BES-I energies.

Preliminary results of analysis demonstrate that FML decreases with energy, strong centrality
dependence of FML is found at 200 GeVand centrality difference of FML decreases with a
collision energy.

The experimental STAR BES-I data on changed hadron yields allow us to search for features in
transverse momentum distributions as a function of collisions energy and centrality. Modification
of the distribution is related to mechanism of constituent energy loss in nuclear medium. The
relative transverse momentum is defined by expression

Spr _pr—pr
Pr pp+py

where pr is a momentum corresponding particle production with the same probability and i =
centrality 0—5 %, 5-10 %, 10-20 %, 20—40 %, 40—60 % and j = centrality 60—80 %. As seen from
Figure 11 the strong dependence of §pr/pr on collision energy /syy with py is observed.
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Figure 11. Modification of the transverse hadron yields in Au+ Au collision as a function of
energy and centrality.

Localization of the cross-point at energy 7 GeV and minimum at 200 GeV and the study of its
dependence on centrality could give information in searching for critical point.

4. The Study of Event Structure, Collective Effects and High pr

4.1. Binding energy of the hypertriton and antihypertriton
Nature Physics, 16 (2020) 409—412.

Nuclear collisions at ultrarelativistic energies, such as those studied at RHIC, create a hot and
dense phase of matter containing approximately equal numbers of quarks and antiquarks. In this
phase, called the quark-gluon plasma (QGP), quarks are free to move throughout the volume of
the nuclear collision region. The QGP exhibits fluid properties with an exceptionally low ratio of
viscosity to entropy density, and a far higher vorticity than any other system produced in a
laboratory or observed in nature. The QGP persists for only a few times 1072 seconds, then cools
and transitions into a lower temperature phase comprised of mesons, baryons and antibaryons,
including the occasional anti-nucleus or anti-hypernucleus. Thus, these collisions offer an ideal
laboratory to explore fundamental physics involving nuclei, hypernuclei, and their antimatter
partners.

The CPT theorem holds that all processes must exactly conserve the combined operation of C
(charge conjugation, which interchanges a particle with its antiparticle), P (parity, which reverses
the direction of all spatial axes), and T (time reversal). One implication is that every particle should
have a mass and lifetime identical to those of its antiparticle, but opposite electric charge and
magnetic moment. No CPT violation has ever been observed up to now. Qualitatively different
tests of CPT symmetry are a continuing priority for fundamental physics, as are revisitations of
past tests with improved accuracy. While CPT invariance has been verified to a precision of 107"
in the strange quark sector for kaons, we present here the first test of CPT in a nucleus having
strangeness content.

The hyper-nucleus 3H is reconstructed through its mesonic decay channels 3H— 3He + m (2-
body decay) and 3H — d + p + n— (3-body decay). Figure 12 depicts a typical event in which a
3H candidate decays to d+ p + n+ in the STAR HFT and TPC. The 3H candidate is produced at
the primary vertex of a gold-gold collision and remains in flight for a distance on the order of
centimeters, as shown by the dashed green curve starting at the center of the right-hand side of the
figure, before decaying as depicted by the bold colored curves.
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Figure 12. A typical event in which there is a candidate for the production and 3-body decay of
2H in the STAR HFT and TPC detectors.

The left side in Figure 12shows a less magnified view of the STAR detector with the beam axis
normal to the page, including a projected view of the large number of tracks detected by the TPC
in a typical gold-gold collision. The right side shows an end-on view of the four cylindrical layers
of the HFT located at the center of the TPC. The bold red, pink, and violet curves represent the
trajectories of the d, p and n* decay daughters, respectively. The reconstructed decay daughters
can be traced back to the decay vertex, at where the ,—iﬁ decays after flying for a distance on the
order of centimeters, as shown by the dashed green curve starting at the center of the right side.

This binding energy is presented in Figure 13 along with earlier measurements from nuclear
emulsion and helium bubble chamber experiments. The current STAR result differs from zero with
a significance of 2.6c. The masses used for A, 7, p, d and *He in the early measurements of Ba
were different from contemporary standard CODATA and PDG values. Thus, the early Ba values
have been recalculated using the most precise mass values known today, and the recalibrated
results are shown by short horizontal magenta lines in Figure 13. Even after recalibration, the
central value of the current STAR measurement is larger than the measurement from 1973 which
1s widely used. Until this discrepancy is well understood, an average of the current measurement
with early results cannot be reliably carried out.
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Figure 13. Comparison of the STAR results with earlier measurements of B for 3H and %ﬁ. The
black points and their error bars (which are the reported statistical uncertainties) represent Ba for
AH based on earlier data. The short horizontal magenta lines represent the best estimates of for
AH based on the same early data but using modern hadron and nucleus masses. The current STAR
measurement plotted here is based on a combination of 3H and %ﬁ assuming CPT invariance. Error
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bars show statistical uncertainties and caps show systematic errors. The green lines in the right
panel represent theoretical calculations of Ba.

Thus, the first test of CPT invariance in the sector of hyper-nuclear matter where (anti)strange
quarks play a role in (anti)nuclear binding. The relative mass difference between the hypertriton
and antihypertriton is [1.1 + 1.0 (stat.) = 0.5 (syst.)] x 107%, consistent with no violation of CPT
symmetry. Prior comparisons of nuclear binding for nuclei and anti-nuclei involved only up and
down quarks, and this measurement both includes a strange quark and improves the uncertainty
for mass number 4 = 3 by roughly an order of magnitude. A new measurement of the A hyperon
binding energy in the hypertriton: Bo =0.41 £0.12 (stat.) £ 0.11 (syst.) MeV was determined. The
value differs from zero with a significance of 2.6c, and it is larger than the prior measurement
from 1973 which is widely used. Models in which the hypertriton is treated as a weakly-bound A-
deuteron system predict smaller BA values. These results constrain the hyperon-nucleon
interaction, providing improved data to understand the role of hyperons in neutron stars, and thus
have wide-ranging implications spanning nuclear physics, particle physics, and astrophysics.

Publications:

1. The STAR Collaboration

“Measurement of the mass difference and the binding energy of the hypertriton and
antihypertriton”, Nature Physics, 16 (2020) 409—412.

4.2. Global polarization of A hyperon
Nature 548, 62 (2017)

Phys. Rev. C 98, 014910 (2018)

Global polarization can arise from spin coupling to both the fireball vorticity and the spectator
magnetic field. Vortical coupling aligns emitted particle spin with the total system angular
momentum, which can be partially transferred to the mid-rapidity fireball. Particle spins may also
(anti-) align to the short-lived magnetic field (in the same direction as the total angular momentum)
via intrinsic magnetic moment coupling. The vortical coupling would be even with respect to
baryon number, while the magnetic coupling would be odd. STAR has seen a positive (6c) even
signal and a small (1.55) odd signal for the A— A system in the BES-I data.

The vorticity and magnetic field present during the evolution of a heavy ion collision are crucial
inputs to the Chiral Vortical Effect (CVE) and Chiral Magnetic Effect (CME), respectively. These
two effects are among the RHIC program’s most exciting and visible topics today. To test the
hypothesis of a magnetically induced splitting between the A and A global polarization, we
propose to focus on a single energy and obtain high statistics there. Collisions at 19.6 GeV and
lower energy will be obtained in the BES-II, so we focus on +/syy > 19.6 GeV. The high statistics
at one energy will also provide more differential study of possible p and rapidity dependence of
the global polarization itself. This, in turn, would be important in clarifying potential difference in
A and A global polarization due to stopping and final-state absorption. An approximate factor 15
increase in statistics is therefore needed to realize a 3o splitting in the hyperon polarization
(assuming the central value stays fixed) driving our request for 1B minbias events.
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Figure 15. The hyperon average polarization in Au + Au collisions. The average polarization for
A (blue stars) and A (red circles) from 20-50 % central collisions are plotted as a function of
collision energy. Error bars represent statistical uncertainties only, while boxes represent
systematic uncertainties. The results of the present study, indicated by filled symbols, are shown
together with those reported earlier for 62.4 GeV and 200 GeV collisions, indicated by open
symbols and for which only statistical errors are plotted.

Due to the parity-violating nature of their weak decay, Lambdas reveal the direction of their spin
by preferentially emitting the daughter proton along that direction. The average spin direction of
a population of Lambdas is the polarization. Lambdas at midrapidity were topologically
reconstructed in the STAR TPC, and the Beam-Beam Counters (BBC) at forward and backward
rapidity were used to estimate the direction of the total angular momentum of the collision. We
discovered that the polarization direction of the Lambdas was correlated at the level of several
percent with the direction of the system angular momentum in non-central collisions at

VSnn = 7.7-39 GeV.

It has been well-established that the hot system created at midrapidity in the system may be
considered a fluid, and hydrodynamic calculations relate the polarization of emitted particles is
directly related to the vorticity — the curl of the flow field — of the fluid. Using this relation, we
estimate that the curl of the fluid created at RHIC is about 9 x 10! s7!', 14 orders of magnitude
higher than any fluid ever observed. Previous results have established the system at RHIC to be
the hottest and the least viscous (relative to entropy density) fluid ever created. Our new result
adds another record — collisions at RHIC produce the most vortical fluid.

This first view of the rotational substructure of the fluid at RHIC represents an entirely new
direction in hot QCD research. It has generated considerable theoretical activity in the field and
may have important connections with the Chiral Magnetic and Chiral Vortical Effects (CME and
CVE). With increased statistics, there may even be the opportunity to probe the magnetic field
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produced in heavy ion collisions by measuring the difference in polarization of Lambda and anti-
Lambda hyperons. Such studies are planned for the future.

Nucleus-nucleus collisions at the Relativistic Heavy Ion Collider (RHIC) and at the Large Hadron
Collider produce a state of partonic matter, the quark-gluon plasma (QGP). Various experimental
observations together with sophisticated theoretical calculations indicate that the QGP behaves as
an early perfect liquid, i.e., a fluid with the lowest ratio of shear viscosity to entropy density (1/s).

One of the most important observables in heavy-ion experiments is the azimuthal anisotropic flow
that is usually quantified by the Fourier coefficients of the azimuthal distribution of the final-state
particles relative to the collision symmetry planes. The first-order coefficient, called the directed
flow, is argued to be sensitive to the equation of state of the matter and could serve as a possible
signature of the QGP phase transition. The second-order coefficient, elliptic flow, offers strong
evidence for the fluid like behavior of the created matter.

Several theoretical models suggest that the large angular momentum carried by two colliding
nuclei can be transferred to the created system. As a consequence, the spin of particles composing
the system might be globally polarized along the direction of the system angular momentum, due
to spin-orbit coupling. Such a global polarization can be measured experimentally with hyperons
via parity-violating weak decays, in which the daughter baryon is preferentially emitted in the
direction of the hyperon spin. If the parent hyperon is an antiparticle, then the daughter baryon
tends to be emitted in the opposite direction to the parent spin.

The angular distribution of daughter baryons in the hyperon decays is given by

dN/d cos®" o« 1+ ayPy cos0”,

where ay is the hyperon decay constant, Py is the hyperon polarization, and 0* is the angle between
the momentum of daughter baryon and the polarization vector in the hyperon rest frame. Since the
angular momentum of the system is perpendicular to the reaction plane (a plane defined by the
impact parameter vector and the beam direction), the polarization of hyperons can be measured
via the azimuthal distribution of daughter baryons with respect to the reaction plane in the hyperon
rest frame, similarly to anisotropic flow measurements.

The STAR Collaboration performed the first global polarization measurements of Lambda
hyperons in Au + Au collisions at y/syy = 62.4 and 200 GeV in 2007.These results were consistent
with zero within large statistical uncertainties. More recently, the STAR Collaboration has
reported a nonzero signal for the global polarization in Au + Au collisions at lower energies (v/Syn
= 7.7-39 GeV), with a possible difference between Lambda and anti-Lambda polarizations that
may indicate the effect of the spin alignment by the initial magnetic field. These results can be
qualitatively described by hydrodynamic and transport models. The global polarization seems to
decrease with increasing collision energy, and those models predict a finite signal (~0.2 %) at the
top RHIC energy, \/syy = 200 GeV. It is thus important to measure the global polarization signal
at \/syy = 200 GeV with all available statistics in order to enhance understanding of the role of
vorticity in heavy-ion collisions.
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Figure 16. Global polarization of Lambda and anti-Lambda as a function of the collision
energy \/syy for 20-50 % centrality Au+ Au collisions. Thin lines show calculations from a
3 +1D cascade + viscous hydrodynamic model (UrQMD + vHLLE) and bold lines show the
AMPT model calculations. In the case of each model, primary Lambda with and without the feed-
down effect are indicated by dashed and solid lines, respectively. Open boxes and vertical lines
show systematic and statistical uncertainties, respectively. Note that the data points at 200 GeV
and for anti-Lambda are slightly horizontally shifted for visibility.

The global polarization of Lambda and anti-Lambda hyperons in Au+ Au collisions at
VsSnn =200 GeV using the data recorded by the STAR experiment in the years 2010, 2011, and
2014 have been obtained. The total data set is about 150 times larger than the data set analyzed in
the previous search by STAR for hyperon polarization in Au + Au collisions at \/syy = 200GeV.
We present the results as functions of the collision centrality, the hyperon’s transverse momentum,
and pseudorapidity. We also present comparisons with available theoretical calculations.
Furthermore, we present the dependence of the polarization on the event-by-event charge
asymmetry to study a possible relation between the polarization and axial current induced by the
initial magnetic field.

Figure 16 presents the global polarization of Lambda and anti-Lambda as a function of the collision
energy for the 20—50 % centrality bin in Au + Au collisions. The results from this analysis are
shown together with the results from lower collision energies v/syy = 7.7-62.4 GeV. The 2007
result for v/syy= 200 GeVhas a large uncertainty and is consistent with zero. Our new results
for v/syn = 200 GeV with significantly improved statistical precision reveal nonzero values of the
polarization signal, 0.277 £ 0.040(stat) = 0.039 — 0.049 (sys) [%] and 0.240 £ 0.045(stat) = 0.061—
0.045 (sys) [%] for Lambda and anti-Lambda, respectively, and are found to follow the overall
trend of the collision energy dependence. While the energy dependence of the global polarization
was not obvious from the lower energy results, together with the new200 GeV results, the
polarization is found to decrease at higher collision energy.

Monte Carlo simulation of Au + Au collisions over a range of \/syy =5, 7.7, 11.5, 20, 30 GeV has
been performed. Reconstructed Lambda hyperons have been used to determine the global Lambda
polarization.
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Figure 17. Event distribution on invariant mass (p + ) (a). Global polarization of reconstructed
Lambda hyperon versus collision energy +/syy (b).
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“Global A hyperon polarization in nuclear collisions”, Nature 548, 62 (2017).

2. The STAR Collaboration
“Global polarization of A hyperons in Au + Au collisions at \/syy =200 GeV”,
Phys. Rev. C 98, 014910 (2018).

4.3. Fractality and self-similarity in AA interactions

It is generally considered that symmetry is an important tool for study of such phenomenon as the
nuclear medium. Different possible phases of the matter, like liquid, solid, superfluid are related
to a realization of global symmetries. Symmetry of constituent interactions and dimension of a
space are crucial ingredients for description of critical phenomena. It is understood that all physical
systems should reveal a discontinuity in some characteristics describing their behavior nearby a
phase boundary or a critical point. Therefore, the concepts of “scaling” and “universality” have
been widely developed to explain the critical phenomena. Scaling implies that systems near CP
exhibit self-similarity and are invariant with respect to scale transformations. The universality of
their behavior lies in the fact that vastly different systems behave in a similar way (they are
described by the same power law) near the respective CP. The critical exponents in the power laws
are determined by the interaction symmetry and space dimension only. The notions of scaling and
universality have also been applied for the study of particle production far from the boundary of a
phase transition or a CP. In high energy collisions, the scaling regularities were traditionally
subject of intense investigations.

One of the methods allowing systematic analysis of experimental data on inclusive cross sections
over a wide range of the collision energies, multiplicity densities, transverse momenta, and angles
of various particles is based on the z-scaling approach found in high energy proton-(anti)proton
collisions. The concept of this scaling is based on the principles of self-similarity, locality and
fractality reflecting general features of particle interactions. The function y(z)and the self-similar
variable z are calculated via measurable quantities (masses and momenta of the colliding and
inclusive particles, total inelastic and differential cross section, and particle multiplicity density).
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The model parameters of the scaling — ¢, d and &, have physical interpretation as the specific heat
of the produced matter, the fractal dimension of structure of the colliding hadrons (or nuclei) and
the fractal dimension of the fragmentation process, respectively.
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Figure 18. The structural dimension (a) and heat capacity (b) for negative hadron production in
Au + Au collisions in dependence on the energy +/syy for all centralities and |n| <0.5.

There are three model parameters in the z-scaling approach — the nucleus fractal dimension d4, the
fragmentation fractal dimension €44, and the “specific heat” c44. They are determined from the
requirement of scaling behavior of the function y(z)which depends on the self-similarity variable z.
Figure 18 shows the dependence of the structural dimension & and the “specific heat” ¢ on energy
Vsnn for negative particle production in Au + Au collisions. The fractal dimension of the nucleus
is expressed in terms of the nucleon fractal dimension 6 and the atomic number A4 as follows,
04 = Ad. The parameter o4 characterizes structure of the colliding nucleus and reflects its structural
self-similarity. For structureless objects and objects with invisible structure, the structural
dimensions are zero. One can expect therefore, that both dimensions 64 and 6 should tend to zero
below some threshold energy. This corresponds to a smearing of the constituent structure of the
colliding hadrons and nuclei at sufficiently low energies. One can see from Figure 18(a) that values
of the structural fractal dimension are found to be constant, & = 0.5, for v/syy > 19.6 GeV. The
same is valid for the nucleus fractal dimension 64, = A43. A decrease of o (0au) at lower energies
\syn=7.7and 11.5 GeV is observed (see Figure 18(a)). The parameter ¢ interpreted as “specific
heat” of the produced medium in Au + Au collisions is shown in Figure 18 (b). The scaling
regularity in Au +Au collisions is consistent with the constant value of c4u4, = 0.11. This value is
smaller than ¢,, = 0.25 for p+p interaction. We estimate the errors for determination of the model
parameters at the level <5 %. The estimation is based on statistical uncertainties of the nuclear
data only. The same values of both parameters as shown in Figure 18 are compatible with the z-
scaling for all centralities. We expect a change of 8, 84 and ¢ with /sy, and enhancement of their
correlations in the cumulative region at high p; as possible indication of the vicinity of a phase
transition or a region where a CP can be located.

The fractal dimension €44 characterizing the fragmentation of objects produced in constituent
collisions in the nuclear medium is suggested to be a function of multiplicity density. The
fragmentation dimensions are expected to tend to zero at very low energy. For v/syy > 19.6 GeV,
the value ¢,,= 0.2 is found to be approximately constant.

The parameter godepends on the collision energy. It was found logarithmic increase of gowith
vSyn- This behavior reflects growing tendency of the suppression of hadron yields in the central
collisions of heavy nuclei when the collision energy increases.
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The value of multiplicity density in the central collisions is about 6 times larger than for the
peripheral ones. The growth of multiplicity density with centrality results in a considerable
increase of €44 and thus in larger energy losses by the production of the inclusive particle.

The effect becomes more significant at higher energy, as both the multiplicity density and the
parameter goincrease with /Sy .

The most central events are expected to be preferable to search for signatures of a CP and a phase
transition due to the high energy density of the produced nuclear matter.

For more precise determination of the model parameters, the multiplicity dependent spectra over
a wide range of transverse momentum and collision energy are needed. We consider that new data
on multiplicity and pr dependencies of particle yields at different energies over a wide kinematic
range could give us additional constraints on the parameters. Specifically, this could help in
discrimination between different scenarios with different sets of parameters studied in nuclear
collisions at lower energies.

A microscopic scenario of constituent interactions in high energy collisions of hadrons and nuclei
is studied. The concept is based on the z-scaling of inclusive spectra observed in a wide range of
collision energies, multiplicity densities, momenta, and angles of detected particles. We bring
arguments that, due to the fractality and self-similarity of the hadron interactions assumed in the
z-scaling scheme, there exists a conservation law of a new quantity named “fractal cumulativity”.
The conserved quantity is proportional to the corresponding fractal dimensions and is a simple
function of the respective momentum fractions. Based on statistical ideas and entropy
considerations we demonstrate that the fractal dimensions possess quantum character. The
fractality of hadron structure and fragmentation processes manifests itself most prominently near
the kinematic limit of the reaction. The entropy of the constituent configurations in this region
bears information on fractal characteristics of the hadron interactions at small distances. In the
vicinity of the kinematic limit (i.e. near the fractal limit), the entropy can be expressed in a specific
form which allows to draw some physical conclusions. We have argued that the z-scaling can be
a tool to search for and study of new symmetries, conservation laws and quantum properties of
hadron structure and fragmentation processes especially at small distances. The measurements of
particle spectra with high transverse momenta at the energies of the future accelerators FAIR (GSI)
and NICA (JINR) will be extremely suitable for studying the regime of large fractal cumulativities
and could contribute to a verification of the quantum nature of fractality in the interactions of
hadrons and nuclei.

Multiparticle production in interactions of leptons, hadrons, and nuclei of high energies includes
many processes. In the PYTHIA Monte Carlo event generator, widely used in high energy physics,
the mechanism of particle production corresponds to the following scenario. Hadron—nucleus
collisions are described in terms of quarks and gluons. The hard interaction is considered in the
context of perturbative quantum chromodynamics (QCD). A nonperturbative part is model-
dependent and connected with the choice of parton-distribution function and fragmentation
function, as well as with scales of factorization, renormalization, and fragmentation. As a rule,
these scales are considered equal. After hard scattering, each parton emits daughter partons and
forms a shower in the final state. The mechanism of parton-shower evolution is suggested to be
self-similar. The radiation cutoff in virtuality leads to the fact that partons cease to decay at
different levels and form an incomplete fractal structure. The fractal nature of parton showers may
be distorted by secondary interactions and by the hadronization process. In this case, a question
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arises as to the degree of fractality violation and the possibility of reconstructing the data on initial-
process characteristics.

