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Phase diagram of matter

Physical systems undergo phase transitions when external parameters such as the temperature (T) or a

chemical potential (p) are tuned.

Phase diagram of QED matter.
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Widely studied, precisely known, studied
for many systems, and part of textbook.

Phase diagram of QCD matter.
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Largely conjectured, unique, needs

accelerators, goal to make it part of textbook.
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Emergent properties of matter

Strongly correlated QED matter
Emergent property: strange metal
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Condensed matter
of QCD.

The Condensed matter
physics of QCD,
Krishna Rajagopal
and Frank Wilczek
e-Print: hep ph/
0011333 [hep-ph]

Temperature (MeV)

Strongly correlated QCD matter
Emergent property: perfect fluid
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Need to have experiments
at various colliding energies
- LHC, RHIC, FAIR, NICA
and JPARC.
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Heavy-ion collisions
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Heavy ion collisions (QGP)

Partonic energy-loss
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S. Bass et al.

Heavy ion

Important experimental and theoretical developments

Increasing precision
of key observable
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Goals of RHIC BI

S5-I program

Collision Energies (GeV) 5 7.7 11.5 17.3 27 39
Section Observables Millions of Events Needed
Al ng scaling n/K/p/A (m—myp)/n<2GeV 8.5 6 5 5 4.5 4.5
Al ®/Q up to p;/n,=2 GeV/c 56 25 i8 13 12
A2 Rep up to pr~4.5 GeV/c (at 17.3)
5.5 (at 27) & 6 GeV/c (at 39) 15 33 24
A3 untriggered ridge correlations 27 13 8 6 6
A4 parity violation 5 5 5 5 5
B1 v, (up to ~1.5 GeV/c) 0.3 0.2 0.1 0.1 0.1 0.1
B1

B2

Vi
Azimuthally sensitive HBT

0.5 0.5 0.5 0.5 0.5 0.5

SNO0493 : Experimental Study of the QCD Phase
Diagram & Search for the Critical Point: Selected
Arguments for the Run-10 Beam Energy Scan :

https:/ /drupal.star.bnl.gov/STAR/starnotes/public/sn

0493

(A) A search for turn-off of phenomena (QGP)
already established at higher RHIC energies.
(B) A search for signatures of a phase
transition and a critical point.
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https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
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Identified particle production, azimuthal anisotropy, and interferometry measurements
in Au+ Au collisions at ./syy = 9.2 GeV

We present the first measurements of identified hadron production, azimuthal anisotropy, and pion
interferometry from Au+ Au collisions below the nominal injection energy at the BNL Relativistic Heavy-lon
Collider (RHIC) facility. The data were collected using the large acceptance solenoidal tracker at RHIC
(STAR) detector at \/syy = 9.2 GeV from a test run of the collider in the year 2008. Midrapidity results 5 hours
3000 events | on multiplicity density d N/dy in rapidity y, average transverse momentum (py), particle ratios, elliptic flow, of data
and Hanbury-Brown-Twiss (HBT) radii are consistent with the corresponding results at similar ,/syy from .
fixed-target experiments. Directed flow measurements are presented for both midrapidity and forward-rapidity taklng
regions. Furthermore the collision centrality dependence of identified particle d N /dy. (pr). and particle ratios
are discussed. These results also demonstrate that the capabilities of the STAR detector, although optimized for
Jsvy = 200 GeV, are suitable for the proposed QCD critical-point search and exploration of the QCD phase 8/55
diagram at RHIC.




2010 - 2017: BES-I at RHIC

Vsyy (GeV) Events (109 Year Ug Ten
(MeV) (MeV)
200 350 2010 25 166
02.4 o7 2010 73 165
54.4 1200 2017 90
39 39 2010 1882 164
27 70 2011 156 162
19.6 36 2011 206 160
14.5 20 2014 264 156
11.5 12 2010 315 152
9.2 0.3 2008 355 140
7.7 4 2010 420 140

Goal to map the QCD phase diagram 20 < pg < 420 MeV.
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STAR detector system @ RHIC

Time of Flight (TOF)
Time Projection Chamber (TPC)

Beamline

B

Beam-Beam Counters (BB@
- » vy ,...

K. H. Ackermann et al. [STAR]|, Nucl. Instrum. Meth. A 499, 624-632 (2003) and Nucl.
Instrum. Meth. A661, S110 (2012).
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Uniform acceptance at mid-rapidity

Au+Au at 7.7 GeV Au+Au at 39 GeV Au+Au at 200 GeV
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Particle identification

Time proje

ction chamber
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Ionization energy loss:

-<dE/dx >~ A/ p?

= A (1+m? p?)