Fractal processes are characterized by dimension Dk, number of levels Niey and base P of fractal
formation.

The fractal analysis of mixed data set, containing fractals and background events with the
multiplicity, was carried out. The set understudy included incomplete fractals with independent
partition and complete fractals with dependent and combined partitions. As background events,
the random sets of points were considered, the multiplicity distribution of which coincided with
similar distributions for the fractals under study. In this work a procedure for analyzing incomplete
fractals by the SePaC method is proposed which is based on the consideration of only three levels.
Procedures for choosing the method parameters for incomplete and complete fractals coincide. It
is found that the SePaC method reconstructs all incomplete fractals and fully suppresses
background events. The reconstruction of incomplete fractals using the Box Counting method and
the suppression of background events depend on the base of fractal formation (the greater the base,
the fewer the impurities in the extracted events). The accuracy of the reconstruction of fractal
dimension is investigated using the SePaC and BC methods. It is shown that, with the use of the
SePaC method for fractals with combined partition, a correction is needed in determining
dimension. In this work, a procedure for such correction is developed and applied which takes into
account the difference in values of reconstructed dimensions based on hypotheses of independent
and dependent partitions. It is shown that, for the SePaC method, dimensions of fractals with
independent and dependent partition are reconstructed exactly, while errors in the determination
for fractals with combined partition are no more than10 %. The relevant distributions of events
over for the test and reconstructed fractals match well (the maximum deviation in bins does not
exceed 2 %). For the BC method, the dimension is reconstructed with an error while the relevant
distributions over are shifted to the region of greater values and do not retain a shape. Thus, this
work shows the advantage of the SePaC method in the extraction of fractals from the mixed events
and in the accuracy of reconstructing distributions over dimension in comparison with the Box
Count method.
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4.4. Monte Carlo study of fractal structure of events

Multiparticle production in interactions of leptons, hadrons, and nuclei of high energies includes
many processes. In the PYTHIA Monte Carlo event generator, widely used in high energy physics,
the mechanism of particle production corresponds to the following scenario. Hadron—nucleus
collisions are described in terms of quarks and gluons. The hard interaction is considered in the
context of perturbative quantum chromodynamics (QCD). A nonperturbative part is model-
dependent and connected with the choice of parton distribution function and fragmentation
function, as well as with scales of factorization, renormalization, and fragmentation. As a rule,
these scales are considered equal. After hard scattering, each parton emits daughter partons and
forms a shower in the final state. The mechanism of parton shower evolution is suggested to be
self-similar. The radiation cutoff in virtuality leads to the fact that partons cease to decay at
different levels and form an incomplete fractal structure. The fractal nature of parton showers may
be distorted by secondary interactions and by the hadronization process. In this case, a question
arises as to the degree of fractality violation and the possibility of reconstructing the data on initial-
process characteristics.

Fractal processes are characterized by dimension Dr, number of levels N, and base P of fractal
formation. The fractal analysis of mixed dataset, containing fractals and background events with
the multiplicity, was carried out. The set understudy included incomplete fractals with independent
partition and complete fractals with dependent and combined partitions.

Let us consider fractals with independent partition. The most well-known representative of this
type is thetriadic Cantor set. The process of this fractal formation is presented in Figure 19a. Let
the initial set be the segment [-5,5]. We divide it conditionally into three parts. At the first level
of the fractal, the first and third parts remain. At the subsequent levels, the partition process is
repeated for each remaining part. The initial set is divided conditionally into n = P*" parts, where
lev is the level and P is the base of fractal formation. For a triadic Cantor set, P is equal to three.
Each partis divided independently; therefore, we call this fractal type fractals with independent
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partition. Figure 19b presents the formation of fractals with dependent partition. The initial set
(segment [— 5,5]) is divided conditionally into four parts. At the first level of the fractal, the first,
third, and fourth parts remain. At the subsequent levels of fractal formation, the partition process
is repeated, taking into account that the third and fourth parts are the unified segment (dependent
partition). Base P of the fractal under study equals four.

A process of formation of the fractal with combined partition is shown in Figure 19 c. The initial
set is divided conditionally into n = 5%parts (the base of fractal is P = 5). In each event of partition,
the second, third, and fourth parts remain. Despite the fact that the remaining parts are a unified
segment, the second partis divided independently in the partition process, while the third and fourth
parts are considered a unified object (they are divided dependently). We call this process of fractal
formation a combined one.
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Figure 19. Formation of fractals with independent (a), dependent (b), and (¢) combined partition.

As background events, the random sets of points were considered, the multiplicity distribution of
which coincided with similar distributions for the fractals under study. A procedure for analyzing
incomplete fractals by the SePaC method was proposed which is based on the consideration of
only three levels. Procedures for choosing the method parameters for incomplete and complete
fractals coincide. It was found that the SePaC method reconstructs all incomplete fractals and fully
suppresses background events.

The test distribution of fractals over dimension Dras well as the distribution obtained using the
hypothesis of independent partition with correction, are presented in Figure 20 (a). It is found
that distributions agree well. The total bin wise deviation from the test distribution is A = 0.23,
while the maximum deviation in bins is dmax = 0.05.
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Figure 20. Analysis of fractals by the SePaC method with the Dr correction. Distributions of
fractals (a) with combined partition and (b) of the initial set over the test and reconstructed
dimension DF.
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The described method of dimension reconstruction for fractals with combined partition was
verified for another dataset as well. The tested set included all types of combined fractals with the
bases P = 3 — 8 andthe multiplicity N > 64. The distributions over with a different number of bins
were considered. It was found that the number of peaks and boundaries of reconstructed
distributions coincide with those of the initial distribution if the width of bins is no less than 0.03.
Figure 20 (b) shows the test and reconstructed distributions of the initial fractal set over Dr. We
recall that the dimension was determined as follows: at first the basic SePaC method (allowing the
DF of fractals with independent and dependent partition to be reconstructed most exactly) was
used; then the dimension of fractals with combined partition was determined by the hypothesis of
independent partition with allowance for correction. From the figure it can be seen that boundaries
and shapes of distributions coincide well. The total bin wise deviation from that of the test
distribution(A=0.08,) and the maximum deviation in bins (dmax = 0.02) are insignificant.

The reconstruction of incomplete fractals using the Box Counting method and the suppression of
background events depend on the base of fractal formation (the greater the base, the fewer the
impurities in the extracted events). The accuracy of the reconstruction of fractal dimension is
investigated using the SePaC and BC methods. It is shown that, with the use of the SePaC method
for fractals with combined partition, a correction is needed in determining dimension. In this work,
a procedure for such correction is developed and applied which takes into account the difference
in values of reconstructed dimensions based on hypotheses of independent and dependent
partitions. It is shown that, for the SePaC method, dimensions of fractals with independent and
dependent partition are reconstructed exactly, while errors in the determination for fractals with
combined partition are no more than 10 %. The relevant distributions of events over for the test
and reconstructed fractals match well (the maximum deviation in bins does not exceed 2 %).
Forthe BC method, the dimension is reconstructed with an error while the relevant
distributions over are shifted to the region of greater values and do not retain a shape. Thus, this
work shows the advantage of the SePaC method in the extraction of fractals from the mixed events
and in the accuracy of reconstructing distributions over dimension in comparison with the Box
Count method.
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4.5. Cumulative processes in AA collisions

The high-density nuclear matter can be produced in cumulative processes. Production of any
inclusive particle with a momentum far beyond the nucleon-nucleon kinematic region can be
accompanied by cumulation of a nucleus. It is assumed that transition of the nuclear matter from
the hadron to quark and gluon degrees of freedom near the critical point should reveal large
fluctuations, correlations and discontinuity of some experimental quantities characterizing the
system. Therefore, particle production in the cumulative regions is of special interest for search
for signatures of phase transition and critical point. High sensitivity of elementary constituent
interactions to properties of the compressed nuclear matter is expected to be in this region. Study
of the cumulative effect is of great interest to search for signatures of phase transitions and a critical
point in highly compressed nuclear matter.

The first results on cumulative hadron production in heavy-ion collisions at collider mode are the
data on transverse momentum spectra obtained by the STAR collaboration in Au + Au collisions
in central rapidity range at /syy = 7.7and 11.5 GeV at the RHIC. A special interest represents the
study of particle production taking into account the dependence of the momentum fraction on the
centrality of nuclear collisions. The fractionis named as order of cumulativity or the cumulative
number. The region Ax; and/or A>x; corresponds to the cumulative processes, indication of which
is detection of a cumulative particle. The cumulative particles are particles produced in the
kinematic region forbidden for free nucleon nucleon interactions. The energy of the constituent
interactions with production of a cumulative particle is larger than it can be reached in the
interactions on free nucleons. The cumulative particles originate from processes characterized by
the order of cumulativity larger than unity. These particles are only produced in reactions with
participation of nuclei.
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Figure 21. The scaling function y(z) and momentum fraction Ax;for negative hadrons produced in
Au + Au collisions at the energy +/syy= 7.7GeV for different centralities. The solid line is a
reference curve for p + p collisions.

We expect that, when going to the cumulative region, the fractal dimensions, and the “specific
heat” may be sensitive to the magnitude of the cumulation. A variation in these quantities is
proposed as a signature of new effects and, in particular, of a phase transition. Determining the
dependence of fractal dimensions on the process cumulativity order, one may examine the
structure of fluctons themselves and the properties of fragmentation of particles produced in their

collisions. An account of the centrality dependence of the cumulative particles yields may enhance
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the sensitivity of these characteristics to the order of cumulativity. It is assumed that the relation
may be violated in the cumulative region. The fractal dimension is expected to grow with the
cumulativity order in this region: it should be greater for fluctons (the local cumulations of the
nuclear matter in the nucleus) than for the ordinary nucleons in nuclei.

The performed analysis extends applicability of the self-similarity principle to the description of
hadron production in nucleus-nucleus collisions. The presented results indicate on self-similarity
of fractal structure of the colliding nuclei and support the hypothesis of fractality in fragmentation
processes with production of inclusive particles in the system. A violation of such symmetry could
be an indication on a change of fractal structure of hadron constituents and their interactions due
to unusual properties of the nuclear medium created in collisions at high transverse momentum
and large multiplicity density. A discontinuity of the model parameters — the structural and
fragmentation fractal dimensions and specific heat” is considered from the point of view of
searching for signatures of a phase transition and acritical point in nuclear matter. Based on the
obtained results we conclude that new confirmation of the scaling properties of hadron production
in heavy ion collisions was found.
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4.6. Collective effects for heavy flavor

*  Anisotropic flow and NCQ scaling

A key piece of evidence for this new state of matter is the strong collective, anisotropic flow of
produced light flavor particles, suggesting possibly hydrodynamic behavior of the strongly
interacting matter during the collision.

The number counting quark scaling has been found for light flavors.
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Figure 22. Elliptic flow v2 vs transverse mass at 200 GeV for light flavors
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It was also observed that NCQ scaling is broken at lower energies, where larger v, for baryons
than antibaryons were observed. Therefore, NCQ scaling for strange and multi-strange hadrons
was tested down to /syy= 27 GeV. The energy scan of v, for different at higher /sy is also
important for search for signature of phase transition and critical point. Elliptic flow is related with
collective effects of interacting constituents in nuclear matter.
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Figure 23.The difference in v2 between particles and their corresponding antiparticles as a function
of \/syn for 0 % — 80 % central Au + Au collisions. The dashed lines in the plot are fits with a
power-law function. The error bars depict the combined statistical and systematic errors.

o1l T T T T T n

| @P 7T Ausau, 27 GeV, 0-80%

@®P T AusAu, 54.4 GeV, 0-80%

AAX OK AA OK
| Vo oK | aTeor . no¥ ¥
gt ;o¥+0¥ ~+ 1 Og'vo ‘&J%’%!Q*O@- + ]
- §¢i¢
g 005 dﬁ@‘ A —+ ﬂ 4
> 1 ]

T T Y T S T T S S T S S S S T AT S ST W |
0 0.5 1 150 0.5 1 15

(mT-m!,)/nq (GeV/c?) (mT-m‘,)/nq (GeV/c

Figure 24. Elliptic flow v; vs transverse mass at i/syy=27 and 54.4 GeV for light flavors
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Elliptic flow v2 of D” mesons in Au + Au collisions at 200 GeV has been measured with the STAR
detector using the heavy flavor tracker, a newly installed high-resolutions silicon detector. The
measured D%v;, follows the mass ordering at low pr observed earlier. The va/n, of D° is consistent
with that of other hadrons at (m7— mo)/n;<1 GeV/c? in 10 % — 40 % centrality collisions. A 3D
viscous hydrodynamic model describes the D, for py <4 GeV = c. Our results suggest that
charm quarks exhibit the same strong collective behavior as the light hadrons and may be close to
thermal equilibrium in Au + Au collisions at 200 GeV.

Charm quarks acquire similar elliptic flow as light flavor quarks a data suggest strong interaction
of charm quarks with QGP.
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*  Nuclear modification factor for heavy flavor

Over the last few decades, experimental results from RHIC and LHC using light flavor probes
have demonstrated that a strongly coupled quark-gluon plasma (sQGP) is created in these heavy-
ion collisions. The most significant evidence comes from the strong collective flow and the large
high transverse momentum (ps) suppression in central collisions for various observed hadrons
including multistrange-quark hadrons ¢ and Q.

Heavy quarks (c, b) are created predominantly through initial hard scatterings due to their large
masses. The modification to their production in transverse momentum due to energy loss and radial
flow and in azimuth due to anisotropic flows is sensitive to heavy quark dynamics in the partonic
sQGP phase. Transverse mass spectra can be used to study the collectivity of produced hadrons in
heavy-ion collisions. Figure 26shows the D° invariant yield at mid-rapidity (|[y| < 1) as a function
of transverse kinetic energy (mr— myo) for different centrality classes, where mr= sqrt (pr*+ mo°)
and my is the D’meson mass at rest.
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Figure 26. Yields of D’ mesons produced in Au+ Au collisions at /syy=200 GeV versus
transverse momentum for different centrality
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Figure 27. Nuclear modification factor for D° mesons produced in central Au + Au collisions at
v/Snn=200 GeV versus transverse momentum

The nuclear modification factors RCP of DO mesons is significantly suppressed at high p; and
the suppression level is comparable to that of light hadrons at pr > 5 GeV/c. This indicates that
charm quarks lose significant energy when traversing through the hot QCD medium.

It was also found that D mesons show similar suppression as light flavor hadrons at high pr in
central Au + Au collisions and suppression is similar of that at LHC energy.
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5. Spin physics Results in STAR Experiment at RHIC

A main goal of the spin physics program at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory is to investigate processes of particle production in collisions of
polarized protons, to understand the spin origin of the proton in terms of quarks and gluons as
fundamental degrees of freedom of Quantum Chromodynamics. The ability to collide polarized
beams at RHIC provides unique information on polarization phenomena over a wide range of
collision energy, momentum and rapidity of the various probes produced (pions, photons,
W bosons and jets). The STAR experiment at RHIC provides measurements of single and double-
spin asymmetry in longitudinally and transversely polarized p + p collisions at+/s =200 and
510 GeV to deepen our understanding of the proton spin structure and dynamics of parton
interactions. Polarized processes with W boson production allow us to study the spin-flavor
structure of the proton. The new results — the double longitudinal asymmetry, 4;., of pion and jet
production at+/s = 200 and 510 GeV, the single longitudinal, A;, and transverse, 4, asymmetry
of Wproduction at /s =510 GeV, are recently obtained by STAR. Measurements on the transverse
spin transfer of A and anti-A in p + p collisions providing insights into transversely polarized
fragmentation function and nucleon transversity distribution, and the nuclear modification of
transverse spin asymmetry, Ay, from polarized p + Au collisions are widely discussed. The
proposed Forward Calorimeter System (FCS) and Forward Tracking System (FTS) upgrades at
STAR would significantly improve the capabilities of existing detectors for measurements of
observables such as asymmetries of pion, jet, Drell-Yan pair production at forward rapidity.

The double longitudinal asymmetry 4, of the meson and jets production in collisions of polarized
protons at the energy of v/s = 200 GeV has been measured. The asymmetry was used to extract
the spin-dependent gluon distribution. A compelling evidence on positive sign of the integral gluon
contribution AG in the proton spin was obtained. The growth of the single spin asymmetry Ay of
pion production in experiments with transversally polarized protons was found. The first
measurements of the single longitudinal asymmetry 4, of #W* boson production in proton-proton
collisions at energy v/s = 510 GeV allow us to extract spin-dependent distribution of sea u- and d-
quarks (A%, Ad).

5.1. Polarization of sea quarks

The STAR experiment at RHIC has provided significant contributions to our understanding of the
spin structure and dynamics of the proton. The production of #* bosons in longitudinally polarized
p-p collisions atv/s= 510 GeV provides a direct probe of the spin-flavor structure of the proton
through the measurement of the parity-violating single-spin asymmetry, A;. W* bosons are
produced in anti-u + d (anti-d +u) collisions and can be detected through their leptonic decays,
where only the respective charged lepton is measured. The STAR experiment is well equipped to
measure W— e + v. The main STAR detector sub-systems used in this measurement are the Time
Projection Chamber and Electromagnetic Calorimeters. The published 2011/2012 STAR A, results
based on 86 pb~! provided significant impact in constraining the helicity distributions of anti-u and
anti-d quarks. In 2013, STAR collected an additional, larger data sample of 250 pb~'. Results from
the 2013 dataset for the measurement of W* A, as well as for W* A and ZA; give the impact on
the sea-quark helicity distribution functions.

Studying the processes with production of W bosons provides information on the spin-dependent
flavor structure of the proton spin.
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Figure 28.Longitudinal single-spin asymmetries, 4, for W production as a function of the positron
or electron pseudorapidity, 1., for the combined STAR 2011 + 2012 and 2013 data samples for
25 < E.r< 50 GeV (points) in comparison to theory expectations (curves and bands) described in
the text.
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Figure 29.The difference of the light sea-quark polarizations as a function of x at a scale of
02 =10 (GeV?). The green band shows the NNPDFpol1.1 results and the blue hatched band shows
the corresponding distribution after the STAR 2013 W data are included by reweighting.

Single spin asymmetry of W production in collision with one polarized proton. Clear sea quark
polarization asymmetry seen based on new STAR data Ati > Ad.

5.2. Asymmetry of jet production and gluon polarization

The proton consists of quarks and antiquarks, bound by gluons. The gluons provide about half of
the momentum of the proton, and their interactions provide most of the mass. Nonetheless, we
know very little about the role that gluons play in determining the fundamental proton quantum
numbers, such as its spin. The spin program at the Relativistic Heavy Ion Collider(RHIC) has
made significant progress toward addressing the question of how much, if at all, gluon spins
contribute to the spin of the proton.

The first measurement of the inclusive jet and the dijet longitudinal double-spin asymmetries, 4.,
at midrapidity in polarized pp collisions at a center-of-mass energy 510 GeV. The inclusive jet Az
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measurement is sensitive to the gluon helicity distribution down to a gluon momentum fraction of
x = 0.015, while the dijet measurements, separated into four jet-pair topologies, provide constraints
on thex dependence of the gluon polarization. Both results are consistent with previous
measurements made at 200 GeV in the overlapping kinematic region, x > 0.05, and show good
agreement with predictions from recent next-to-leading order global analyses.

The results are sensitive to the gluon polarization over the momentum fraction range from x=0.015
to x= 0.2. The inclusive jet results will provide important new constraints on the magnitude of the
gluon polarization and the dijet results will provide important new constraints on the shape of
Ag(x) when they are included in future global analyses of the polarized PDFs, especially in the
region x< 0.05that has been unconstrained by input data in previous global analyses.
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Figure 30. Asymmetry A;; as a function of parton jet pr for inclusive jets with n/<0.9 in 510 GeV
pp collisions. The bars show statistical errors, while the size of the boxes show the point-to-point
systematic uncertainties on Az, (vertical) and p; (horizontal). The gray band on the horizontal axis
represents the combined relative luminosity and underlying event uncertainties, which are
common to all the points. The results are compared to predictions from DSSV14and NNPDFpoll.1
including the solid blue uncertainty band for the latter. The green curves are predictions from the
100 equally probable NNPDFpoll.lreplicas.
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Figure 31. Asymmetry A4;; as a function of xr for inclusive jets in 510 GeV pp collisions (red solid
lines), compared to previous measurements of 4;; at 200 GeV (blue dotted lines).

5.3. Transverse spin distributions. Collins and Silvers asymmetries

The partonic structure of the nucleon at leading twist in a collinear picture can be described by
three parton distribution functions (PDFs): the unpolarized parton distribution, f{x;0?); the parton
helicity distribution, Af{(x,02) and the transversity distribution, 21(x,0?).
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The first measurements of transverse single-spin asymmetries from inclusive jet and
jet + w production in the central pseudo-rapidity range from p1 + p at500 GeV. The data were
collected in 2011 with the STAR detector. As in previous measurements at200 GeV, the inclusive
jet asymmetry is consistent with zero at the available precision. The first-ever measurements of
the “Collins-like” asymmetry, sensitive to linearly polarized gluons in a polarized proton, are
found to be small and provide the first constraints on model calculations. For the first time, we
observe a nonzero Collins asymmetry in polarized-proton collisions. The data probe values of O
significantly higher than existing measurements from SIDIS. The asymmetries exhibit a
dependence on pion z and are consistent in magnitude for the two charged-pion species. For 7',
asymmetries are found to be positive, while those for 1— are found to be negative. The present data
are compared to Collins asymmetry predictions based upon SIDIS and e'e” data. The comparisons
are consistent with the expectation for TMD factorization in proton-proton collisions and
universality of the Collins fragmentation function. The data show a slight preference for models
assuming no suppression from TMD evolution. Further insight into these theoretical questions can
be gained from a global analysis, including di-hadron asymmetries and Collins asymmetries from
STAR.

Transverse Momentum Dependent PDFs (TMD): TMDs allow us to go beyond the one-
dimensional picture of the proton.
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Figure 32. Collins asymmetries as a function of pion z for jets reconstructed with 22.7 <pr
<55.0GeV/cand 0 <n < 1.

Results for Collins-like asymmetries are presented in terms of particle-jet p; and pion z (Figure
33). Because the subprocess fraction changes as a function of particle-jet pr, it is informative to
examine how the asymmetries depend on pr. The Collins-like asymmetry is expected to arise from
gluon linear polarization; thus, the best sensitivity should reside at lower values of jet pr. The left-
hand panel of Figure 33 shows the asymmetry as a function of particle-jet p; for different ranges
of jet n and ion z. The right-hand panel of Figure 33 presents the Collins like asymmetry
dependence on pion z in bins of jet ) and jet pr . Across the board, the asymmetries are consistently
small. Systematic uncertainties are well constrained with the dominant uncertainties arising from
statistics. The largest systematics arise from the parton-jet matching probabilities at low-pr and
leak-through at mid-to-high values of pr.
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Figure 33. Collins-like asymmetries as a function of particle-jet pr for pions reconstructed with
0.1 <z<0.3 (left) and as a function of pion z for jets reconstructed with 6.0 <pr < 13.8 GeV =¢

(right).

The transverse single spin asymmetry of weak boson production in transversely polarized proton-

proton collisions at /s = 500GeV with a recorded luminosity of 25pb~' were measured by the
STAR experiment at RHIC. Asymmetry Ay is defined as

do' —do*

do' +doV

where do'(do) is the differential cross section as a function of azimuthal angle when the spin
direction of the proton beam pointing up (down).

N=

The measured observable is sensitive to the Sivers function, one of the transverse-momentum-
dependent (TMD) parton distribution functions, which is predicted to have the opposite sign in
proton-proton collisions from that observed in deep inelastic lepton-proton scattering (SIDIS). The
Sivers function describes the correlation between the intrinsic transverse momentum of a parton
and the spin of the parent proton. These data provide the first experimental investigation of the
nonuniversality of the Sivers function, fundamental to our understanding of QCD.
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Figure 34. Asymmetry Ay of W and W~ production in p1+ p collisions at v/s=200 GeV as a
function of boson rapidity.

Figure 34 shows a combined fit on W' and W~ asymmetry Ay as a function of rapidity yw to the
theoretical prediction in the model without TMD evolution assuming a sign change in the Sivers
function (the solid line) and without sign change (the dashed line).

The current data favor theoretical models that include a change of sign for the Sivers function
relative to observations inSIDIS measurements, if TMD evolution effects are small. The results
presented here can help to constrain theoretical models including the TMD evolution.
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5.4. Asymmetry in polarized proton collisions with nuclei (Al, Au) at 200 GeV
The measurements and the interpretation of Transverse Single Spin Asymmetries (TSSA) for
forward pion production in high energy pp collisions have a rich history. The n° single spin
asymmetry Aythat is defined below is measured and compared for collisions between the polarized
proton and another proton (pp), an aluminum nucleus (pAl) or a gold nucleus(pAu). These data
from the Solenoid Tracker At RHIC (STAR) experiment at the Relativistic Heavy Ion Collider
(RHIC) were collected during the 2015 RHIC run, involving collisions between nucleons at center-
of-massenergy200 GeV per nucleon pair. The photon pair from the decay of the n° was detected
with the STAR Forward Electromagnetic Calorimeter (FMS).

Referring to a right-handed coordinate system, an initial state polarized proton is referred to as
spin “up” it has a positive spin projection along the y axis while proton momentum is along the
thez axis. This polarize proton collides with an unpolarized proton or nucleus travelling along the
z axis. A forward pion has a positive longitudinal component of momentum, given by a positive
fraction Xr=2 p./v/s of the polarized proton momentum. The angle ¢ is the pion azimuthal angle
about the z axis measured from the x axis. The three component of pion momentum are specified
with coordinates Xr, pr and ¢. The dependence of the pion differential cross section on transverse
spin, expressed as the pion momentum dependent asymmetry ay (Xr, pr, ¢) and the TSSA Ax, is
defined for the process p1+ p(or A) — n°+ X:

_ o' xrpr.d)-0  xppT.d) _
aN (xF' pT’ ¢) - O.T(xF‘pT,d))_I_O.L(xF‘pT,d)) - AN (xF' pT) COS( ¢)'

The single spin asymmetry for n° production has been measured in pp, pAl and pAu collisions.
The kinematic dependence of Ayon Xrand pr is similar for the three collision types. In each case,
up to Xr= 0:5 the asymmetry increases with p; at fixed Xr. The suppression of 4y in collisions
with nuclear beams is modest, with Ay ratio between pAu and pp on the order of 80 %. This
corresponds to a power law nuclear 4 dependence Ay (A) x APwith powers, depending on the
kinematic interval considered, in the range of —0.05 < P<0.05. There is no evidence of further
suppression of 4y in the low pr region where gluon saturation effects may be most relevant.
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Figure 35. The X dependence of the n° Ay is shown with data from the combined pp, pAl and
pAu data points combined, collecting points within Xr intervals and the indicated pr range. Data
points are shown separately for five intervals of transverse momentum indicated by different
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symbols and plotted horizontally at the average Xr for each combined point. Vertical error bars
represent statistical errors and the systematic horizontal and vertical errors are shown with filled
boxes.

5.5. Fractal structure and self-similarity in process with polarized protons

= Self-similarity of proton spin and asymmetry of jet production
M.V.Tokarev,1.Zborovsky, Physics of Particles and Nuclei Letters, V.12, Ne2, 2015, pp.313-323

M. Tokarev, 1.Zborovsky
“Self-similarity of the proton spin”, Workshop “Physics programme for the first stage of the NICA
SPD experiment”’, JINR, Dubna, LHEP, 5-6 October 2020

Spin is one of the most fundamental properties of elementary particles. The proton spin structure
is studied for a long time in processes with polarized leptons and protons. The goal is to understand
complete picture of the proton spin in terms of quark and gluon degrees of freedom.

The concept of z-scaling was extended for description of processes with polarized protons. The
double longitudinal spin asymmetry, A.., of inclusive jets produced in proton-proton collisions at
Vs =200 GeV (Phys. Rev. Lett. 115, (2015) 092002) measured by the STAR Collaboration at
RHIC is shown in Figure 36. The asymmetry was analyzed in the framework of z-scaling approach.
A hypothesis of self-similarity and fractality of the proton spin structure are suggested and
developed. The possibilities to extract information on spin-dependent fractal dimensions of proton
and jet fragmentation process from the asymmetry are justified. The spin-dependent fractal
dimension of proton is estimated. Authors consider that the quantity is a new fundamental property
of every particle as a mass, charge, spin.
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Figure 36.Double longitudinal spin asymmetry of jet production in polarized p-p collisions at
Vs =200 GeV, measured by the STAR collaboration.

Figure 37shows the cross section of inclusive jet production in p+ p — jet+ X reaction in z-
presentation and the ratio of the spin-independent and the spin dependent scaling functions and the
corresponding fractal dimensions. The functions coincide each other with high accuracy in all
considered region of z. The coincidence is the indication on self-similarity of polarization
processes seen in the data z-presentation.
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Figure 37. The ratios of the scaled spin-dependent and spin-independent functions for inclusive jet

production in polarized p-p collisions aty/s = 200 GeV.
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Figure 38.The ratios of the spin-dependent self-similarity parameters for inclusive jet production
in polarized p-p collisions at v/s =200 GeV.

The respective ratios of the spin-dependent self-similarity parameters (Z,,/Zgg, Z+—/Zoo) as
functions of the transverse momentum are shown in Figure 38. The effect of spin-spin interactions
on the ratios does not exceed 4 %. The ratio decreases as function of py for the interactions of
protons with the same (positive or negative) helicities and increases with pr for the opposite
orientation of proton helicities. The larger values of z, _ mean that spin structure of proton can be
probed with higher resolution (i.e. at smaller scales) in the collisions of protons with opposite
helicities relative to the interactions where the protons have the same helicities.Similarly as for
unpolarized processes, an abrupt change of the spin-dependent fractal dimensions should indicate
on a spin phase transition. To test such hypothesis, the measurements of spin asymmetries and
cross sections need very good accuracy. The measurements of non-zero asymmetry, A;;, give us
strong motivation to study fractal properties of proton spin in the reactions with inclusive jet
production. We believe that considered scaling property for polarization processes reflects the self-
similarity of the spin structure of the colliding objects and interaction mechanism of their
constituents.

» Fractal structure of hadrons in processes with polarized protons
M.V. Tokarev, I. Zborovsky, A.A. Aparin, Phys. Part. Nucl .Lett., Vol.12, Ne 1, 2015, 48-58.

M. Tokarev, 1. Zborovsky
“Self-similarity of the proton spin”’, Workshop “Physics programme for the first stage of the NICA

SPD experiment”’, JINR, Dubna, LHEP, 5—6 October 2020.

The concept of z-scaling previously developed for analysis of inclusive reactions in proton-proton
collisions was applied for description of processes with polarized protons.
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The z-scaling approach shows itself as an effective tool for sophisticated data analysis in searching
for new phenomena, verification of theoretical models, etc. Extension of the method for analysis
of polarization phenomena and verification of self-similarity of spin-dependent inclusive cross
sections for particle production in p + p collisions is an interesting problem which could give new
insight into the origin of proton spin at small scales. The spin-dependent fractal dimensions are
new parameters of the z-scaling theory. They are new characteristics of polarization properties of
proton structure, constituent interactions and hadronization process. The double longitudinal spin
asymmetry Az, of n’-meson production and the coefficient of the polarization transfer Dy, of A-
hyperon production in proton-proton collisions measured by STAR collaboration at RHIC were
analyzed in the framework of z-scaling. The spin-dependent fractal dimensions of proton and
fragmentation process with polarized A hyperon were estimated. A study of the spin-dependent
constituent energy loss as a function of transverse momentum of the inclusive hadron and collision
energy was suggested.
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Figure 40. The momentum fraction y, and the scaled ratio of the momentum fractions for pion

production in unpolarized and polarized p-p collisions atv/s = 27.4 GeV.

6. Proposed Program - Hot QCD in Run-21, 23, and 25

6.1. Run-21 - completion of the BES-II Program

The highest priority for Run-21 is the completion of the proposed BES-II program. At this time,
the only system that remains to be taken is the 7.7 GeV collider data set. This energy is extremely
important for several reasons. First, theoretical calculations suggest that the highest baryon density
is achieved in collisions at this energy; second, several of the BES-I experimental signatures which
have been put forth to be sensitive to the presence of deconfined matter either lose significance or
are no longer present at this energy; third, the BES-I data showed enhanced fluctuations at this
energy; finally, this energy provides the best acceptance overlap with the fixed-target program.
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Although the 7.7 GeV collider data set is extremely important from the point of view of the
science, it is also technically the most challenging data set. The technical challenge of achieving a
viable collision rate at this energy was the motivation to develop the Low Energy RHIC electron
Cooling (LEReC) and is the reason that this energy has been left to the final year of the program.

The specific physics goals (and required statistics) include: measurement of the elliptic flow of the
phi meson for which the constituent quark scaling was suggested to break down in the lowest
energy BES-I data (80 M events required); measurement of the correlators associated with the
charge separation induced by the chiral magnetic effect which were seen to collapse at the lowest
BES-I energies (50 M events required); differential measurements of the directed flow of protons
which was seen to show evidence of a softening of the equation of state in the lowest BES-I data
(20 M events required); Azimuthal femtoscopy measurements of protons to study the tilt angle of
the source (35 M events required); measurement of the net-proton kurtosis which showed
significant enhanced fluctuations at 7.7 GeV in the BES-I data (70 M events required);
measurements of the di-lepton invariant mass distributions to determine in the excess in the low
mass region is proportional to the total baryon density (100 M events required); and the global
lambda polarization to determine the magnetic field significance (50 M events required). These
analyses are being pursued at all of the BES-II collider energies; for several of the physics
measurements, the 7.7 GeV energy is expected to be either the most significant or the most
challenging.

The 7.7 GeV collider system provides the essential bridge between the collider and fixed-target
energy scans. Although in later sections we detail a request to acquire fixed-target data at higher
overlap energies, there is the largest region of common coverage at this energy. This will provide
critical cross checks between the different modes.

Although the 7.7 GeV collider system is the most technically challenging system of the suite
of BES-II and FXT energies, one can use the performances which have already been achieved
during the BES-II program to help develop projections for the 7.7 GeV collider energy. In 2010,
STAR achieved a good event rate of 7 Hz; a factor of three improvement would result in a 21 Hz
rate. Scaling the performance at 9.2 GeV by > would predict a good event rate of 19.3 Hz. We
project the good event rate to fall between 16 and 24 Hz. We project the range of hours of data
taking per day to fall between 12 and 15. These numbers suggest a range in the expected number
of weeks to reach the goals from 11 to 20 weeks. We should note that CAD has provided
projections which suggest that it will take 28 weeks to reach the goals. Our projections are more
optimistic. Although we recognize that it is likely that running the 7.7 system will require all the
available beam time in 2021, the optimistic range of our predictions suggests that we should
prepare for success and we have therefore considered and prioritized other programs which could
be run in 2021 if time were to be available.

6.2. Au + Au collisions in FXT mode at /sy = 3.0 GeV (300 million goal)

QCD matter at high baryon chemical potential region contains a wealth of unexplored physics and
is one the central focus of current and future heavy-ion collision programs in few GeV energy
range around the world. RHIC has been able to deliver beams with the energy as low as 3.85 GeV
per nucleon. Utilizing the gold fixed target (FXT) installed in the STAR experiment, we were able
to record collision events at the center-of-mass-energy as low as +/syy = 3.0 GeV, which
corresponds to baryon chemical potential of ug ~ 720 MeV in central collisions. The STAR
detector configuration (including the iTPC and eTOF) has full midrapidity coverage (]y < 0.5])
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at this energy and enables us to carry a systematic investigation of the dynamics of the QCD matter
created in these collisions at y/syy from 3.0 up to 200 GeV.

At such a high pp region and moderate temperatures, baryon dynamics become important or even
dominant in understanding the QCD matter properties. Strange quarks, due to their heavier masses,
play an important role in study the high net-baryon density QCD matter. The combination of
increased sensitivity of strange quarks with the existing high baryon density in low energy heavy-
ion collisions offers a unique condition to create various light hypernuclei, which enables us to
study e.g. the hyperon-nucleon (Y—N) interactions, which have potential implications for the inner
structure of compact stars in nuclear astrophysics.

STAR has collected ~ 250 million FXT Au + Au events at i/syy = 3.0 GeV in 2018 before iTPC
and eTOF were installed. We propose to collect a minimum of 300 million events with
the extended phase-space coverage enabled by iTPC and eTOF for the following measurements:

»  high moments of proton multiplicity distributions covering the same midrapidity acceptance
|y < 0.5],0.4 < pr <2.0GeV/c, comparable to that with the BES-I and BES-II measurements in
collider mode.

» precision ¢ meson production at midrapidity to test the validity of Canonical Ensemble (CE)
for strangeness production at high baryon density region.

* systematic measurements of lifetime, binding energy, production yield, collective flow
of light hypernuclei (3H, AH, 2H etc.).

* measurement of low- and intermediate-mass dileptons to extract fireball lifetime, its average
temperature and to access the microscopic properties of matter. This would be the first
measurement of electromagnetic radiation at this energy which will guide the future high pg
facilities at FAIR and NICA.

With additional beam time allowed, we would like to further collect up to 2 billion Au + Au FXT
events at i/syy = 3.0 GeV which will be elaborated in the next section.

One feature we would like to point out is that the single beam energy for FXT collisions at /syy =
3.0 GeV is 3.85 GeV per nucleon, the same beam energy to be used for colliding to collect the
major 7.7 GeV collision dataset in Run-21. This leads to a negligible transition time for operation
between \/syy = 7.7 GeV collider mode and v/syy = 3.0 GeV FXT mode.

High moments of proton multiplicity distributions: A non-monotonic behavior of net-proton
high moments ko? as a function of collision energy has been suggested to be an evidence of the
existence of QCD critical point. Figure 41 (left panel) shows the final STAR measurement from
the BES-I data as a function of energy exhibiting a suggestive non-monotonic behavior. A
complete picture of the non-monotonic behavior requires measurements at collision energies
below the lowest collider mode energy (7.7 GeV) by utilizing the FXT mode collisions. STAR
detector configuration has the best midrapidity coverage for fixed target collisions at the lowest
collision energy /syy = 3.0 GeV. Figure 41 middle and right panels show the proton acceptance
with TPC and barrel TOF in Run-18 FXT data at 3.0 GeV and Run-10 collider data at 7.7 GeV,
respectively. In the 2018 FXT data, to ensure > 95 % purity of the proton sample, one needs to
utilize the barrel TOF for high momentum particle identification. With this requirement, the proton
acceptance in Run-18 covers full negative rapidity region (—0.5 <y < 0,0.4 < p; < 2.0 GeV/c),
while missing a considerable acceptance in the positive rapidity region. A new run, with eTOF
and iTPC, would allow for phase space coverage comparable to the one in collider mode (indicated
by the box in the middle panel). The estimated acceptance boundary for protons is indicated by
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the red line shown in Figure 41 middle panel. We can therefore cover the full midrapidity y < 0.5
region from 0.4 < p; < 2.0 GeV/c which will be the same as these measurements conducted in
collider mode data, shown in the right panel. This would allow to perform a systematic scan of the
net-proton high moments analysis within the same mid-rapidity acceptance across the collision
energy from 3.0 up to 200 GeV. In the meantime, the increased rapidity coverage will also enable
us to investigate the rapidity-window (Ay) dependence of these fluctuations, which will offer us
deep understanding on the physics origin through the development of these fluctuations vs. Ay.
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Figure 41. (Left) The net-proton ko2 in most central (0-5 %) and peripheral (70-80 %) Au + Au
collisions as a function of collision energy. (Middle/Right) Proton acceptance plot pr vs.
y in the center-of-mass frame at \/syy = 3.0 GeV (FXT data from Run-18) and 7.7 GeV (collider
data from Run-10), respectively. The red curve in the middle panel indicates the acceptance
boundary with iTPC and eTOF.
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¢ meson production: Yields of strange hadron produced in relativistic heavy-ion collisions from
RHIC BES-I energies up to the LHC energy (v/syny = 7.7-5500 GeV) can be well described
by thermal model with Grand Canonical Ensemble (GCE) in which strange quark number is
conserved on average. It has been argued that at low energy heavy-ion collisions when the fireball
created in these collisions becomes small enough the GCE for strange quarks will break down.
Strangeness needs to be conserved on the event-by-event basis, therefore only Canonical Ensemble
(CE) is applicable to strange hadron production. Strange hadrons with finite strangeness number
(e.g. K, A etc.) will suffer from a suppression due to the strangeness number conservation, often
characterized by a canonical radius (7;.) for strange quark profile in comparison to the regular radius
(r) for light quarks. The ¢ meson is the lightest bound state of s and S quarks with zero net-
strangeness number. Its production yield, on the contrary, will not suffer from the canonical
suppression. Therefore, CE models predict the ¢o/K ™ ratio will show an enhancement in very low
energy heavy-ion collisions while GCE models calculate the ¢ /K™ ratio will gradually drop to
zero at the ¢ production threshold in p + p collisions. (\/syy = 2.89 GeV).

Experimentally, the measured /K~ values stay around 0.15 at v/syy > 5 GeV up to the LHC
energy. At collision energies below the ¢ production threshold in p + p collisions, measurements
from HADES and FOPI suggest an enhancement compared to those at high energies, consistent
with the CE description for strange quarks at such low energies within appreciable uncertainties.
High precision measurement of the /K~ at such low energies will be of great interest to
systematic investigate the ¢ meson and strangeness production mechanism in heavy-ion collisions.

We have performed such a measurement using the FXT data at \/syy = 3 GeV taken in 2018.

Figure 42 middle panel shows the reconstructed K*K~ invariant mass distributions in 0-60 %
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centrality. The shaded histogram shows the K*K~ pair distributions from the mixed-event
technique while normalized at the mass region above the ¢ meson signal. The red data points show
the mixed-event background subtracted distributions and the ¢ meson signal obtained in this data
is about 60c. The right panel shows the ¢ meson acceptance coverage in center-of-mass frame.
Due to the small production yield of kaons, one needs to rely on clean particle identification using
TOF detector to obtain a control background in the ¢ meson reconstruction. The black curve
indicates the single track acceptance boundary from TPC and barrel TOF in 2018 year run. One
can see the ¢ meson pr acceptance at midrapidity is limited at 0.6—0.8 GeV/c. This covers roughly
only 40 % of the ¢ meson yield in the full p; region, leading to a considerable amount of
systematic uncertainty due to the p; extrapolation. The blue curve in the same panel indicates the
anticipated single track boundary with iTPC and eTOF. The p; lower limit can be extended down
to 0.2 GeV/c, yielding a pr coverage of 90 % of total dN/dy at midrapidity. This will greatly
reduce the systematic uncertainty in the total ¢ meson yield measurement.
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Figure 42. (Left) ¢ /K™ ratio as a function of collision energy from several heavy-ion experiments
in comparison to thermal model calculations assuming strangeness following GCE and CE with
different canonical radius. (Middle) Invariant mass distributions of K* K~ pairs and the ¢ meson
signal in Run-18 FXT data at v/syy = 3.0 GeV. (Right) Reconstructed ¢ meson candidate phase
space distributions using Run-18 FXT data taken at y/syy = 3.0 GeV. The black line shows the
boundary of combining the TPC and barrel TOF detector for kaon identification. The blue line
indicates the anticipated boundary extended by iTPC and eTOF for kaon identification in the
proposed Run-21 FXT run at y/syy = 3.0 GeV.

We therefore request to take the FXT data at /syy = 3 GeV with iTPC and eTOF detectors
in RHIC Run-21. A roughly similar amount of statistics (300 million) will allow us to perform the
measurement of /K~ ratio with high precision both statistically and systematically.