- Au+A

Time of flight detector

u 39 GeV

Momentum p =7y f m

m=[p(1-p*"?]/B

STAR: Phys.Rev.C 96 (2017) 4, 044904

Time of flight:

<t>=L/p
=L (1 +m? p?) /2
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Chemical freeze-out
related measurements

Based on STAR publications
Phys.Rev.C 96 (2017) 4, 044904
e-Print: 1906.03732 (to appear in PRC)
Phys.Rev.C 101 (2020) 2, 024905
Phys.Rev.C 99 (2019) 6, 064905

32 chations

Bulk properties of the medium produced in relativistic
heavy-ion collisions from the beam energy scan program
L. Adamczyk et al. (STAR Collaboration)

Phys. Rev. C 96, 044904 (2017) — Published 13 October 2017

) The beam-energy scan at RHIC aims to discover whether a
i o
.- A

critical point exists in the phase diagram of QCD. This paper

H
reports on the most comprehensive measurement of single-

particle spectra for a multitude of hadrons from the first run,
taken with the STAR experiment. From these the authors infer
the kinetic and chemical freeze-out temperatures and the
baryon chemical potential as functions of beam energy and
centrality. The results provide an opportunity for the beam-
energy scan program at RHIC to enlarge the (T, uB) region of
the phase diagram to search for the QCD critical point.

13/55



Chemical freeze-out (data)
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Chemical freeze-out dynamics (model)

Definition:
Inelastic collisions ceases

Statistical Thermal Model

Chemical composition or
Particle ratios get fixed

(2m)3

species i

Particle Abundances: Grand Canonical Ensemble e—B(E:i—p;) ):1

Tah i"r A
In Z9C(T,V, {p:}) = Z s /d31) In(1+

NEC¢ =T

oL

d1ln ZC¢ i+ m;T kmn;
o~ ) I ()

k=1

-" -
x ePFH:

Model Features:
U Assumes non-interacting hadrons and
resonances

0 Assumes thermodynamically equilibrium system
U Ensembles : Grand Canonical - average

conservation of B, S, and Q

Strangeness Canonical - exact conservation of S
Canonical - exact conservation of B, S,

Temperature T, and baryon
chemical potential up

Dynamics Characterized by:

and Q

Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4t August, 2020)
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Chemical freeze-out: data vs. model

Yields

Std. Dev.
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Fits to particle yields using a statistical thermal model with
grand canonical and strangeness canonical model.

STAR: Phys.Rev.C 96 (2017) 4, 044904
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Chemical freeze-out (hadrons)
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Chemlcal freeze- out (nuclel)
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1. Freeze-out properties similar to hadrons.

2. B, values reach a minimum at about Vsyy =20-40 GeV. Change in EOS ?

3. B, (antideuterons) < B, (deuterons) below 62.4 GeV. Size of the emitting
source of antibaryons is larger than that of baryons ?
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Freeze-out (geometry)
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Non-monotonic variation of
homogeneity region volume.
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Chemical freeze out (Conelusmns)
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Chemical freeze-out: (GCE) - The K*/m ratio peaks at Vsyy ~ 8 GeV where
Close to LCD transition line model also predicted the peak of baryon density
T weak and pgstronger dependence on centrality | |- HBDR: (Vsyy < 8 GeV, ug = 420 MeV)

- ALICE: B.Abelev et al., PRL 109, 252301(12); PR C88, 044910(13). In discussion with N. Xu
- STAR: J. Adams, et al., NPA757, 102(05); PR C96, 044904(17); PRC96, 044904(17).
- J. Randrup and J. Cleymans, Phys. Rev. C74, 047901(06)
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Radial flow.
Directed flow.
Elliptic flow.

Equation of state.

Partonic collectivity.

Nuclei collectivity.

Collectivity related
measurements

Based on STAR publications
Phys.Rev.C 96 (2017) 4, 044904
Phys.Rev.Lett. 112 (2014) 16, 162301
Phys.Rev.Lett. 120 (2018) 6, 062301
Phys.Rev.Lett. 110 (2013) 14, 142301
Phys.Rev.C 94 (2016) 3, 034908
Phys.Rev.C 88 (2013) 014902
Phys.Rev.Lett. 116 (2016) 11, 112302
Phys.Rev.C 86 (2012) 054908
Phys.Rev.C 93 (2016) 1, 014907
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Collectivity (radial flow)

Elastic collisions ceases

T FrTTTT YT T L% PO TR R
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“ ¥ AP ¢ P curves: BW fits 1

P | "
- T -t LEm o | AR B L e |

Parameters: Temperature (Ty;,) and
transverse radial velocity () obtained by
fitting the momentum distribution of
particles.

—
‘\Au:Au 27 GaV (d) ‘\rAu 39GsV (e)

2 1!' E

= - 1

Ml
<

Features:

- Approximates hydrodynamic models
- Assumes particles are locally
thermal and moving with a common Py (GeVic)
velocity.