Hypernuclei production: Hypernuclei are those nuclei with one or more nucleons re- placed with
hyperons (typically As). The study of hypernuclei lifetime, binding energy and their production
mechanism offer insights to the understanding of hyperon-nucleon (Y—N) interactions. The Y-N
interactions could have significant implications to our understanding of the internal structure of
compact stars in nuclear astrophysics.

Heavy-ion collisions have shown great potential in studying the light hypernuclei properties and
their production mechanism. There have been unprecedented measurements from RHIC and LHC

on both the lifetime and binding energy (anti-)hypertriton (3H and i_H). At low energy heavy-ion
collisions, due to the high baryon density and high strangeness population, statistical hadronization
thermal model predicts a significant enhancement of various light hypernuclei production yield,
shown in Figure 43 left panel. The STAR FXT energy region from /syy = 3.0 —7.7 GeV sits
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nicely in the maximum mid-rapidity production yield of various hypernuclei while STAR detector
layout has the best midrapidity acceptance coverage at 3.0 GeV. Figure 43 right panel shows the
reconstructed fH and ;He signal from the Run-18 FXT dataset at \/syy = 3.0 GeV. These are so
far the most unprecedented statistics on these light nuclei that will allow us to systematically
investigate their lifetimes, binding energies as well as their production yield and collective flow
behavior in heavy-ion collisions.
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Figure 43. (Left) Thermal model predictions of various light nuclei and hypernuclei production
yield at midrapidity in central heavy-ion collisions as a function of collision energy. (Right)
Invariant mass distribution of *Hem™ (top) “Hepm™ (bottom) from 2018 FXT data at v/syy = 3.0
GeV. The ;H and ;He hypernuclei signal is clearly visible on top of background.

6.3. Au + Au collisions in FXT mode at /sy = 9.2, 11.5, and 13.7 GeV

The BES-II program aims to study the nature of QCD matter by varying the temperature and
baryon chemical potential. High baryon chemical potentials are achieved by ‘stopping’
the baryons which made up the two colliding nuclei. To better understand the development
of the baryon chemical potential and its profile through the interaction region, it is necessary
to study the rapidity density distribution of the protons across a broad range in rapidity. It is
important that the rapidity range covered includes the peak of the participant distribution which
have been accelerated during the collision process. For all collider energies available at RHIC (7.7
GeV and above), the peak of the rapidity distribution of the stopped protons is outside or at the
edge of the acceptance of the STAR TPC (which only extends 0.6 units beyond mid-rapidity with
particle identification via dE/dx, this is extended to 1.0 units of rapidity using eTOF particle ID);
for \/syn = 9.2, 11.5, and 13.7 GeV, the shifted 0.9, 1.0, and 1.1 units away from mid-rapidity
respectively. However, in fixed-target mode the STAR detector is excellent for studies of stopping
as the acceptance extends 1.7 units from target rapidity (see Figure 44) toward mid-rapidity; for
Vs = 9.2, 11.5, and 13.7 GeV, ycu = 2.28, 2.50, and 2.68 respectively. Combining collider and
fixed-target measurements at each energy will provide full coverage from target rapidity to center-
of-mass rapidity. The stopping of the incident protons is the key to changing the baryon chemical
potential in the interaction region and the changing baryon chemical potential is the key to mapping
out the phase diagram of QCD matter.
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Figure 44. This figure has been modified from a figure in the introduction of the Conceptual Design
Report for the RHIC facility. The black lines indicate different regions in the rapidity — center of
mass energy space. The ‘V’ shaped region in the top center of the figure which is labeled at the
central region have been predicted and demonstrate to be a low baryon chemical potential region
characterized by a continuous phase transition between the QG and the hadron gas. The outer ‘V’
shaped region is dominated by the target fragments. Colored regions are overlaid to indicate the
coverage of the STAR detector for collider (Orange) and FXT (Blue) modes. For the three higher
energies currently being proposed, the FXT acceptance covers the region dominated by target
fragments while the collider acceptance covers the equilibrated central region.

Complete rapidity density distribution for identified particles will provide important constraints
for models. It has been noted by Shen that the high rapidity tails of the dN/dy distributions are
very important and that high rapidity data are rare. In the energy range from /syy = 5.0 to 200
GeV, the only available proton rapidity density distribution measurements are from NA49 at 8.77
and 17.3 GeV and from BRAHMS at 62.4 and 200 GeV. Shen used these data to constrain his 3-
D models of the collisions to better understand the elliptic flow measurements in heavy-ion
collisions. In the BES-II energy range, around 10 GeV, these models can set strong constraints on
the dependence of Quark-Gluon Plasma shear viscosity on temperature and net baryon chemical,
however, in order to do so, it is necessary to have knowledge of the rapidity distributions of net-
protons and produced particles.

It has been proposed that the trend of the rapidity shift of the stopped protons with collision energy
will provide a signature of the softening of the equation of state at the phase transition. Specifically,
the model which has a two-phase equation of state shows that he increases in the rapidity shift with
collision energy stalls in the /syy = 8 to 12 GeV range.

We proposed to extend the studies to proton stopping through the BES-II energy regime.
Specifically we propose to add three more energies to the high end of the FXT energy range. These
energies are chosen to provide three more overlap energies with the collider program. Single beam
energies of 44.5, 70, and 100 GeV will provide interactions at \/syy = 9.2, 11.5, and 13.7 GeV
(the top energy is not quite an overlap energy with the 14.6 GeV collider system). Combining the
midrapidity coverage from the collider mode and the target rapidity coverage from the fixed-target
mode will provide full rapidity coverage for inclusive observables. Since the focus for program
will be inclusive observables, 50 M events will be sufficient at each energy. We propose that at
each of these three energies, twelve hours be spent on beam development and twelve hours be
spent taking data.
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6.4. Run-21 - further opportunities

» Small System Run: O + O at \/syy = 200 GeV

Collective long-range azimuthal correlations in A + A collisions have been successfully described
as a hydrodynamic response by a fluid-like system to geometric shape fluctuations in the initial
state. In recent years, observation of similar collective phenomena in small-system collisions, such
as p + p and p + A collisions, have attracted wide interest in the community. The interpretation of
a fluid-like state formed there has been challenged, as the small size and short lifetime might
prevent the system from quickly thermalizing and evolving hydrodynamically. Instead, collectivity
arising either from initial momentum correlations motivated by gluon saturation models or via a
few scatterings among partons (without hydrodynamization) has been proposed as alternative
sources that may be dominant in small systems. Lots of experimental and theoretical efforts have
been devoted to the study of collectivity in small-system collisions, with the goal of understanding
the time-scale for the emergence of collectivity and the mechanism for early-time
hydrodynamization in large collision systems.

One key feature that distinguishes initial momentum correlation models (ISM) from final-state
interaction models (FSM, including hydrodynamics or a few scatterings) is the connection to
the initial-state geometry. In FSM, the collectivity is a geometrical response to initial shape
fluctuations, i.e., v, is approximately proportional to the n"-order initial-state eccentricity &,,.
In ISM, such a geometrical response is expected to be absent. It was proposed that a geometry scan
of various colliding systems with different spatial eccentricities can help distinguish between
contributions of these two scenarios.

Such a small system scan program has been recently carried out at RHIC for a few asymmetric
small systems including p + Au, d + Au and 3He + Au, where studies of elliptic flow (v,) and
triangular flow (v3) have been performed. In a Glauber model that only considers the fluctuations
of nucleon positions, €, in d + Au and 3He + Au is expected to be larger than in p + Au, while &5
in p + Au and d + Au are expected to be smaller than in 3He + Au. However, once the fluctuations
at subnucleonic scales are included, the €5 are expected to be similar among all three systems.
Figure 45 compares the STAR v, and v; results with three hydrodynamic models predictions with
different assumptions about the initial state. Calculations that include both initial momentum
anisotropy and hydrodynamic response to subnucleonic fluctuations indeed describe the STAR v;
data in all three systems, but one of the models overestimates the v, data. On the other hand, the
hydrodynamic model based on fluctuations only at nucleonic level fails to describe the v; data.
This implies that the initial state in these asymmetric small collision systems are not well
constrained, in particular in p + Au and d + Au system (there is reasonable consensus that the flow
results in 3He + Au is dominated by FSM). The relative importance of FSM vs. ISM for the v,
data in small systems is an area of intense debate.
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Figure 45. Comparison of v, and v; in p + Au, d + Au and 3He + Au collisions at 1/syy = 200
between STAR data and various model calculations.

Physics case for a small A + A scan: So far, both RHIC and the LHC carried out collisions for
either relatively large systems (Pb + Pb, Au+ Au, Xe + Xe, Cu+ Cu, ...), which are well described
by hydrodynamic models, or small asymmetric systems (p + Pb, p + Au, d + Au, and 3He + Au),
whose initial state are poorly constrained as discussed above. To quantitatively understand the
initial momentum anisotropy and the role of subnucleonic fluctuations, collisions of small but
symmetric systems, such as O + O, Al + Al and Ar + Ar will be necessary. They will also fill the
gap between p + p and Cu + Cu systems, which is a crucial unexplored frontier, where a transition
from ISM to FSM dominated collectivity may be observable. The list of key open questions related
to collectivity in small systems includes:

=  How much do initial-state correlations vs. geometry-driven final-state interactions contribute
to the observed collectivity? Can we unambiguously establish experimental evidence of initial-
state correlations?

= For final-state scenarios, to what extent does the collectivity arise from a hydrodynamic fluid-
like QGP, as opposed to an off-equilibrium system with only a few scatterings per parton?

*  What is the role of subnucleonic fluctuations in determining the initial-state geometry?

= (Can we observe jet quenching in small systems?

In principle, a scan of colliding ion species at RHIC by systematically varying the system size and
geometry between p + p and Cu + Cu collisions, will provide an unique lever-arm to dial
contributions from various mechanisms and impose strong constraints on both ISM and FSM.
Since the last RHIC p/d/He + Au scan, the STAR experiment has completed several detector
upgrades that extend p and particle identification to [n| < 1.5, and provide centrality and event
plane determination in 2.1 < |n| < 5.1. This extended detector capability will allow a full
exploration of collectivity using all the observables and methods developed for large systems at
RHIC/LHC. We will have better control of the non-flow systematics, leading to a better
understanding of the multi-particle nature of the collectivity and the longitudinal correlations to
constrain the full 3D initial conditions. As an illustration, model studies of v, and v5 in a series of
small systems including symmetric (C + C, O + O, Al + Al, Ar + Ar) and asymmetric (p + Au,
d + Au, *He + Au) collisions using the AMPT model are shown in Figure 46. AMPT belongs to
the category of final-state interaction models, where v, is largely driven by the geometry of initial
nucleon distributions. The v, values from asymmetric systems follow different trends from
symmetric systems: the v, in d/*He + Au increases with N, while it is relatively constant in p +
Au. The v; values show a similar N, dependence as symmetric systems, except for d + Au which
deviates from the common trend at large N.y,. This study demonstrates that, in a scenario driven
by final-state interactions, a clear difference is expected between d/*He + Au and A + A for v,
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while a relatively similar behavior should be observed for v;. Contributions from other sources,
especially ISM, are expected to follow a drastically different behavior; as the system size increases,
the ISM contribution will gradually become subdominant. In this proposal, we shall focus on a
short O + O run, which should already help us to address many of the points raised above.
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Figure 46. (Left) AMPT predictions for v, and (Right) v as a function of N, in four symmetric
and three asymmetric small collision systems.

Arguments for a short O + O run in 2021: In this BUR, we propose a O + O run at 1/syy = 200
GeV towards the end of the BES-II in 2021. The choice of O + O collisions as the starting point is
motivated by the following reasons: 1) O + O has an Ny, coverage comparable to p + Au and d
+ Au but with a much flatter distribution (see Figure 47), which allows much better control of
initial geometry and centrality bias, 2) Oxygen is a reasonably sized system for which the both the
nucleonic and subnucleonic DOF are important, which together with p/d + Au data can be used
disentangle these contributions, 3) a strong synergy with the proposed higher-energy O + O run at
the LHC around 2023-2024 to enable a direct comparison of the same small-system collision
species at drastically different energies. More details, including hydrodynamic model predictions,
are presented and discussed below.

pAu dAu 160
<Npur 5.8 8.8 9.5

Figure 47. The Npar distribution in O + O collisions compared with p + Au and d + Au collisions
at i/syn = 200 GeV estimated from Glauber model. The table to the right shows the average Npart
values in the three systems.
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* Au+Au Collisions at\[syy = 17.1 GeV

Net-proton kurtosis and light nuclei yield ratio from RHIC BES-I: One of the main goals
of the RHIC Beam Energy Scan (BES) program is the search for the QCD critical point (CP),
which is a distinct singular feature of the QCD phase diagram. The experimental confirmation
of the existence of the CP would become a landmark in the exploration of the phase structure of
hot dense nuclear matter. The characteristic feature of the CP is the divergence of the correlation
length and density fluctuations. These critical phenomena can be probed by measuring event-by-
event fluctuations of conserved quantities, such as baryon, electric charge, and strangeness
numbers. The effect of the CP could show as a non-monotonic energy dependence of higher order
moments of these conserved quantities in close proximity of the critical point during a beam energy
scan.

In the years 2010-2017 RHIC finished the BES-I after taking data in Au + Au collisions at
Vsnny =7.7,11.5,14.5,19.6, 27,39, 54.4, 62.4, and 200 GeV. With these experimental data STAR
measured the higher order fluctuations of net-proton, net-charge, and net-kaon multiplicity
distributions. One striking observation was the behavior of the fourth-order cumulants, or kurtosis,
of the net-proton fluctuation ko in most central (0—5 %) Au + Au collisions as a function of beam
energy. As shown on the left of Figure 48, the fourth order net-proton fluctuation is close to unity
above 39 GeV but deviates significantly below unity at 19.6 and 27 GeV, then approaches or turns
above unity at lower energies. This behavior may suggest that the created system skims close by
the CP, and receive positive and/or negative contributions from critical fluctuations. The right of
Figure 48 shows the characteristic signature of the critical point for energy dependence of the
fourth order fluctuations when the system passes through the critical region. Along this argument,
a peak structure above unity for net-proton kurtosis measurement at lower energies could be the
signature of the CP. However, it is worth to point out that a first order phase transition could also
cause a large increase of net-proton kurtosis. When entering into the spinodal region (mixed
phase), the double peak structure of ¢ field may cause the increase of the fourth order cumulants
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Figure 48. (Left) The fourth order net-proton fluctuations ko? in most central (0-5 %) Au + Au
collisions as a function of collision energy from STAR BES-I measurements. (Right) The
characteristic signature predicted by the theoretical model for energy dependence of the fourth
order fluctuations when the system passes through the critical region.

In addition, STAR has measured light nuclei (deuteron and triton) production in Au + Au collisions
at RHIC BES energies. The ratio of these yields are predicted to be sensitive to the neutron relative
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density fluctuations at kinetic freeze-out, which is expected to increase near the critical point
and/or a first order phase transition. The neutron density fluctuation is defined as An =
((8n)?)/(n)?, which can be approximated from:

1N XN,

An = 5
g Nj

)

where N,,, Ny and N; are the proton, deuteron and triton yields, respectively and g is a constant
factor of 0.29. In the left panel of Figure 49, we show the yield ratio N X N,/ N7 in central Au +
Au collisions as a function of collision energy. These light nuclei yield ratios are obtained by using
the feed-down corrected proton yields, deuteron yield, and preliminary triton results. The ratio as
a function of energy exhibits a non-monotonic energy dependence with a peak around 19.6 GeV.
The blue band showing a flat energy dependence represents the calculation of the light nuclei yield
ratio in Au + Au collisions (b < 3 fm) from a transport JAM model. Furthermore, the yield ratio
shown in Figure 49 seems to show a drop between 14.5 and 19.6 GeV. The experimental
observation of non-monotonic energy dependence in yield ratio may suggest a double peak
structure of the neutron density fluctuation, indicating that the system goes through the critical
region and the first order spinodal region, as displayed in Figure 49 right.
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Figure 49. (Left) Collision energy dependence of the light nuclei yield ratio (N X N, /NZ) in
central Au + Au collisions. The open square data based on NA49 results in central Pb + Pb
collisions at v/syy = 6.3 (07 %), 7.6 (07 %), 8.8 (07 %), 12.3 (0-7 %), and 17.3 (0-12 %) GeV.
(Right) Illustration of the density fluctuation as a function of collision energy in the critical region
and the spinodal region .

At the end of Run-21, we propose to take one more energy point for Au+ Au collisions at 17.1 GeV
based on the two observations discussed above and presented in Figure 48 and Figure 49:

1. Net-p kurtosis and light nuclei yield ratio, which are both sensitive to the critical fluctuation,
show dip and peak structures around 19.6 GeV. These may suggest that the system passed through
the critical region around 19.6 GeV.

2. We observe sudden changes between 19.6 and 14.5 GeV in the energy dependence of net-p
kurtosis and light nuclei ratio measurements in the BES-I data measured by the STAR experiment.
The neutron density fluctuations at low energies below 14.5 GeV are consistent with the results
from NA49 experiment.

These two observations indicate that the critical point may be close to 19.6 GeV. Since there are
sudden changes in both observables between 19.6 (chemical freeze-out pgp = 205 MeV) and
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14.5 GeV (pg =266 MeV), it is important to conduct a finer beam energy scan between these two
energies. Therefore, we request a run with Au + Au collisions at v/syy = 17.1 GeV (ug = 235
MeV), which divides the range into approximately equal pg gaps.

If nature puts the critical point in the QCD phase diagram between 14.5 and 19.6 GeV (with pp
around 200-270 MeV), RHIC has the best chance to discover it.

* Au + Au Collisions in FXT Mode at \[syy = 3.0 GeV (2 Billion Goal)

In the previous section, we have discussed the great physics interests for low energy heavy-ion
collisions utilizing the FXT setup at the STAR experiment. We have made our arguments for
taking a minimum of 300 million Au + Au FXT events at 1/syy = 3.0 GeV. With further available
beam time, we would like to request to collect up to 2 billion events with the same setup for the
following physics measurements.

Proton correlations higher than 4-th order are useful to study the possible contributions of protons
from hadronic phase or QGP phase. The requested 2 billion events statistics will enable us to
perform the analyses of proton moments and cumulants up to 5-th and 6-th orders. Measurements
of 5-th and 6-th order moments and cumulants have been proposed to be sensitive to the search for
the phase boundary in the high baryon density region. A much larger data sample (2 billion events)
will enable us to further investigate the centrality dependence of ¢ meson production. The Run-18
data analysis in 40—60 % centrality bin yields ~13 % relative uncertainty in the ¢ production yield.
A two-billion dataset will reduce the statistical uncertainty to be <5 %. This will allow us to study
the system size dependence of ¢ meson production to quantitatively understand the canonical
suppression for strangeness. The large statistics will also offer the opportunity to further measure
¢ meson directed and elliptic flow behavior in these collisions.

While there have been tens of hypernuclei measured so far, there are only very few double-A
hypernuclei candidates reported from emulsion experiments. Their properties are directly related
to the AA interaction. Low energy heavy-ion collisions can be a unique environment to copiously
produce these light double-A hypernuclei. For instance, according to the thermal model prediction,
the ,2H production yield increases by more than 3 orders of magnitude at the low energies
compared to that at top RHIC and LHC energies.

We performed a Monte Carlo simulation study for the decay chain y3H — xHe + 7, and jHe —
“He + p + m~ within the STAR detector acceptance. Assuming the production yield based on the
thermal model prediction, with 2 billion Au + Au FXT data at \/syy = 3.0 GeV and with the iTPC
and eTOF detector, we will have a chance to observe ~27 signal counts. This will be an
unprecedented sample that allows us to study double-A hypernuclei properties and their production
mechanism, providing new insights towards the understanding of the AA interaction.

6.5. Exploring the microstructure of the QGP (Run-23 and Run-25 Au+Au)
The completion of the RHIC’s scientific mission involves the two central goals:

» mapping out the phase diagram of the QCD,
= probing the inner workings of the QGP by resolving its properties at short length scales.

The complementarity of the RHIC and LHC facilities to study the latter is scientifically as essential
as having more than one experiment independently study the microstructure of the QGP. With
several years of operating the recently installed iTPC upgrade and the soon-to-be installation and
operation of STAR’s forward detectors, the STAR collaboration will be in an excellent position to

take advantage of its vastly improved detection capabilities. Combine this with the prospect of a
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substantial increase in beam luminosities and RHIC will be uniquely positioned to fully engage in
a detailed exploration of the QGP’s microstructure. Through careful discussions in its physics
working groups, the STAR collaboration has identified a number of topics that together make a
compelling case to take data during Runs 23-25 alongside sSPHENIX, and successfully complete
RHIC’s scientific mission. In this section, we present a selection of those topics that will take full
advantage of both STAR and RHIC’s unique capabilities and address the following important
questions about the inner workings of the QGP.

=  What is the precise temperature dependence of the shear n/s, and bulk (/s viscosity?

=  What is the nature of the 3-dimensional initial state at RHIC energies? How does a twist of the
event shape break longitudinal boost invariance and decorrelate the direction of an event plane?

= How is global vorticity transferred to the spin angular momentum of particles on such short
time scales? And, how can the global polarization of hyperons be reconciled with the spin
alignment of vector mesons?

* What is the precise nature of the transition near pg = 0, and where does the sign- change of the
susceptibility ratio yZ /x2 take place?

= What is the electrical conductivity, and what are the chiral properties of the medium?

= What can we learn about confinement and thermalization in a QGP from charmonium
measurements?

What are the underlying mechanisms of jet quenching at RHIC energies? What do jet probes tell
us about the microscopic structure of the QGP as a function of resolution scale?

The event statistics projections that are used in this section will rely on the CAD’s recently update
2023E and 2025E Au + Au luminosities and are listed in Table 8. For each year we presume 24
weeks of RHIC operations, and based on past run operations an overall average of 85 % x 60 %
(STAR x RHIC) uptime, respectively. The minimum-bias rates assume a conservative 1.5 kHz
DAQ rates which will allow sufficient bandwidth for specialized triggers which are listed as
integral luminosities. In order to achieve the projected luminosities, the collaboration will look
into optimizing the interaction rates at STAR by allocating low and high luminosities periods
within fills. Such periods, in which low interaction rates are sampled in the early part of a fill and
high interaction rates typically in the later part, will allow us to collect clean, low pile-up, minimum
bias events, while at the same time not burn beam luminosities that could affect interaction rates
for sSPHENIX. Clean minimum bias events will improve tracking efficiencies which in turn are
expected to benefit many of the proposed correlation analyses. Optimization of the available
bandwidth for high-pr triggers would allow us to push for lower pr thresholds, thus further
reducing biases. The impact of such an optimization will lead to some reduction in the projected
rates, while still enabling a significant improvement in the precision and kinematic reach of current
STAR measurements, and making important measurements that are yet more differential possible.

Table 8. STAR minimum bias event statistics and high-pr luminosity projections for the 2023 and
2025 Au + Au runs. For comparison the 2014/2016 event statistics and luminosities are listed as
well.

minimum bias | high-pr int. luminosity [nb™?|

yeat |<10? events| | all vz |vz|<70cm |vz|<30cm
2014

2016 2 26.5 19.1 15.7
2023 10 43 38 32
2025 10 58 52 43
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At RHIC it is possible to build detectors that can span from mid-rapidity to beam rapidity — with
the two recent upgrades STAR is able to achieve this unique capability. STAR’s BES-II upgrade
sub-systems comprised of the inner Time Projection Chamber (iTPC, 1.0 <1 <1.5), endcap Time
Of Flight (eTOF, 1 <n < 1.5 ) and Event Plane Detector (EPDs, 2.1 < n < 5.1), that are all
commissioned and fully operational since the beginning of 2019. The STAR collaboration is
constructing a forward rapidity (2.5 <n < 4) upgrade that will include charged particle tracking
and electromagnetic/hadronic calorimetry. For charge particle tracking the aim is to construct a
combination of silicon detectors and small strip thin gap chamber detectors. The combination of
these two tracking detectors will be referred to as the forward tracking system (FTS). The FTS
will be capable of discriminating the hadron charge sign. It should be able to measure transverse
momentum of charged particles in the range of 0.2 < p; <2 GeV/c with 20-30 % momentum
resolution. In what follows, we will refer to the combination of the existing TPC (n < 1) and the
iTPC upgrade as iTPC (n < 1.5) for simplicity.

The impetus for running STAR during the year of 2023-2025 in terms of bulk correlation
measurements in Au + Au 200 GeV collisions comes from gains via: extended acceptance and
enhanced statistics. In the first subsections, we briefly describe how these two opportunities can
be exploited to perform correlations measurements that are unique to the physics goals of the RHIC
heavy-ion program.

Next, thanks to a reduced material budget between the beam and the iTPC, STAR will be uniquely
positioned to perform dielectron measurements with which we propose to probe degrees of
freedom of the medium and its transport properties. For that we will use the high precision dilepton
excess yield, i.e. /' invariant mass distribution after subtraction of dilepton sources produced
after freeze-out, and contributions from the initial collisions such as Drell-Yan and correlated
charm-anticharm pairs. Furthermore, we propose to study the virtuality, Wigner function and final-
state magnetic field in the QGP. For the latter photon-photon collisions in ultra-peripheral,
peripheral, and midcentral reactions and p + A (all centralities) in both channels e'e”, u'u~ will be
measured with high accuracy.

One of the key sets of measurements is of interests — pseudorapidity dependence of global hyperon
polarization.

Pseudorapidity dependence of global hyperon polarization: The global polarization of
hyperons produced in Au+ Au collisions has been observed by STAR. The origin of such a
phenomenon has hitherto been not fully understood. Several outstanding questions remain. How
exactly is the global vorticity dynamically transferred to the fluid-like medium on the rapid time
scales of collisions? Then, how does the local thermal vorticity of the fluid gets transferred to the
spin angular momentum of the produced particles during the process of hadronization and decay?
In order to address these questions one may consider measurement of the polarization of different
particles that are produced in different spatial parts of the system, or at different times. A concrete
proposal is to: 1) measure the A(anti-A) polarization as a function of pseudorapidity and 2)
measure it for different particles such as Q and =. Both are limited by the current acceptance and
statistics available. With the addition of the iTPC and FTS, and with high statistics data from Run-
23 it will be possible to perform such measurements with a reasonable significance. iTPC (+ TPC)
has excellent PID capability to measure all these hyperons. Although the FTS has no PID
capability we can do combinatorial reconstruction of A(anti-A) candidates via displaced
vertices. A similar analysis was performed and published by STAR using the previous FTPC. In
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order to make a conservative projection we assume similar momentum resolution of 10-20% for
single charged tracks, similar overall tracking efficiency, charge state identification capability for
the FTS and FTPC (see the forward upgrade section for exact numbers). We also assume the FTS,
with it’s novel-tracking framework, will be able to measure a minimum separation of 20 cm
between the all pairs of one positive and one negative track (a possible decay vertex) from the
main vertex of the event. This will give rise to about 5 % efficiency of A(anti-A) reconstruction
with about (15-20) % background contribution from KQ— n* + n~. With this we can make
projections for a polarization measurement in Au + Au 200 GeV (40-80) % assuming 10 Billion
minimum-bias events. The two different error bars correspond to lower and upper limits
considering cur- rent uncertainties on the efficiency of charged track reconstruction and the final
efficiency of A reconstruction. Currently theoretical models predict contradictory trends for the
pseudorapidity dependence of A polarization. If the initial local orbital angular momentum driven
by collision geometry plays a dominant role it will lead to increases of polarization with
pseudorapidity. On the other hand if the local thermal vorticity and hydrodynamic evolution play
a dominant role it will predict decreasing trend or weak dependence with pseudorapidity. Such
tensions can be easily resolved with the future proposed measurement during Run-23.

7. Cold QCD Physics with pT + pT and pT + A Collisions at 510
and 200 GeV

The exploration of the fundamental structure of strongly interacting matter has always thrived
on the complementarity of lepton scattering and purely hadronic probes. As the community
eagerly anticipates the future Electron Ion Collider, an outstanding scientific opportunity remains
to complete “must-do” measurements in p + p and p + A4 physics during the final years of RHIC.
These measurements will be essential if we are fully to realize the scientific promise of the EIC,
by providing a comprehensive set of measurements in hadronic collisions that, when combined
with future data from the EIC, will establish the validity and limits of factorization and
universality. Much of the Run-22 and Run-24 physics program outlined here is, on the one hand,
unique to proton-proton and proton-nucleus collisions and offers discovery potential on its own.
On the hand, these studies will lay the groundwork for the EIC, both scientifically and in terms
of refining the experimental requirements of the physics program, and thus are the natural next
steps on the path to the EIC. When combined with data from the EIC these STAR results will
provide a broad foundation to a deeper understanding of fundamental QCD.

The separation between the intrinsic properties of hadrons and interaction-dependent dynamics,
formalized by the concept of factorization, is a cornerstone of QCD and largely responsible
for the predictive power of the theory in many contexts. While this concept and the associated
notion of universality of the quantities that describe hadron structure have been successfully tested
for unpolarized and, to a lesser extent, longitudinally polarized parton densities, its experimental
validation remains an unfinished task for much of what the EIC is designed to study — the three-
dimensional structure of the proton and the physics of dense partonic systems in heavy nuclei.
To establish the validity and limits of factorization and universality, it is essential to have data
from both lepton-ion and proton-ion collisions, with experimental accuracy that makes quantitative
comparisons meaningful.

Beginning in Run-22, STAR will be in a unique position to provide this essential p + pand p + A
data. A full suite of forward detectors will be installed, providing excellent charged-particle
tracking at high pseudorapidity (2.5 <mn <4) for the first time, coupled with bothelectromagnetic
and hadronic calorimetry. This will enable STAR to explore the interestingregimes of high-x

68



(largely valence quark) and low-x (primarily gluon) partonic physics withunparalleled precision.
In addition, mid-rapidity detector upgrades motivated primarily by the BES-II program — the iTPC,
eTOF, and EPD systems — will substantially extend STAR ’salready excellent kinematic reach and
particle identification capabilities beyond those that existed during previous p + p and p + A runs.

For the case of p + p spin physics, it’s important to recognize the complementary roles that will
be played by Run-22 at 510 GeV and Run-24 at 200 GeV. The combination of 510 GeV p + p
collisions and the STAR Forward Upgrade will provide access to forward jet physics
at perturbative scales, thereby enabling measurements at the highest and lowest x values.
In parallel, mid-rapidity measurements at 510 and, especially, 200 GeV will interpolate between
the high and low x values, with significant overlaps to probe evolution effects and provide cross-
checks. Together, the two runs will allow STAR to measure fundamental proton properties, such
as the Sivers and transversity distributions, over nearly the entire range 0.005 <x <0.5.

Run-24 will also provide outstanding opportunities to probe fundamental questions regarding
QCD in cold nuclear matter. The STAR Forward Upgrade will enable an extensive suite
of measurements probing the quark-gluon structure of heavy nuclei and the regime of low-x non-
linear gluon dynamics, as predicted by saturation models. STAR will also explore how a nucleus,
serving as a color filter, modifies the propagation, attenuation, and gluons.

For these reasons, STAR requests at least 16 weeks of polarized p +p data-taking
at+/s = 510 GeV in Run-22. All data taking will involve proton beams polarized transversely
relative to their momentum direction in order to focus on those observables where factorization,
univerality, and/or evolution remain open questions, with spins aligned either vertically or radially
at the STAR IR (still to be determined through more detailed simulation studies). Based
on the latest guidance from CAD, and mindful of ‘lessons learned’ in previous p + p runs at full
energy, we will ask for luminosity-leveling of the collision rate to maximize the efficiency of our
main tracking detectors. Assuming we will have running conditions similar to those achieved
in Run-17, we expect to sample at least 400 pb~! for our rare / non-prescaled triggers.

STAR also requests at least 11 weeks of polarized p + p data-taking at v/s = 200 GeV and 11
weeks of polarized p + Au data-taking at 1/syy = 200 GeV during Run-24. Similar to Run-22, all
of the running will involve transversely polarized protons, with the choice between vertical
or radial polarization to be determined during the coming year. Based on recent (08—21-20) CAD
guidance, we expect to sample at least 235 pb! of p + p collisions and 1.3 pb!' of p+ Au
collisions. These totals represent 4.5 times the luminosity that STAR sampled during transversely
polarized p +p collisions in Run-15, and 3 times the luminosity that STAR sampled during
transversely polarized p + Au collisions in Run-15.

7.1. Run-22 request for pT +pT collisions at 510 GeV

» Inclusive transverse spin asymmetries at forward rapidities

The experimental study of spin phenomena in nuclear and particle physics has a long history
of producing important, and often surprising, results. Attempts to understand such data have
pushed the field forward, forcing the development of both new theoretical frameworks and new
experimental techniques. Recent and ongoing detector upgrades at STAR, at mid- and forward-
rapidity, coupled with the versatility of RHIC, will allow us to gain new insights into long-standing
puzzles, and to probe more deeply the complexities of emergent behavior in QCD.

Results from PHENIX and STAR have shown that large transverse single-spin asymmetries
(TSSA) for inclusive hadron production, first seen in p + p collisions at fixed-target energies
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and modest pr, extend to the highest RHIC center-of-mass energies, s =510 GeV,
and surprisingly large py. Figure 50 summarizes the world data for the inclusive pion asymmetries
Ay as a function of Feynman-x. The asymmetries are seen to be nearly independent of /s over
the very wide range of roughly 5 to 500 GeV.
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Figure 50. Transverse single-spin asymmetry 4y measurements for charged and neutral pions
at different center-of-mass energies as a function of Feynman-x.

To understand the observed TSSAs, one needs to go beyond the conventional leading-twist (twist-
2) collinear parton picture for the hard-scattering processes. Two theoretical formalisms have been
developed to try to explain these sizable asymmetries in the QCD framework: transverse-
momentum-dependent (TMD) parton distribution and fragmentation functions, such as the Sivers
and Collins functions; and transverse-momentum-integrated (collinear) quark-gluon-quark
correlations, which are twist-3 distributions in the initial state proton or in the fragmentation
process. For many of the experimentally accessible spin asymmetries, several of these functions
can contribute, and need to be disentangled in order to understand the experimental data in detail,
in particular the observed pr dependence. These functions manifest their spin dependence either
in the initial state — for example, the Sivers distribution and its twist-3 analog, the Efremov-
Teryaev-Qiu-Sterman (ETQS) function — or in the final state via the fragmentation of polarized
quarks, such as in the Collins function and related twist three function Hru (z, z2).

Incorporating the fragmentation term within the collinear twist-3 approach demonstrated
the ability of this formalism to describe the large values of Ax for mo production observed at RHIC.
In this work, the relevant (non-pole) 3-parton collinear fragmentation function H v (z, z) was fit
to the RHIC data. The so-called soft-gluon pole term, involving the ETQS function 7y (x1, x2),
was also included by fixing T, through its well-known relation to the TMD Sivers function fj+.
The authors obtained a very good description of the data due to the inclusion of the non-pole
fragmentation function and based on this work they were able to make predictions for n" and 7
production asymmetries Ay at the forward rapidities covered by the STAR upgrades, 2.5 <n <4.
The results are shown in Figure 51 for /s = 200 and 500 GeV for two rapidity ranges, 2 <1 < 3
and 3 <n <4.
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Figure 51. Predictions for AN for " and @ production over the ranges 2 <n <3 (left) and

3 <n <4 (right) at v's = 200 GeV (solid lines) and 500 GeV (dashed lines). The Vs = 200 GeV
BRAHMS Ay data for charged pions cover up to xr of 0.3.

In Run-22, with the full suite of forward tracking detectors and calorimetry installed, STAR
will for the first time be able to map out inclusive charged-hadron asymmetries up to the highest
energies achievable at RHIC and at these forward rapidities. It would be very interesting to confirm
that these asymmetries are indeed largely independent of center-of-mass energy.
The measurements of Ay for charged hadrons, together with analogous data (from Run-22 as well
as previous STAR runs) on Ay for direct photons and neutral pions, should provide the best data
set in the world to constrain the evolution and flavor dependence of the twist-3 ETQS distributions
and to determine if the 3-parton collinear fragmentation function Hry is the main driver of the large
forward inclusive asymmetries.

= Sivers and Efremov-Teryaev-Qiu-Sterman Function

There is great theoretical interest in testing the relation between the ETQS correlation functions
and the Sivers function. As discussed above, both the Sivers and the ETQS functions encapsulate
partonic spin correlations within the proton, but they are formally defined in different frameworks.
While the Sivers function is a TMD quantity that depends explicitly on spin-dependent transverse
partonic motion k7, the ETQS function is a twist-3 collinear distribution, in which SSAs
are generated through soft collinear gluon radiation.

Measurements of forward jet production from the ANDY collaboration indicated rather small
asymmetries. This was argued to be consistent with the idea that the twist-3 parton correlation
functions for up and down valence quarks should cancel, because their behavior reflects the Sivers
functions extracted from fits to the SIDIS data that demonstrate opposite sign, but equal
magnitude, up and down quark Sivers functions. Preliminary STAR results on charge-tagged dijets
at mid-rapidity support this interpretation, with the caveat that the measured observable (a spin-
dependent (k)) is defined in the TMD, and not the twist-3, framework.

To better test quantitatively the relation between the two regimes, one can measure spin
asymmetries for jets which are intentionally biased towards up or down quark jets via detection
of a high-z charged hadron within the jet. Higher-twist calculations of jet asymmetries based
on the Sivers function predict sizeable effects for these flavor-enhanced jets. With the suite of new
forward detectors installed at STAR, full jet reconstruction, along with identification of a high-z
hadron of known charge sign, will be possible at high pseudorapidity. Using realistic jet smearing
in a forward calorimeter and tracking system, and requiring a charged hadron with z>0.5,
the asymmetries can be separated and compared to the predictions for the Sivers function based
on current SIDIS data. The expected uncertainties, plotted at the predicted values, can be seen
in Figure 52. Dilutions by underlying event and beam remnants were taken into account.

The simulations have assumed only an integrated luminosity of 100 pb ™! at /s = 200 GeV, which
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is significantly lower than what is currently expected for the Run-24 200 GeV polarized p + p run.
The same measurement is possible at 500 GeV.
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Figure 52. Left: up quark (red points), down quark (blue points) and all jet (black points) single
spin asymmetries as a function of xr as calculated by the ETQS based on the SIDIS Sivers
functions. Right: Expected experimental sensitivities for jet asymmetries tagging in addition a
positive hadron with z above 0.5 (red points), a negative hadron with z above 0.5 (blue points) or
all jets (black) as a function of xr. Note: these figures are for 200 GeV center-of-mass energy
proton collisions — the 500 GeV results are expected to be qualitatively similar.

In a TMD framework, the Sivers effect manifests itself as a correlation (a triple product) between

the transverse momentum of a parton (E)T) with momentum fraction x, and the transverse spin (5‘ )
of a polarized proton moving in the longitudinal (p) direction. Thus, for transversely polarized
protons, the Sivers effect probes whether the k7 of the constituent quarks is preferentially oriented
in a direction perpendicular to both the proton momentum and its spin. Momentum conservation
then implies that the two jets in the final state will not emerge back-to-back on average, but instead
will “tilt’ in the direction of the summed k7 of the initial state partons. Moreover, the (average) tilt
of interest will reverse direction under a ‘flip’ of the proton spin; a spin-dependent (k) can then
be extracted by associating the azimuthal opening angle of the jet pair with this tilt.

STAR carried out an earlier measurement of this transverse single-spin asymmetry using a dijet
dataset with ~1 pb ! of integrated luminosity, and found it to be consistent with zero within 2c.
Perhaps most significantly, the jets were sorted according to their net charge Q, calculated by
summing the signed momentum of all particle tracks with p > 0.8 GeV, to minimize underlying
event contributions, yielding jet samples with enhanced contributions from u quarks (positive Q)
and d quarks (negative (), with a large set near Q = 0 dominated by gluons. Simple kinematics
allow for conversion from the spin-dependent ‘tilt’ of the dijet pair to a value of k7 on an event-
by-event basis; these are then sorted by the Q of the jet and binned by the summed pseudorapidities
of the outgoing jets, 1'°® =13 + n4. Because the contributions of different partons (u, d, all else)
to (kr) vary with both Q and also n'°®, in a way that can be estimated robustly using simulation,
the data can be inverted to yield values of (k) for the individual partons, though with coarser

binning in 1'°%.

With the new forward detectors in place, along with the enhanced reach in n| afforded by the iTPC,
this technique can be expanded in Run-22 to cover pseudorapidities at STAR from roughly —1
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to +4, though with a gap at 1.5 <n <2.5. Despite this gap, values of (k) can be extracted for u
and d quarks for ' ranging from 1.5 to as high as 7 with reasonable statistics. This latter regime
will probe 2 — 2 hard scattering events in which x1 >> x», i.e., a sample enriched in valence quarks
interacting with low-x gluons. Such measurements, exploiting the full kinematic reach of STAR,
will not only allow precise determinations of the average transverse partonic motion, (kr),
exhibited by individual partonic species in the initial state, but will provide important information
on the x dependence of the proton Sivers functions.

Collisions at Vs = 510 GeV will also allow STAR to continue our successful program to study
the evolution and sign change of the Sivers function. By focusing on interactions in which the final
state involves only weakly interacting particles, and hence the transverse partonic motion
(in a TMD framework) or the collinear gluon radiation (in twist-3) must be in the initial state, one
can test for the predicted sign change in AN relative to interactions in which these terms must
appear in the final state, such as SIDIS measurements. The improved tracking capabilities provided
by the iTPC upgrade will allow us to push our mid- rapidity W * and Z° measurements to larger
rapidity yw,z, a regime where the asymmetries are expected to increase in magnitude and the anti-
quark Sivers’ functions remain largely unconstrained. Figure 53 demonstrates the expected
precision of asymmetry measurements after data from the Run-17 has been fully analyzed.
In addition to the noted extension of our kinematic reach, an additional 16 or more weeks of beam
time at v/s = 510 GeV in Run-22 would increase our data set by more than a factor of 2. This
experimental accuracy would significantly enhance the quantitative reach of testing the limits
of factorization and universality in lepton-proton and proton-proton collisions.
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Figure 53. Projected uncertainties for transverse single-spin asymmetries of W* bosons as
functions of their rapidity for a delivered integrated luminosity of 350 pb™!' and an average beam
polarization of 55 %. The dark and light green lines are theoretical predictions from the KQ and
EIKV groups, respectively, folding in data on the sea-quark Sivers functions.

= Transversity, Collins Function and Interference Fragmentation Function

A complete picture of nucleon spin structure at leading twist must include contributions
from the unpolarized and helicity distributions, as well as those involving transverse polarization,
such as the transversity distribution. The transversity distribution can be interpreted as the net
transverse polarization of quarks within a transversely polarized proton. The difference between
the helicity and transversity distributions for quarks and antiquarks provides a direct, x-dependent
connection to nonzero orbital angular momentum components in the wave function of the proton.
Recently, the first lattice QCD calculation of the transversity distribution has been performed [C.
Alexandrou et al., Phys. Rev. D 98, 091503 (2018)]. In addition, the measurement of transversity
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has received substantial interest as a means to access the tensor charge of the nucleon, defined as
the integral over the valence quark transversity: §q% = [ 01[6 q%(x) — 6q“(x)]dx [R. Jaffe and X.-

D. Ji, Nucl. Phys. B 375, 527 (1992), R. Jaffe and X.-D. Ji, Phys. Rev. Lett. 67, 552 (1991)].
Measuring the tensor charge is very important for several reasons. First, it is an essential and
fundamental quantity to our understanding of the spin structure of the nucleon. Also, the tensor
charge can be calculated on the lattice with comparatively high precision, due to the valence nature
of transversity, and hence is one of the few quantities that allow us to compare experimental results
on the spin structure of the nucleon directly to ab initio QCD calculations. Finally, the tensor
charge describes the sensitivity of observables in low-energy hadronic reactions to beyond the
standard model physics processes with tensor couplings to hadrons. Examples are experiments
with ultracold neutrons and nuclei.

Transversity is difficult to access due to its chiral-odd nature, requiring the coupling of this
distribution to another chiral-odd distribution. Semi-inclusive deep-inelastic scattering (SIDIS)
experiments have successfully probed transversity through two channels: asymmetric distributions
of single pions, convoluting the TMD transversity distribution with the TMD Collins
fragmentation function, and azimuthally asymmetric distributions of di-hadrons, coupling
transversity to the so-called “interference fragmentation function” (IFF) in the framework
of collinear factorization. Yet in spite of a wealth of lepton-scattering data, the kinematic reach
of existing SIDIS experiments limits the precision with which the proton’s transversity can be
extracted, as the range of Bjorken-x values that can be accessed does not extend above x ~ 0.3.

In hadronic collisions, the kr integrated quark transversity distribution may be accessed via two
channels. The first is the single spin asymmetry of the azimuthal distribution of hadrons in high
energy jets. In the jet + hadron channel, the collinear transversity distribution couples to the TMD
Collins function. This makes p + p collisions a more direct probe of the Collins fragmentation
function than Collins asymmetries in SIDIS, where a convolution with the TMD transversity
distribution enters. This also makes the Collins asymmetry in p + p collisions an ideal tool to
explore the fundamental QCD questions of TMD factorization, universality, and evolution. The
second channel is the single spin asymmetry of pion pairs, where transversity couples to the
collinear interference fragmentation function. STAR mid-rapidity IFF data have been included in
the first extraction of transversity from SIDIS and proton-proton IFF asymmetries.

The universality of TMD PDFs and fragmentation functions in p + p collisions has been an open
question. General arguments have shown that factorization can be violated in hadron-hadron
collisions for TMD PDFs like the Sivers function, though very recent calculations indicate the
violations might be quite small. In contrast, while there is no general proof that the Collins effect
in p + p collisions is universal to all orders, explicit calculations have shown that diagrams like
those that violate factorization of the Sivers function make no contribution to the Collins effect at
the one- or two-gluon exchange level, thereby preserving its universality at least to that level.

Comparisons of the transversity distributions extracted from the Collins and IFF channels will
allow STAR to study the size and nature of any factorization breaking effects for TMD observables
in hadronic collisions. Likewise, comparisons with the transversity, Collins and IFF distributions
extracted from SIDIS collisions will shed light on universality and constrain evolution effects.
The measurement of evolution effects in TMD distributions is particularly important because,
unlike the collinear case, TMD evolution contains a non-perturbative component that cannot be

calculated directly. Measurements at v/s of 200 and 510 GeV will provide additional experimental
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constraints on evolution effects and provide insights into the size and nature of TMD observables
at the future Electron-Ion Collider.

Extending measurements of di-hadron and Collins asymmetries to the forward direction during
Run-22 will allow access to transversity in the region x > 0.3. This valence quark region is not
currently probed by any experiments and is essential for the determination of the tensor charge,
which receives 70 % of its contributions from 0.1 <x <1.0. In addition, probing transversity
in p + p collisions also provides better access to the d-quark transversity than is available in SIDIS,
due to the fact that there is no charge weighting in the hard scattering QCD 2 — 2 process inp + p
collisions. This is a fundamental advantage of p + p collisions, as any SIDIS measurement of the d-
quark transversity has to be on a bound system, e.g. He-3, which ultimately requires nuclear
corrections to extract distributions. The high scale we can reach in 500 GeV collisions at RHIC
has allowed STAR to demonstrate, for the first time, that previous SIDIS measurements at low
scales are in fact accessing the nucleon at leading twist. Figure 54 shows the x — O coverage
spanned by the RHIC measurements compared to the future EIC, JLab-12, and the current SIDIS
world data.
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Figure 54. x-0” coverage of RHIC measurements compared to existing Collins and Sivers effect
measurements in SIDIS and the future coverage of the EIC.

Another fundamental advantage of p + p collisions is the ability to access gluons directly. While
gluons cannot be transversely polarized in a transversely polarized spin 1/2 hadron, they can be
linearly polarized. Similarly, there exists an equivalent of the Collins fragmentation function
for<the fragmentation of linearly polarized gluons into unpolarized hadrons. The linear
polarization of gluons is a largely unexplored phenomenon, but it has been a focus of recent
theoretical work, in particular due to the relevance of linearly polarized gluons in unpolarized
hadrons for the pr spectrum of the Higgs boson measured at the LHC. Polarized proton collisions
with v/s = 510 GeV at RHIC, in particular for asymmetric parton scattering if jets are detected
in the backward direction, are an ideal place to study the linearly polarized gluon distribution
in polarized protons. (Note that the distributions of linearly polarized gluons inside an unpolarized
and a polarized proton provide independent information). A first measurement of the “Collins-
like” effect for linearly polarized gluons has been done by STAR with data from Run-11, providing
constraints on this function for the first time.

Figure 55 shows projected uncertainties for Collins asymmetries at 510 GeV with the Forward
Upgrade during Run-22. As indicated on the figure, jets with 3 <n <4 and 3 <pr<9 GeV/c will
explore transversity in the important region 0.3 <x < 0.5 that has not yet been probed in SIDIS.
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A realistic momentum smearing of final state hadrons as well as jets in this rapidity range was
assumed and dilutions due to beam remnants (which become substantial at rapidities close
to the beam) and underlying event contributions have been taken into account. As no dedicated
particle identification at forward rapidities will be available for these measurements, only charged
hadrons were considered. This mostly reduces the expected asymmetries due to dilution by protons
(10-14 %) and a moderate amount of kaons (12—13 %). As anti-protons are suppressed compared
to protons in the beam remnants, especially the negative hadrons can be considered a good proxy
for negative pions (78 % purity according to PYTHIAG6). Given their sensitivity to the down quark
transversity via favored fragmentation, they are particularly important since SIDIS measurements,
due to their electromagnetic interaction, are naturally dominated by up-quarks. We have estimated
our statistical uncertainties based on an accumulated luminosity of 268 pb™!, which leaves nearly
invisible uncertainties after smearing. These expected uncertainties are compared
to the asymmetries obtained from the transversity extractions based on SIDIS and Belle data as
well as from using the Soffer positivity bound for the transversity PDF. More recent global fits
have slightly different central up and down quark transversity distributions. But due to the lack of
any SIDIS data for x > 0.3, the upper uncertainties are compatible with the Soffer bounds. This
high-x coverage will give important insights into the tensor charge, which is essential to understand
the nucleon structure at leading twist.
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Figure 55. Expected h™ Collins asymmetry uncertainties at 3 <n < 4 (black points) from a sampled
luminosity of 268 pb! at v/s = 510 GeV, compared to positive (red) and negative (blue) pion
asymmetries based on the Torino extraction (full lines) and the Soffer bound (dashed lines)
as a function of hadron z for bins in jet pr. Most uncertainties are smaller than the height
of the triangles.

Although the studies presented here are for the Collins asymmetries, the resulting statistical
uncertainties will be similar for other measurements using azimuthal correlations of hadrons
in jets. One important example is the measurement of “Collins-like” asymmetries to access
the distribution of linearly polarized gluons. As described earlier, the best kinematic region
to access this distribution is at backward angles with respect to the polarized proton and at small
jet pr. Figure 55 shows that a high precision measurement of the distribution of linearly polarized
gluons down to x ~ 0.005 will be performed concurrently.

It is also important to recognize that these hadron-in-jet measurements with the STAR Forward
Upgrade will provide very valuable experience detecting jets close to beam rapidity that will
inform the planning for future jet measurements in similar kinematics at the EIC.

While the STAR Forward Upgrade will provide sensitivity to transversity to the highest x,
concurrent mid-rapidity measurements (see Figure 54) will provide the most precise information
asa function of x, z, jr, and Q* to probe questions of TMD factorization, universality,
and<evolution. The left panel of Figure 56 shows published STAR measurements of the Collins
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asymmetry vs. pion z in 500 GeV p + p collisions from 2011. The results, which represented the
first ever observation of the Collins effect in p + p collisions, are consistent at the 2-sigma level
with model predictions, with and without TMD evolution, derived from fits to e'e¢” and SIDIS
data. However, greater precision is clearly necessary for a detailed universality test, as well as to
set the stage for the EIC.

STAR Projection

I - pep, J = 200 GoV (2005 2024)
b | e, 75 = 510 Gev (2007 2022)
0.05 |— Il oo, 5 = 200 Gov (2015 2024)

L pT+p—=jet+n®+x 4= 500 GeV
005 9= . = "=:va\,: =31.0 GeVic

| [T staRzon o

F |[©] sTaR 20112 L
. [ e .
'i] - T . . <
45 o

sin(o_-o )

[ o 4 005/ X, ~0.13
_O05 |- Mede Curves Negatie: @ | X
- OMP42013 > KPRY 353 KPRY-NLL T Closed points: x*; Open points: &
P E EE N N N I A B B ! .
U] i 3 4 05 0.8 0.2 0.4 06 0.8

z Z

Figure 56. The left panel shows STAR measurements of the Collins asymmetry vs. pion z
in 500 GeV p + p collisions from Run-11, compared to several model calculations. The right panel
shows projected statistical uncertainties for STAR Collins asymmetry measurements at 0 <m < 0.9
in p+ p at v/s =200 and 510 GeV and p + Au at \/sSyy = 200 GeV. The points have arbitrarily
been drawn on the solid lines, which represent simple linear fits to the STAR preliminary 200 GeV
p + p Collins asymmetry measurements from 2015. (Note that only one bin is shown spanning
0.1 <z<0.2 for 510 GeV p + p, whereas three bins are shown covering the same z range for the
200 GeV measurements).

In 2017, STAR sampled about 14 times the luminosity that we recorded in 2011. In Run- 22, we
propose to record another data set equivalent to 16 times the sampled luminosity from 2011.
Furthermore, during Run-22 the iTPC will improve the dE/dx particle identification compared
to the previous years. Studies using the dE/dx distributions seen in our 200 GeV p + p data from
2015 and the actual dE/dx resolution improvements that have been achieved during BES-II
indicate the iTPC will yield a 20-25 % increase in the effective figure-of- merit for pions
with 1 <0.9. The right-hand panel of Figure 56 shows the projected STAR statistical uncertainties
for the Collins asymmetry at 0 <1 < 0.9 in 510 GeV p + p collisions once the Run-17 and Run-22
data sets are fully analyzed. It’s also important to recognize that the iTPC will also enable STAR
to measure the Collins asymmetry over the region 0.9 <n <1.3 during Run-22, in addition
to the projections that are shown in Figure 56.

Statistical improvements from the 2011 data to 2017+°22 data comparable to those shown for the
Collins effect in Figure 56 are also expected for mid-rapidity measurements of transversity in 510
GeV p + p collisions using IFF asymmetries.

7.2. Run-24 request for Polarized p + p and p + A collisions at 200 GeV

Run-24, with polarized p + p and p + Au collisions at v/syy = 200 GeV, will likely be the last
RHIC spin/cold QCD run. This run will provide STAR with the unique opportunity to investigate
these 200 GeV collision systems with the Forward Upgrade providing full tracking and calorimetry
coverage over the region 2.5 <n <4 and the iTPC providing enhanced particle identification
and expanded pseudorapidity coverage at mid-rapidity. These powerful detection capabilities,
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when combined with substantially increased sampled luminosity compared to Run-15, will enable
critical measurements to probe universality and factorization in transverse spin phenomena
and nuclear PDFs and fragmentation functions, as well as low-x non-linear gluon dynamics
characteristic of the onset of saturation. This will provide unique insights into fundamental QCD
questions in the near term, and essential baseline information for precision universality tests when
combined with measurements from the EIC in the future.

We therefore request at least 11 weeks of polarized p + p data-taking at Vs = 200 GeV and 11
weeks of polarized p + Au data-taking at /sy = 200 GeV during Run-24. All of the running will
involve transversely polarized protons, with the choice between vertical or radial polarization
to be determined during the coming year. Based on recent (08—21-20) C-AD guidance, we expect
to sample at least 235 pb~! of p + p collisions and 1.3 pb~!' of p + Au collisions. These totals
represent 4.5 times the luminosity that STAR sampled during transversely polarized p +p
collisions in Run-15 and 3 times the luminosity that STAR sampled during transversely polarized
p + Au collisions in Run-15.

Run-24 will enable STAR to probe transversely polarized p + p and p + Au collisions with a far
more capable detector and much larger data sets than were available during Run-15, thereby
allowing us to set the stage for related future measurements at the EIC. Here we give brief
descriptions of several of the opportunities presented by Run-24.

Forward transverse spin asymmetries

STAR will publish very soon in a pair of papers discussing forward transverse spin asymmetries
in p+p, p+ Al and p + Au collisions measured with the Forward Meson Spectrometer (FMS).
One paper focuses on the dynamics that underlie the large asymmetries that have been seen to date.
Data for Ay for forward n° production in p + p collisions at 200 and 500 GeV is substantially larger
when the n° is isolated than when it is accompanied by additional nearby photons. The same
analysis also shows that Ay for inclusive electromagnetic jets (EM-jets) in 200 and 500 GeV
collisions is substantially larger than that for EM-jets that contain three or more photons and that
the Collins asymmetry for n° in EM-jets is very small. The other paper focuses on the nuclear
dependence of Ay for n° in \/syy = 200 GeV collisions. It presents a detailed mapping of Ay as
functions of xr and pr for all three collision systems. It was found earlier that the observed nuclear
dependence is very weak. The same analysis shows that isolated vs. non-isolated n° behave
similarly in p + Al and p + Au collisions as they do in p + p collisions.

These two papers will provide a wealth of new data to inform the ongoing discussion regarding
the origin of the large inclusive hadron transverse spin asymmetries that have been seen in p +p
collisions at forward rapidity over a very broad range of collision energies. Nonetheless, the STAR
Forward Upgrade will be a game changer for such investigations. It will enable measurements
of Ay for h*"", in addition to x°. It will enable isolation criteria to be applied to the h"~ and n° that
account for nearby charged, as well as neutral, fragments. It will enable full jet asymmetry
and Collins effect measurements, again for h”~ in addition to n°, rather than just EM-jet
measurements. It will permit all of these measurements to be performed at both 510 GeV and at
200 GeV. In addition, all of these observables can be tagged by forward protons detected in the
STAR Roman pots to identify the diffractive component of the observed transverse spin
asymmetries. For p + p there will be considerable overlap between the kinematics at the two
energies, but the 510 GeV measurements will access higher pr, while the 200 GeV measurements
will access higher xr. Meanwhile, at 200 GeV we will also perform the full suite of measurements
in p + Au to identify any nuclear effects. Predictions for the inclusive 1~ Ay in 200 and 500 GeV
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p + p collisions show the estimated sensitivity of one hadron-in-jet measurement that will help to
isolate the Sivers effect contribution at 200 GeV.

Sivers effect

The Sivers effect in dijet production was firstly observed. Such measurements are crucial to
explore questions regarding factorization of the Sivers function in dijet. Those results were derived
from 200 GeV transverse spin data that STAR recorded in 2012 and 2015 (total sampled
luminosity 75 pb™!' for the two years combined). Nonetheless, the uncertainties remain large
enough. Run-24 data will reduce the uncertainties for |nz + n4| < 1 by a factor of two. The increased
acceptance from the iTPC will reduce the uncertainties at nz + 14/ = 2.5 by a much larger factor,
while the Forward Upgrade will enable the measurements to be extended to even larger values of
s + M4|. When combined with the 510 GeV data from 2017 and 2022, the results will provide a
detailed mapping vs. x for comparison to results for Sivers functions extracted from SIDIS, Drell-
Yan, and vector boson production.

Transversity and related quantities

Measurements of the Collins asymmetry and IFF in p + p collisions at RHIC probe fundamental
questions regarding TMD factorization, universality, and evolution. Data from 200 GeV p +p
collisions will play an essential role toward answering these questions. It was found that 200 GeV
p + p collisions interpolate between the coverage that we will achieve during Run-22 at high-x
with the Forward Upgrade and at low-x with the STAR mid-rapidity detectors. They will also
provide a significant overlapping region of x coverage, but at O° values that differ by a factor of
6. This will provide valuable information about evolution effects, as well as cross-checks between
the two measurements. Furthermore, for most of the overlapping x region, 200 GeV p +p
collisions will also provide the greatest statistical precision, thereby establishing the most precise
benchmark for future comparisons to ep data from the EIC.

The high statistical precision of the Run-24 data will enable detailed multi-dimensional binning
for the Collins asymmetry results. This is particularly valuable because hadron-in-jet
measurements in p + p collisions provide a direct probe of the Collins fragmentation function since
they combine it with the collinear transversity distribution. In general, the observed asymmetries
are functions of jet (pr, 1), hadron (z, j7), and Q*. However, the physics interpretations associated
with these variables separate, with pr and n primarily coupling to the incident quark x and the
polarization transfer in the hard scattering, while z and jr characterize the fragmentation
kinematics. Thus, Aur vs. pr provides information about the transversity distribution. In parallel,
the (z, j7) dependence, integrated over a wide range of jet pr, as shown in Figure 57 for the
preliminary 2015 results, provides a detailed look at the Collins fragmentation function. Note that
STAR finds the maximum value of Ayr shifts to higher jr as z increases. The statistical
uncertainties will be reduced by a factor of 2.5 when Run-15 and Run-24 data are combined
together.
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The 2015 Collins analysis has also, for the first time, measured the Collins effect for charged kaons
in p+p collisions, as shown in Figure 59. The asymmetries for K', which like " have a
contribution from favored fragmentation of u quarks, are about 1.5-sigma larger than those for ¥,
while those for K, which can only come from unfavored fragmentation, are consistent with zero
at the I-sigma level. These trends are similar to those found in SIDIS by HERMES
and COMPASS , and provide additional insight into the Collins fragmentation function. This same
analysis with Run-24 data will yield statistical uncertainties a factor of 3 smaller than those in
Figure 59. This is a much greater improvement than would be expected from the increase
in sampled luminosity thanks to the improved dE/dx resolution provided by the iTPC. In addition,
the iTPC will enable the measurements in Figure 57, Figure 58, and Figure 59 to be extended to an
additional higher n bin (0.9 <n < 1.3).
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RHIC has the unique opportunity to extend the Collins effect measurements to nuclei. This will
provide an alternative look at the universality of the Collins effect in hadro- production
by dramatically increasing the color flow options of the sort that have been predicted to break
factorization for TMD PDFs like the Sivers effect. This will also explore the spin dependence of
the hadronization process in cold nuclear matter. STAR collected a proof-of-principle data set
during the 2015 p + Au run that is currently under analysis. Those data will provide a first estimate
of medium-induced effects. However, the small nuclear effects seen by STAR for forward
inclusive ° Ay indicate that greater precision will likely be needed. The projected 2015+24
statistical uncertainties for the p + Au Collins asymmetry measurement at /syy = 200 GeV are
found to be compared to those for the p + p at the same energy.

8. Production of Strange Particles in pp and AuAu Collisions at

RHIC Energies. Self-Similarity of Strange Particles Production
Experimental data on transverse = momentum  spectra of  strange  particles
(KS, K=, K*%, 0,A, A", X%, 5, Q) produced in pp collisions at Vs =200 GeV obtained by the STAR
collaborations at RHIC were analyzed in the framework of z-scaling approach. The concept of the
z-scaling is based on fundamental principles of self-similarity, locality, and fractality of hadron
interactions at high energies. General properties of the data z-presentation are studied. Self-
similarity of fractal structure of protons and fragmentation processes with strange particles is
discussed. A microscopic scenario of constituent interactions developed within the z-scaling
scheme is used to study the dependence of momentum fractions and recoil mass on the collision
energy, transverse momentum and mass of produced inclusive particle, and to estimate the
constituent energy loss. We consider that obtained results can be useful in study of strangeness
origin, in searching for new physics with strange probes, and can serve for better understanding of
fractality of hadron interactions at small scales.

We obtained results of new analysis concerning the strange particle production in pp collisions.

The approach relies on a hypothesis about self-similarity of hadron interactions at a constituent
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level. New indication on scaling properties of strangeness production different hadrons by the
same scaling function y(z) depending on a single variable was found. Results of data z-presentation
on inclusive cross sections demonstrate “collapse” of data points onto a single curve.

The found feature supports the hypothesis on the universality of the shape of the scaling function
for different hadron species (K3, K=, K*%, ¢, A, A", X%, &, Q). The observed regularity (the shape of
y(z) and its scaling behavior over a wide kinematic range) we treat as a manifestation of the self-
similarity of fractal structure of the colliding objects, interaction mechanism of their constituents
and processes of fragmentation of the constituents into registered real particles.

The performed analysis showed some tendency in the behavior of the fragmentation fractal
dimension for different strange particles. It is larger for baryons than for mesons. For hyperons,
the dimension increases with number of valence strange quarks.

The scaling function y(z) preserves its shape for hadrons with different strangeness while
fragmentation fractal dimension changes with the strangeness content of the inclusive hadron. We
assume that the fragmentation dimension is important characteristic of the fragmentation of a given
particle. We expect that the dimension should be different for different particles even in the
asymptotic region (z > 40). The available data however do not allow to perform reliable test of this
assumption for multi-strange baryons as determination of €r1is not unique in this case.
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Figure 60. The z-presentation of the transverse momentum spectra and momentum fraction y, of
strange hadrons (K3, K=, K*?, 9, A, A", 2%, 2, Q) produced in pp collisions at /s = 200 GeV and
Ocms = 900
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9. Development of the Software and Formation of the

Infrastructure for the STAR Data Processing at JINR

The large luminosity of RHIC and high speed data acquisition system at the STAR are allowed to
collect more than 24 Petabytes of information about Au + Au collisions. It is expected that by 2020
the amount of information will increase more than double. The taken data can no longer be
processed only by the RHIC computer facility. Therefore, the use of the distributed data centers of
different institutions of the STAR collaboration is one of the possible solutions to this problem.
The Laboratory of Information Technologies of the JINR became the world's leading centers for
the processing by the GRID system. Therefore, JINR resources can be used to process the STAR
data. The results of this work of JINR group together with STAR software group at BNL were
presented at the 7th International Conference «Distributed Computing and Grid-technologies in
Science and Education» (GRID 2016, Dubna, July 2016) and XXVI International Symposium on
Nuclear Electronics & Computing (NEC’2017, Becici, Budva, Montenegro, September 25-29,
2017).Technical solutions for the architecture of the Grid Software Stack and the organization of
Grid Production Dataflow are shown in the two figures below.
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*  Analysis of computing results at JINR for the STAR

It was created and reconstructed 23 199 files, spent 686,716 wall hours of runtime and produced a
data volume of 30,367 GB.

Our framework has an excellent first pass efficiency of 93.2 %. The efficiency is comparable to,
but slightly lower than, local efficiency, which is 98 %, due to the additional complexity of the
added software interfaces. STAR has put a lot of thought and iterative refinement into the design
of this production system. Extensive preproduction testing and a well-structured finite state system
applied to each job, with retries in the event of interruption, applied to each job contributes to this
high efficiency. What makes this even more remarkable is that it is running on heterogeneous
nodes.

The following figures (Figure 63—Figure 67) show statistics of computing of STAR data at JINR
GRID cluster.
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Results of this work were presented at following conferences:

“STAR’s approach to highly efficient end-to-end grid production”. XXVI International
Symposium on Nuclear Electronics & Computing (NEC’2017), Becici, Budva, Montenegro,
September 25-29, 2017

— “Progress report on STAR’s Expansion to JINR via GRID”. The 7th International Conference
“Distributed Computing and GRID-technologies in Science and Education” (GRID 2016),
Dubna, JINR, July 4-9, 2016

®  MuDst to PicoDst Update

The STAR data production plan is an evolving prioritization process based on input from the
Physics Working Group (PWG) conveners, the readiness of data calibrations and the software
development time invested to deliver high precision physics. Analysis of past challenges revealed
that the lack of live storage was proving to be a show-stopper to either stage the MuDsts and/or
store the PWG’s private analysis tree necessary to pursue their analysis and publications in a timely
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manner. Therefore, STAR is interested in developing newer and more compact analysis data
format and in 2016 the Data Summary file format known as a “MuDST” (micro-DST) was
complemented by an emerging format known as “picoDST”. The picoDST related code workflows
were since integrated in the STAR framework after a successful software peer-review process
verifying code compliance. The PWG were actively polled for readiness and adaptation of ongoing
analysis to the new file format and the picoDST was extended for a wider acceptance across all
physics topics.

The generation of picoDST from Micro-DSTis a recent process by which, a more compact (and
newly introduced) format could be produced from past data. The jobs are short, possibly a good
match for the queue limitations at Dubna and pending a test on how many transfers we can sustain
with the current infrastructure, we aim at directing the whole picoDST production at the
JINR/Dubna site. Currently, over a million files production was requested from the PWG. We plan
to do this work on converting MuDst to PicoDst at JINR in 2019-2021.

10. Specific Plans of JINR Group for 2022-2025

10.1. General information

Participation of the JINR group in the research program of the STAR Collaboration “Beam Energy
Scan Phase II”” and data analysis of results of measurements will be main goal of prolongation of
the project STAR Experiment (JINR participation) for the period 2021-2023.

BES II in 2020-2023

STAR'’s highest scientific priority for Run-20 is the continuation of the RHIC Beam Energy
Scan II. The collaboration proposes to continue with the next two highest beam energies in collider
mode (11.5 and 9.1GeV), as well as 6 FXT energies (7.7; 6.2; 5.2; 4.5; 3.94 3.5 GeV).

STAR’s highest scientific priority for Run-21 is the completion of the RHIC Beam Energy
Scan II. The bulk of the 20-cryoweeks budget will be devoted to Au + Au collisions at the lowest
collider energy of the program, at /syy=7.7 GeV. We expect to refine our estimates of the
projected run time for 7.7 GeV, currently 12 weeks, following some tests with C-AD towards the
end of Run-19. The collaboration proposes to run the collider at /syy= 16.7 GeV to allow
collection of an important data point between 14.6 and 19.6 GeV as is pointed out earlier in this
summary. We list the Run-21 proposed priorities and sequence in Table 2. Depending on the
availability of cryo-weeks in Run-20 and/or Run-21 the collaboration proposes to collect data
set(s) in the context of a small system run using O+O collisions. These data would allow for a
direct comparison with a similarly proposed higher-energy O+O run at the LHC around 2021-
2022, and further motivate the case for a small system scan complementary to ongoing efforts by
the NA61/SHINE collaboration at SPS energies, and other proposed light-ion species at the LHC.

Table 9. Proposed Run-21 assuming 20 cryo-weeks, including an initial one week of cool-down
and a one week set-up time for each collider energy.

Beam Ener s B .
(GeV. /nucle(;glf) (G\/eT\l;]) (l\f[leV) Run time Number Events
3.85 7.7 AutAu 12 weeks 100M
8.35 16.7 Aut+Au 5 weeks 250M
100 200 O0+0 1 week 400M
200M (central)
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STAR after BES I1
Under discussion now is research program of the STAR experiment after BES II period.

For Run-2022 period STAR Collaboration include a request for a dedicated 16-weeks pp run at
500 GeV. This run will take full advantage of STAR’s new forward detection capabilities and
further capitalize on the recent BES-II detector upgrades. We motivate a program that will use
RHIC’s unique ability to provide transverse and longitudinally polarized proton beams to exploit
both an increased statistical power and kinematic reach from recent and planned detector upgrades.

For time period years 2022-2025 we suggest research program for Mid-rapidity —1.5 <1 <1.5 and
Forward rapidity 2.8 <n <4.2.
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Figure 68. Physics program for mid and forward rapidities.

For realization of this research program suggested following data tacking runs schedule for years
2022-2025.

10.2. BESII - analysis of charged hadron spectra

The continuation of the Beam Energy Scan-II program at the RHIC collider includes the analysis
of the spectra of charged hadrons in Au + Au collisions at energies \/syy = 9.2, 11.5, 14.6, 19.6,
27 GeV, depending on the energy and centrality of the collision and the transverse momentum of
the particle.

Experimental data on the spectra of charged hadrons are an important component for studying
nuclear matter formed in collisions of heavy ions, searching for signatures of phase transitions and
a critical point, and establishing the phase diagram of nuclear matter. The energy range of the BES-
IT program and statistics that exceed the BES-I statistics by two orders of magnitude suggest that
these tasks can be achieved. It should be noted that along with the study of momentum spectra, the
data obtained will make it possible to carry out other data analyzes event-by-event analysis, which
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will provide more detailed information about both the properties of nuclear matter and the
peculiarities of the formation of various particles.

The spectra are also of interest for testing various theoretical models (transport model), approaches
(hydrodynamic approach, method of statistical thermodynamics,) and for verifying new effects
predicted in the framework of QCD.

The JINR group participated in the analysis of the STAR data obtained at BES-I and obtained the
spectra of negatively charged hadrons depending on the energy and centrality of the collision, the
momentum of an inclusive particle. The scaling properties of the spectra have been studied in the
framework of the z-scaling theory, the energy losses have been estimated, and new laws have been
established in the production of particles in Au + Au collisions.

The JINR group plans to continue analyzing the BES-II data to obtain impulse spectra, check the
self-similarity of particle production, and use more statistics to search for signatures of new
physics.

High -p; Spectra of Charged Hadrons
BES-T in AutAu Collisions at v syy = 7.7-200 GeV in STAR

Ed*N/dp? & P15, M,,,p, m, dN/dn

= N X‘\

5

» Centrality dependence of spectra
» Exponential behavior of spectra
at low py for all energies Vsyy
» Power behavior of spectra
at high py and energy Vsyy

» Energy dependence of spectra

» Difference of yields at various
energies strongly increases with py
for all centralities

The particle yield changes over 7-9 orders of magnitude.
STAR: Int. J. Mod. Phys.

Conf. Ser. 39, (2015) 1560103 4@

M.Tokarev STAR Meeting, 14-25 September, 2020, India

Figure 69. Invariant yields of negative hadrons in Au + Au collisions at BES-I energies and
different centralities.

10.3. BESII - energy loss study

It is planned to study energy losses depending on the energy and centrality of the collision and the
transverse momentum of a particle to find the features of the mechanism of particle formation in
nuclear matter.

One of the important characteristics of the nuclear medium formed in collisions of heavy ions is
the amount of energy loss of quarks and gluons during the passage of this medium. It is assumed
that these losses in the hadronic and quark-gluon phases will be significantly different. It is
expected that when the phase boundary is crossed, the value of the losses changes rather quickly
and can be considered as an indicator of the phase transition. Estimates of energy losses obtained
within the framework of various models and approaches are necessary to obtain a unified
description and can be used to determine the phase diagram of nuclear matter.
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Figure 70. Constituent energy losses in Au + Au interactions at different collision energies and

centralities (0-5) % and (40-60) %.

The JINR group took part in the analysis of the STAR data obtained at BES-I and determined the
magnitude of energy losses depending on the energy and centrality of the collision. The results of
the analysis within the framework of the z-scaling theory demonstrate smooth dependences of
energy losses and do not reveal noticeable fluctuations.

The JINR group plans to continue analyzing the BES-II data and, using more statistics, to obtain
the dependences of energy losses on the energy and centrality of the collision and the momentum
of the detected particle to search for statistically significant deviations from smooth dependences.

10.4. BES II - analysis of STAR data on the cumulative production of charged
hadrons

It is planned to analyze the STAR data on the cumulative production of charged hadrons in
Au + Au collisions at energies v/syy = 7.7 and 11.5 GeV to search for signatures of the formation
mechanism of cumulative particles.

It is assumed that the cumulative trigger makes it possible to study the production of particles from
compressed, or cumulated, nuclear matter. In this state, the density of nuclear matter can
significantly (by an order of magnitude) exceed the density of an ordinary nuclear medium
(0.16 GeV/fm?). Therefore, the study of particle production in the cumulative region is of
particular interest, since this region is located near the phase boundary and is more sensitive to the
peculiarities of the rearrangement of the symmetry of the system caused by many-particle
interactions of quarks and gluons than a system located far from it.

The JINR group, when analyzing the STAR BES-I data, for the first time obtained spectra of
particle production in collisions of gold nuclei in the collider mode at energies \/syy = 7.7 and
11.5 GeV in the cumulative region. In this region, the smooth behavior of the scaling function and
other quantities (momentum fractions, recoil mass), characterizing the microscopic mechanism of
hadron production, has been established.

The JINR group plans to continue the analysis of the BES-II data on the cumulative production of
negatively charged hadrons using larger statistics to detect in this area the features in the behavior
of model parameters (fractal dimensions, specific heat).
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Preliminary results were obtained on the cumulative production of negative hadrons in Au + Au
at energy v/syny = 9.2 GeV.

Invariant yield of negative hadrons in Au + Au interactions at energy +/syy = 9.2 GeV in the
central region of pseudorapidity and various centralities.

Dependence of the Ax1 variable on the transverse momentum of a particle produced in Au + Au
interactions at an energy +/Syny = 9.2 GeV in the central region of pseudorapidity and various
centralities. The cumulative area corresponds to the range Ax;> 1.

10.5. Verification of self-similarity in hadron production in Au + Au collisions
at RHIC energies and searching for signatures of phase transitions and critical
point

The search for new symmetries and the region in which they are fulfilled is one of the fundamental
tasks of relativistic nuclear physics.

The JINR group is developing the theory of z-scaling. Based on a large amount of experimental
data obtained at accelerators and colliders in scientific laboratories — IHEP (U70), CERN (ISR,
SppS), FNAL (Synchrotron, Tevatron), BNL (RHIC), a new feature was established, known in the
literature as z-scaling. It reflects the symmetry of particle formation and the principle of self-
similarity. The properties of the z-representation of the momentum production spectra of particles
with different flavor compositions from the m meson to the top quark, jets and direct photons in
proton-proton and proton-antiproton collisions have been established. Experimental data on the jet
and top quark production spectra obtained at the LHC confirmed the previously established
properties of z-scaling. The field of applicability of this theory was extended to proton-nuclear
interactions. With the launch of the world's first collider of relativistic nuclei RHIC at Brookhaven
National Laboratory, systematic studies of the principle of self-similarity in the production of
particles in heavy ion collisions have been continued.

The main task of experimental research is to establish the structure of the phase diagram of nuclear
matter (the number and types of phases, phase boundaries, critical points, etc.).

The JINR group participated in the analysis of STAR data and verified the principle of self-
similarity in the production of various particles (n, K, p, J/vy) in collisions of protons and nuclei
over a wide range of energies and centrality of collisions and transverse momenta.

The group participated in analysis of STAR BES-I data. A systematic analysis of the spectra has
been carried out and important regularities in the production of particles in collisions of gold nuclei
have been established. Signatures of phase transitions were proposed in the framework of the z-
scaling theory.

The JINR group plans to continue participating in analysis of STAR BES-II data in order to search
for new effects, verify and further develop the microscopic theory of z-scaling and the principle of
self-similarity. Preliminary results have been obtained on the production spectra of negative
hadrons in Au + Au collisions at an energy v/syy = 9.2 GeV in z-representation.
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Figure 71. Scaling function of negative hadron production in Au + Au collisions at energy
vVSnn = 9.2 GeV in the central region of pseudorapidity and different centralities.

10.6. Event-by-event analysis of Au+Au data at/syy =200 GeV

It is assumed that the SePaC method will make it possible to distinguish events that differ in their
transverse momentum distribution. Analyze the selected events considering additional criteria
reflecting the mechanism of fractal formation.

The event-by-event analysis of the interactions of nuclei gives the clearest information about the
mechanisms of particle formation and the properties of the nuclear medium in a collision, provided
that the number of particles in the event is large enough for statistical analysis and the magnitude
of the systematic error is comparable to the statistical one.

When describing the mechanism of particle formation in an event, the concept of the formation
and development of a shower of quarks and gluons, which evolves and at the final stage of the
fragmentation process, turns into observable particles, is widely used. It is assumed that the
distribution of particles in the phase space is determined by the dynamics of interaction - the hard
interaction of partons, parton shower in the initial and final states, fragmentation of partons into
hadrons, and decay of resonances. This scenario is used in many Monte Carlo generators. One of
the assumptions of such a scenario is a self-similar shower structure in the space of kinematic
parameters (9, 0%, x ordering). In each act of parton splitting, the momentum conservation law is
fulfilled. Such a self-similar process leads to a fractal distribution of particles in the phase space.
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Figure 72. Parton shower (a), Cantor set (b) and its structure (c).
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The JINR group has developed a method of fractal analysis of events — System of Equations of P-
basis Coverage Method (SePaC). The method is based on the property of self-similarity at different
levels of resolution in the investigated space (for example, transverse momenta). For each level,
the coverage is determined, and an equation is drawn up to find the fractal dimension. The equality
of dimensions for all equations of the system determines an object called a fractal. An algorithm
for the reconstruction of fractals was developed, the software package was tested on a wide class
of fractals, and the effectiveness of the method was estimated.

Work has begun on fractal analysis of STAR data for Au + Au collisions at energy
SNN =200 GeV.

In the JINR group, preliminary results of processing about 1 million events of different centrality
were obtained: the optimal parameters of the method were determined, the distributions of events
in fractal dimension were obtained, a comparison was made with different pr-distributions of
particles (power-law, exponential, random), classes of events were identified, the pr-distributions
of which were differ significantly from each other, additional criteria for selecting events are being
developed in order to significantly suppress the background and obtain a cleaner set of fractal
events.

The JINR group plans to continue the event-by-event analysis of Au + Au collisions at energies
vSnn =200 GeV and different centralities obtained by STAR at RHIC, with the aim of searching
for fractal structures.
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Figure 73. Fractal dimension distribution of Au + Au events (STAR — filled and Monte Carlo
(random) — open areas).

10.7. Fractal analysis of Au + Au events obtained by the Monte Carlo method

It is planned to study the structure of Au + Au events obtained by the Monte Carlo method using
the A Multiparticle Transport Model (AMPT) generator at a collision energy /syy = 200 GeV and
different centralities.

The search for new physical laws, as a rule, relies on a comparison of the results of the analysis of
experimental data with the available results of theoretical calculations. The detected difference is
considered as an indication of the effects not considered in the model description and contributes
to a more complete development of theoretical models and approaches.

The AMPT generator is widely used by both STAR and other collaborations to simulate ion
interaction events depending on the energy, impact parameter of the collision, and to obtain
different distributions of produced particles.

The JINR group plans to carry out an event-by-event analysis of Au + Au collisions at energies
snn = 200 GeV and different centralities obtained using the AMPT generator in order to find the
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difference in distributions in fractal dimensions. It is assumed that such a sophisticated analysis
will contribute to a deeper understanding of the mechanisms inherent in the model and the degree
of their correspondence to the experimentally studied physical processes.

It is planned to compare the results of fractal analysis of events obtained by STAR at the RHIC
and the Monte Carlo method to search for the peculiarities of the properties of nuclear matter
formed in collisions of heavy ions.

10.8. Development of the multicriteria method of fractal analysis of events
(SePaC) of nucleus-nucleus collisions at RHIC energies

The JINR group plans to further develop the SePaC method for fractal analysis of events of
nucleus-nucleus interactions. It is assumed that the introduction of additional selection criteria will
make it possible to create a set of purer, but rather rare, events indicating the fractal structure of
nuclear matter.

10.9. Proposal of femtoscopic STAR data analysis

In high energy particle or nuclei collisions, large numbers of various particles are produced.
Particle momentum correlations due to the effects of final state interaction (FSI) and quantum
statistics (QS) at small relative momenta in their centre-of-mass system, as well as, — particle
coalescence due to FSI, allow one to get space-time characteristics of the production processes on
a femtometer level; at the same time, they provide the information on particle strong interaction
hardly accessible by other means (see a review [1] and references therein).

Of particular importance is a systematic study of the production space-time parameters in the beam
energy scan, together with the fluctuation characteristics, in the search for the critical endpoint and
corresponding softening of the Equation of State (EoS) and increased duration of particle emission
(see, e.g., [2,3]). Besides correlations of identical particles, providing information on even
moments of the distribution of particle space-time separation, also the correlations of non-identical
particles should be studied, the latter providing, in addition, also the information on the odd
moments, including space and time shifts [1]. Obviously, correlations in various combinations of
pions, kaons, nucleons and hyperons contain a rich complementary information about the
production process.

The correlation measurement of strong particle interaction is especially up-to-date in connection
with the so-called hyperon puzzle in neutron stars. Their radius of 10-15 km and mass of ~ 1.5-2
sun masses essentially depend on the EoS, which is softened in the presence of hyperons thus
leading to a decrease of the maximal neutron star mass [4]. Unfortunately, the present knowledge
of hyperon-nucleon, hyperon-hyperon, kaon-nucleon and kaon-hyperon

interactions is not sufficient for a reliable calculation of nucleon and hyperon fractions and
corresponding neutron star EoS.

The measurement of the AA interaction is of particular interest in connection with a possible
existence of so-called H-dibaryon. The STAR analysis of AA correlations in Au + Au collisions
reported a negative singlet s-wave scattering length fo ~ — 1 fm (defined as the scattering amplitude
at threshold) and a large positive effective radius do = 8 fm thus excluding both a near threshold s-
wave resonance and a AA bound state (the latter requiring [6] 2do/fo > —1, i.e., do < 0.5 fm). On the
contrary, a recent ALICE analysis of AA correlations in p + p and p + Pb collisions is compatible
with the existence of a AA bound state [7]. This discrepancy calls for a new analysis of STAR data
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with higher statistics and a more refined treatment of residual correlations due to feed-down A’s
from hyperon decays (dominantly, from X°—>Ay).

Another possibility to extract the AA singlet scattering parameters is the analysis of A spin
correlations using as a spin analyser the asymmetric (parity violating) decay A — pm: the
distribution of the cosine of the relative angle 6 between the directions of the decay protons in the
respective A rest frames allows one to determine the triplet fraction of the AA correlation function
[8]. Since this technique requires no construction of the uncorrelated reference sample, it can serve
as an important consistency check of the standard correlation measurements. This technique can
be especially useful for the analysis of AA correlations in p +p or p + A collisions, where the
characteristic Gaussian source radius ry is rather small (~1-1.5 fm) and the correlation width 1/r¢
~ 200 MeV/c is sufficiently large for a statistically significant analysis.

The two-particle FSI in multiparticle production processes is usually taken into account in a similar
way as in beta-decay by substituting the product of plane waves at equal times in pair rest frame
(PRF) with the two-particle wave function of the corresponding scattering problem. Obviously,
this assumption is not justified at very large temporal particle separation t"in PRF, when the two-
particle FSI should vanish. On the other hand, it was shown [9,10] that one can neglect the ¢
separation on conditions || << m(¢)rMin(r,1/k"), where m(¢ > 0) = mz, m(t' <0) =my; r and k" are
spatial particle separation and particle momentum in PRF. These conditions are presumably well
satisfied for correlations between heavy particles like kaons or protons, but their violation for
correlations involving pions is not excluded (expectedly, on a level of several percent). The former
statement was confirmed by the STAR correlation measurement of the proton-proton and
antiproton-antiproton scattering parameters in perfect agreement with their table values [11]. As
for the correlations involving pions, the validity check of the equal-time (¥ = 0) approximation
still remains to be done. An attempt of this check was done using the NA49 n'n” correlation data,
pointing to ~20 % underestimation of the s-wave m'm  scattering length, however, with the
statistical significance of two standard deviations only [1].

Finally, presently, there is enhanced interest to the production of light ions, which surprisingly
appears to be in agreement with predictions of both statistical and coalescence models. Physically,
however, the former model is unjustified due to a huge difference between the temperature of
chemical freeze-out of ~160 MeV and the binding energy of a few MeV. A possibility to
distinguish these models has been suggested based on the yields of *Li and *He [12]. These ions
have about the same masses but different spin factors (5 and 1, respectively), leading to the
statistical model yield ratio of 4.3 (if one takes into account a small mass difference). As for the
coalescence model, it predicts a significantly smaller ratio of yields since “He is much more
compact as compared with “Li [12].

10.10. Development of new approaches to particle identification
In 2019 and 2020, the STAR collaboration carried out a major upgrade of the installation, including
TPC, and collected a large amount of data under the BES II program. Since the increase in the
number of points on the track and the new algorithm for calculating the energy losses of particles
in the TPC gas significantly changed the detector's response function to different types of charged
particles, it became necessary to obtain a new approximation of this function. A significant
increase in data statistics and an increase in the efficiency of the software for searching for neutral
particles makes it possible to form a new, much cleaner set of particles for determining the TPC
response function to protons, pions, kaons and electrons. To do this, using the KFParticle
algorithm, the distribution of energy losses of different types of particles depending on their
95



momentum and centrality of interaction was obtained from the data processed during the collection
of collisions of gold nuclei at different energies. Now, a search is underway for a mathematical
function or a set of functions that will allow describing the obtained dependencies with an accuracy
better than 2%. Further, these descriptions of the response functions are planned to be applied to
determine the magnitude of fluctuations of the moments of the distribution of the multiplicity of
particles in collisions of gold nuclei, depending on their centrality and energy.

10.11. Turning on the event plane detector into data analysis

The work related to the inclusion of an event plane detector (EPD) in the complex of programs for
processing data has been carried out. The event plane detector will increase the accuracy of event
reconstruction in experiments to study global polarization and measure directed flows and other
collective effects in nucleus-nucleus collisions. The results of the runs in which the event plane
detector worked in the STAR experiment at RHIC since its launch in 2018 are analyzed. The
software for launching the systems of codes “Event Plane with the STAR EPD code
StEpdEpFinder” is installed. Within the framework of StEpdEpFinder, the data on collisions of
Au + Au nuclei at energy /syy = 27 GeV in the STAR experiment at RHIC, taking into account
information from the event plane detector, have been processed. Using StEpdEpFinder,
information was obtained on the plane of the event in collisions of gold nuclei at energies \/Syy =
27 GeV An estimate was also obtained for the value of the forward flux (v1) for Au + Au collisions
at an energy +/Syy = 27 GeV. The analysis results indicate the presence of a nonzero value of v;.

In the MpdRoot repository, the algorithm developed by the Mpd thread group has been tested and
the necessary functions have been selected to determine the angle of the plane of the event using
the ZDC (hadron calorimeter for high rapidities). Knowing the energy release in each cell of the
hadron calorimeter for high rapidity, it is possible to reconstruct the angle of the plane of the event

from the forward flow. The resolution of the event plane can be calculated from the forward flow
in the ZDC.

It is planned to transfer the tested and existing polarization algorithms to the online repository. The
site github.com was chosen, which is positioned as a web service for hosting projects using the git
version control system, as well as a social network for developers.

MPD Polarization
The technique developed in the flow group
> https://git.jinr.ru/nica/mpdroot/-/blob/dev/macro/physical_analysis/Flow
Qy

Event plane determination: Utp = arctan <2
1-order event plane can be measured as:

Qy = Ziw; sin(co}l)
Q. = ;w; cos(¢;)
Respectively, within the flow group implementation:
Wi = Ei/Eiotal  (for the TPC Event plane) _ J B -pri ity <o
W; = P7i/PTiotal (for the FHCal Event plane) ' { Ei.pri  ifn >0
Event plane resolution can be calculate as: (reaction plane angle from the model)
Rpp = <COS(\II]FJP - ‘I’RP)>

e mm « Centrality is calculated via TPC multiplicity;

2| Event Plane angle through ZDC;

o5 - “ree2] o Dependence of R on TPC centrality is shown
07 as TProfile.

o3 (| I | | | | | 1,051
0020 3 d0 so e0 70 80 80 100

Centrality, % E.N.Nazarova, JINR, MPD

Figure 74. Using a reaction plane detector to determine polarization.
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10.12. Machine learning techniques to data analysis

Given the experience with machine learning, it is planned to develop a convolutional neural
network to find objects of interest in the image. It is planned to explore the possibility of machine
learning in high energy physics, namely, the identification of charged particles based on machine
learning. Particle identification based on trajectory geometry and TOF data analysis using a neural
network. The characteristics used for identification are the particle momentum-to-charge ratio and
mass-to-charge ratio, which we extract from the particle's passage through detector data, modeled
using the MpdRoot software package. The parameters of the particle momentum-to-charge ratio
and the mass-to-charge ratio are fed to the input layer; the output layer consists of six softmax
elements, which correspond to the probabilities of identifying a particle as one of six types. For
machine learning, we plan to use the open software library TensorFlow. Now there is a process of
studying the literature, discussing and developing a neural network.

Given the experience with machine learning, it is planned to develop a convolutional neural
network to find objects of interest in the image. It is planned to explore the possibility of machine
learning in high energy physics, namely, the identification of charged particles based on machine
learning. Particle identification based on trajectory geometry and TOF data analysis using a neural
network. The characteristics used for identification are the particle momentum-to-charge ratio and
mass-to-charge ratio, which we extract from the particle's passage through detector data, modeled
using the MpdRoot software package. The parameters of the particle momentum-to-charge ratio
and the mass-to-charge ratio are fed to the input layer; the output layer consists of six softmax
elements, which correspond to the probabilities of identifying a particle as one of six types. For
machine learning, we plan to use the open software library TensorFlow. Now there is a process of
studying the literature, discussing, and developing a neural network.

Machine Learning
STAR and MPD/NICA

MaeHmu¢UKauun 3apAXEHHbIX Yacmuy Ha OCHo8e MAWUHHO20 oﬁyueHun
+ .+ gt
( e, u-, e p, d, t)

Standard Neural Networks ¢ |€NSOr

T0F
MpdRoot m/Z
StRoot P/Z

output layer
input layer
hidden layer

Figure 75. Possible construction of a machine learning diagram.
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Appendix 1. List of JINR Group publications

The members of the JINR group have prepared the following publications on the research of
relativistic nuclei and protons at colliders:

1.

10.

11.

«Validation of z-scaling for negative particle production in Au + Au collisions from BES-I at
STAR», Nucl. Phys. A993 (2020) 121646 (47 p.).

«z-Scaling in p + p, anti-p + p and Au + Au Collisions at RHIC, Tevatron and LHC» ISSN
1063-7796, Physics of Particles and Nuclei, 2020, Vol. 51, No. 2, pp. 141-171. © Pleiades
Publishing, Ltd., 2020.

«Kputepun BoccTaHOBJICHUS PPaKTAIOB U MojaBiieHus: GOHOBBIX coObITHII SePaC meTomomy,
[Tucema B DYAS. 2021 T. 18, Ne 1(233). C. 113-133

«Self-Similarity, Fractality and Entropy Principle in Collisions of Hadrons and Nuclei at
Tevatron, RHIC and LHC», To be published in Proceedings of 40th International Conference
on High Energy physics — ICHEP2020, July 28 - August 6, 2020, Prague, Czech Republic,
Proceedings of Science, 2020.

The STAR Collaboration

“Measurement of the mass difference andthe binding energy of the hypertriton
andantihypertriton”, Nature Physics, 16 (2020) 409—412.

M.V. Tokarev, 1. Zborovsky,

Self-similarity of hadron production: z-scaling

Theoretical and Mathematical Physics, ISSN:0040-5779, eISSN:1573-9333, U3n:Springer
New York, 184, 3, 1350-1360, 2016

T.G. Dedovich, M.V. Tokarev,

“Incomplete fractal showers and restoration of dimension”,

EPJ Web of Conferences 204, 06003 (2019)

M.V. Tokarev, A.O. Kechechyan, 1. Zborovsky

“Self-Similarity of Negative Particle Production in Au + Au Collisions at STAR”, Physics of
Particles and Nuclei Letters, 2019, Vol. 16, No. 5, pp. 510-515.

M.V. Tokarev, A.O. Kechechyan, 1. Zborovsky

“Validation of z-scaling for negative particle production in Au + Au collisions from BES-I at
STAR”, Published in Nuclear Physics A 993 (2020) 121646.

I. Zborovsky

“Fractality in hadron interactions: a conservation law and quantization of fractal dimensions”,
EPJ Web of Conf. 204, 06002 (2019).

M.V. Tokarev, 1. Zborovsky

Self-Similarity, Fractality and Entropy Principle in Collisions of Hadrons and Nuclei at
Tevatron, RHIC and LHC, Proceedings of 40th International Conference on High Energy
physics — ICHEP2020, July 28 — August 6, 2020, Prague, Czech Republic, Proceedings of
Science, 2020. PoS (ICHEP2020) 575.
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19.
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22.

23.

24.

M.V. Tokarev, 1. Zborovsky, A.O .Kechechyan, T.G. Dedovich

z-Scaling in p + p, anti-p + p and Au + Au Collisions at RHIC, Tevatron and LHC

Physics of Particles and Nuclei, 2020, Vol. 51, No. 2, pp. 141-171.

M.V. Tokarev, 1. Zborovsky

“Self-Similarity, Fractality and Entropy Principle in Collisions of Hadrons and Nuclei at
Tevatron, RHIC and LHC”, JINR Preprint E2-2020-24,

Phys. Part. Nucl. Lett., 2021, v.18, Ne 3 (accepted for publication)

T.G. Dedovich, M.V. Tokarev,
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T. Dedovich and M. Tokarev,

“Analysis of fractals with combined partition,” Phys. Part. Nucl. Lett. 13, 169—177 (2016)

T. Dedovich and M. Tokarev,

“A two-step procedure of fractal analysis,” Phys. Part. Nucl. Lett. 13, 178—189(2016)

T. Dedovich and M. Tokarev,

“Fractal reconstruction

in the presence of background,” Phys. Part. Nucl. Lett.14, 856-873 (2017)

T.G. Dedovich, M.V.Tokarev,

”Reconstruction of the Dimension of Complete and Incomplete Fractals®, Physics of Particles
and Nuclei Letters, 16, 3, 240-250, 2019

T.G. Dedovich, M.V. Tokarev

“Criteria of fractal reconstruction and suppression of background events by SePaC method”,
Physics of Particles and Nuclei Letters, 2021, Vol. 18, No. 1, pp. 93—-106.

M.V. Tokarev, 1. Zborovsky, A.A. Aparin, Phys. Part. Nucl .Lett., Vol.12, Ne 1, 2015, 48-58
M.V. Tokarev, 1.Z. borovsky,

New indication on scaling properties of strangeness production in pp collisions at RHIC,
International Journal of Modern Physics A, 32, 1750029(42 pages), 2017.

M. Tokarev, 1. Zborovsky,
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Appendix 2. List of conference reports

The members of the JINR group prepared the following reports at international conferences,
meetings of the STAR collaboration and seminars:

1.

“z-Scaling from hundreds of MeV to TeV”, Relativistic Nucler Physics from hundreds of MeV
to TeV”, May 26-June 1, 2019, Staral.esna, Slovakia.

“High-pr spectra of h-hadrons in Au + Au collision at v/syy = 9.2 GeV”, STAR Collaboration
Meeting, 14-25 September, 2020, Indian Institute of Science Education and Research (IISER)
Tirupati, India.

“Search for fractal structures in Au + Au events at 200 GeV”, STAR Collaboration Meeting,
14-25 September, 2020, Indian Institute of Science Education and Research (IISER) Tirupati,
India

“Self-similarity, fractality and entropy principle in collisions of hadrons and nuclei at RHIC,
Tevatron and LHC”, 40th International Conference on High Energy physics — ICHEP2020,
July 28 — August 6, 2020, Prague, Czech Republic

“Self-similarity of the proton spin”, Workshop “Physics programme for the first stage of the
NICA SPD experiment”, JINR, Dubna, LHEP, 5—6 October 2020

«Meroauka BOCCTaHOBJIEHHS JsMOJa THIOEPOHOB B SIPO-AJACPHBIX CTOJKHOBEHHSIXY,
Cemunap B Hantnonansnom Llentpe Anepusix UccnenoBanuid, r. baky 21.01.2020

“STAR Recent Results on Heavy-Ion Collisions”, LXX International Conference NUCLEUS-
2020, online conference, 11-17 October 2020
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Appendix 3. Main information about STAR-JINR Group

Bonbimoe Baumanue B nociensee speMs B rpynne STAR B OUAN u, B yactHocTH, 2020 roxy
yIesioch paboTe co cryneHTaMu (OHM 0(hOpMIIEHBI Ha paboTy MO coBMecTUTEeNnsCTBY B JIOBO
nnu YHIL OUAN). PaGoTty co crynenTamu (O0akaiaBpaMu U MarucTpaMu) akTUBHO BenyT B [lyOHe
cTapmimid HaydHbld coTpyaHUK Amnapud A.A. u B Kommne gouent Anenu KpaBuakoBa. Ham
IPEICTaBISETCA ITO HApaBiIeHUE PabOThl OYEHb BaXKHBIM B KOHTEKCTE MOJTOTOBKH MOJIOABIX
CIELMAIHNCTOB C ONBITOM padOThI B 3KCIIEPUMEHTE Ha KoJUlaiiiepe A ux AajabHeHIel padoTsl
Ha kosaiinepe NICA/MPD. Ceou 6akanaBpcKHe M MarucTepckue paboThl YeJIOBEK B IpyIIIe
OUAM B Hacrosuiee BpeMs BBIIOJIHAIOT § 4YeloBeK. B KauecTBe HayyHOM TeMaTHKU
KBAJTM(PHUKAIMOHHBIX Pa0OT CPOPMYIUPOBAHBI CIEIYIOIINE 3a[auu:

1. Amnanu3s nanneix STAR 115 nozncyera KyMysastHTOB H3T-IIPOTOHOB U HIT-KAOHOB ISl IPOBEPKHU
noBeJeHUs (PIyKTyanuid yKa3aHHBIX KyMYJISIHTOB B 00JIaCTH SHEPIUU CTOJIKHOBeHUs 7.7 — 27
I'B. Ycunenune ¢uiykTyalii KyMyJIssHTOB U MOMEHTOB paclpeAeseHU MHOKECTBEHHOCTH
HAT-IIPOTOHOB U HAT-KAOHOB PacCMaTPUBAETCS KAaK IIPOSIBJICHUE BIUSHUSA KPUTUUECKON TOUKH
¢azoBoro nepexona.

2. Pabora no aHanu3y SHEpreTH4ecKoil 3aBUCIMOCTH BBIXO/I0B YaCTHI] Ha TaHHBIX MoHTe-Kapio
MozenupoBaHusa nerekropa MPD. Pacuer oTHOIIEHHMS BBIXOJOB CTPAaHHBIX 4YacTHUL] K
HECTpPaHHbIM, OAPHOHOB K ME30HAM, YaCTHI[ K aHTHYACTHIIaM B 3aBUCHMOCTH OT SHEpPIUU B
CTOJIKHOBEHUSX sziep 30i0Ta B auanasoHe »Hepruil 4—11 I'»B. [lposenenne QA anamuza
TPEKOB JUIi BBIOOpPAa ONTUMAIbHBIX MapaMeTpoB orTOopa wyactul. OmnpeneneHue
(YHKLIMOHATIBHON 3aBHCHMOCTH BBIXOZOB 3apsDKEHHBIX YaCTHI[ pPa3HBIX THUIOB IS
YCTQHOBJICHHUSI MEXaHU3MOB DPOXKJIEHHUS B yKa3aHHOM SHEPreTHYecKOM 00JacTh M IMOUCKa
BO3MOXHOTO BIUSAHUS 3((PEKTOB, CBA3aHHBIX C (HAa30BBIM IEPEXOJIOM WIH HAIMYUEM
kputndeckoi Touku KX/I.

3. Pabora mo aHanmu3y NaHHBIX BTOPOTO 3Tama MPOrpaMMbl YHEPIeTUUYECKOTO CKAaHMPOBAHUS
nerekropa STAR. M3MmepeHne BBIXOAOB YaCTUIl B 3aBUCUMOCTH OT YHEPTUU CTOJIKHOBEHHS
npu >Heprusix 27, 19.5 ['3B u nojcyer ans OLEHKU BIUSHUS SIIEPHOM Cpellbl Ha POXKIEHUE
3apspkeHHBIX yacTHIl (jet quenching s dexr). KonmuecTBeHHbIE M3MEPEHHSI BIUSHUS SepHON
cpeasl Ha poxxaeHue yactull (Rcp, R44) B LIEHTPAIbHBIX COOBITHAX CTOJKHOBEHHUS SIIIEP.
[TonGop HEOOXOOUMBIX YCIOBHI OTOOpa TPEKOB 3apsHKEHHBIX YacTHUI[ Ui MUHUMH3ALUN
CUCTEMATUYECKOM MOIPEIIHOCTH.

4. Pa0ora mo aHanmM3y AAHHBIX BTOPOTO 3Tara MPOTrPaMMBbl SHEPreTUYECKOI'O CKAaHUPOBAHMS
nerekropa STAR. M3MmepeHne BbIXOAOB YaCTUIl B 3aBUCUMOCTH OT YHEPTUU CTOJIKHOBEHMS
npu 3Heprusx 7.7 — 14.5 I'3B 17151 oeHKH BAMSHYS SIACPHOM Cpeibl Ha pOXKIEHUE 3apsKEHHBIX
yactuil (jet quenching 3¢ dexr). [ToacueT HHTErpaTbHBIX BBIXOI0B 3apsHKCHHBIX YaCTHII.

5. Omnpenenenne GpyHKIMOHATBHON 3aBUCIMOCTH BBIXOI0B 3apsHDKEHHBIX YAaCTHIl PA3HBIX THIIOB
JUISl YCTaHOBJICHUSI MEXaHU3MOB POJKICHHUS B YKa3aHHOW SHEPreTUYecKOoi 001acTH U MOUCKa
BO3MOXHOTO BIUSAHUS 3((PEKTOB, CBA3aHHBIX C (DAa30BBIM IEPEXOJIOM WIH HAIMYUEM
kputnyeckoit Touku KXJI. IloaroroBka He00X0AMMOro MPOrpaMMHOIO KoJa Jjsi paboThl €
naHHeIMU MoHTe-Kapiio MoaennpoBaHyst U SKCIIEpUMEHTAIbHBIMU JaHHbIMU STAR.

6. OcBoeHue He0OXOAUMOTO MPOTPAMMHOTO U (pU3HUECKOro MUHUMYMa. PaboTa ¢ MoJenbHBIMU

manaeiMa (UrQMD) ans mojacuera 0ObEMHBIX XapaKTEPUCTHK CPEIbl, 0Opasyromieics B
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CTOJIKHOBEHUSX TSDKENbIX HMOHOB (3aKpPY4€HHOCTb, KUpPaJbHOCTh). [loJcueT CKOpPOCTHBIX
XapaKTePUCTHUK POKJIEHUSI CTPAHHBIX YAaCTHUI: TOJSIpU3allKsl, BOPTUCUTH, HA IpUMepe IaMOaa
runepoHoB. O0yueHune MoICYeTy yKa3aHHbIX XapaKTEPUCTUK HA SKCIIEPUMEHTAIbHBIX JaHHBIX
ycranoBku STAR.

7. OcBoeHue HEOOXOAMMOTO MPOTPAMMHOTO M (U3HYECKOTO MHUHUMyMa. AHaIW3 JaHHBIX
MPOTPaMMBbl  SHEPTreTHYECKOr0 CKaHUpOBaHUsS YcTaHOBKM STAR 1 BOCCTaHOBJIEHUS
UMITYJIbCHBIX CIIEKTPOB 3apsHKEHHBIX YacTull. KonnuecTBeHHbIE U3MEPEHNUS BIUSHUS SACPHOM
cpenbl Ha poxacHUE JYacThll (Rcp) B IIEHTPAIBHBIX COOBITUSIX CTOJIKHOBEHU snep. [lombop
HEOOXOJUMBIX yCIOBUI 0TOOpa TPEKOB 3apsDKEHHBIX YacTHI] I MHUHHUMHU3ALHUU
CUCTeMaTU4YecKoil morpemHocT. (OCBOGHHE CHCTEM paclpeleseHHOro  HalHCaHUs
nporpammHoro koga GitHub u aaMuHUCTpHpOBaHHME TPOEKTOB TPYIBI Ha JaHHOU
maTdopme.

8. Cremyer OTMETHUTbH, YTO YK€ MOATOTOBIEHO HECKOJBKO JOKIAJA0B HAa KOH(EpeHIMSIX st
MOJIOZIBIX YUYEHBIX U IUIAHUPYETCS AOKIAJA [0 aHalu3y CIEKTPOB U M3MEpeHHuI0 Rcp Ha

coperanuu koutadopamuu STAR B mapre 2021 roaa.

Ha 2021 rop 3arutanupoBaHbl ClEAYONINE paOOThI:

— VYwuacTue B NPOBENECHUHU CE€aHca IO MporpaMMme sHepreTudeckoro ckanuposanus BES II B
KOJIJTAMIEpHOM MOJIe U B KCIEPUMEHTAX C (PUKCHPOBAHHOM MHUIICHBIO. AHAJIN3 JAHHBIX U
MOUCK CUTHATYp (ha30BbIX mepexo1oB U Kputudeckoi Touku KX/I.

— MHccnenoBanne (heMTOCKONMYECKUX KOPPETSALMHA, CTPYKTYpPBl COOBITUH M CKEHIMHTOBBIX
CBOWCTB SIIEPHBIX B3aUMOJICHCTBUM, TI100aTbHON MOISIPU3AIIH, COOBITHI ¢ OONBIINMH pr.

— B xadectBe 3a1aun 110 (HeMTOCKOMMYECKUM KOPPEISALUAM MPEANOIaracTcs HauaTh U3yueHHue
IIPOCTPAHCTBEHHO-BPEMEHHBIX XapaKTEPUCTUK pOXKIECHUS 4acTull, BKJIIOYAst

IIPOCTPAHCTBEHHO-BPEMEHHBIE XapaKTEPUCTHKU acuMMeTpuii B T, K u mp cucremax.
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