STAR: Phys.Rev.C 96 (2017) 4, 044904

E. Schnedermann, J. Sollfrank, and U.
W. Heinz, Phys. Rev. C 48, 2462 (1993).
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200

Collectivity (radial flow)
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Collectivity (azimuthal anisotropy)

Initial spatial anisotropy Pressure gradient
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Collectivity (slope of directed flow vs. rapidity)

STAR: Phys.Rev.Lett. 112 (2014) 16, 162301
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STAR: Phys.Rev.Lett. 120 (2018) 6, 062301
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1) Non-monotonic variation of directed flow slope with collision energy for net-baryons.
2) Net-kaons show monotonic variations of directed flow slope with collision energy.
3) Coalescence sum rules are tested.
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Vs

Collectivity (elliptic flow)

0-80% Au + Au Collisions at RHIC

Antiparticles
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STAR: Phys.Rev.Lett. 110 (2013) 14, 142301

Phys.Rev.C 88 (2013) 014902
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Breakdown of NCQ scaling of elliptic flow as seen at top RHIC
energy of 200 GeV
1. Baryon-meson difference at intermediate pr reduces as
collision energy decreases
2. Difference between particle and anti-particle v, increases as
ug increases. Mean field calculations suggest links to
baryon density.
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Collectivity (elliptic flow nuclei)

\s,, = 62.4 GeV + Vs, = 39 GeV

STAR: Phys.Rev.C 94 (2016) 3, 034908
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Collectivity (conclusions)

BES-I: Wealth of data to test coalescence
mechanisms and obtain medium
properties.

. At lower collision energies, dominance

of hadronic interactions over partonic
interactions.

Non-monotonic variations in net-
baryon dir lope and v;
fluctuations ision  energy
observed.

Differences ollectivity  of
particles a cles observed.
Indicating to medium
properties.

In BES-II: Precision measurements of ¢-
meson flow will shed further light on
partonic collectivity.

. Theoretical attempts to understand the

EOS and extracting mn/s for high
baryon density matter have started.

Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4t August, 2020)
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Studying the Phase
Diagram of QCD <
Matter at RHIC g *p»

A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014

Criticality related
measurements

Based on STAR publications
arXiv: 2001.02852

Phys.Rev.Lett. 112 (2014) 032302
Phys.Rev.Lett. 113 (2014) 092301
Phys.Lett.B 785 (2018) 551-560
Phys.Rev.C 100 (2019) 1, 014902
Phys.Rev.C 99 (2019) 4, 044918
Phys.Rev.C 101 (2020) 1, 014916
Phys.Rev.C 94 (2016) 2, 024909
Phys.Rev.C 92 (2015) 2, 021901
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Developed at INT’2008

Criticality

1) High moments of conserved quantum numbers: Q, S, B,
in high-energy nuclear collisions

2) Sensitive to critical point (S correlation length):

((oN)?) = £, ((oN)") = £, ((oN)") =&

3) Direct comparison with calculations at any order:

V)

4) Extract susceptibilities and freeze-out temperature. An
independent/important test of thermal equilibrium in
heavy ion collisions.

References:- STAR: PRL105, 22303(10); ibid, 112, 032302(14); S. Ejiri, F. Karsch, K.
Redlich, PLB633, 275(06); M. Stephanov: PRL102, 032301(09) ; F. Karsch et al., PLB6985,
136(11); R.V. Gavai and S. Gupta, PLB696, 459(11); A. Bazavov et al.,, PRL109, 192302(12); V.
Skokov et al., PRC88, 034901(13); S. Borsanyi et al.,, PRL111, 062005(13); PBM, A. Rustamov,
J. Stachel, NPA960, 114(17); A. Bzdak, et al., arXiv: 1906.00936, Physics Report, 853C,
1(2020)
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Stephanov on 11t

Criticality (Model) See Talk my M.
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- M. Stephanov, PRL107, 052301(2011)
- V. Skokov, Quark Matter 2012
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Criticality (net-charge and net-kaon)
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1) The results of net-Q and net-Kaon show flat energy
dependence
2) The statistical uncertainty
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Criticality (Data
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1) Net-proton distributions, top 5% central collisions, efficiency uncorrected.
2) Value of mean and the width increase as energy decreases, effect of baryon stopping.
STAR: arXiv: 2001.02852
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Criticality (non-monotonic)
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Higher moments/cumulants are sensitive observables.
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Criticality (net-proton)
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1) Ratios of the net-proton cumulants, top 5% central and 70-80% peripheral collisions.
2) Net-proton: non-monotonic energy dependence in the most central Au+Au collisions.

STAR: arXiv: 2001.02852
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Criticality 1(zcomparison to models)
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v Higher collision energy data and LQCD (inspired) features similar.
v’ Deviations from HRG and UrQMD
- Strongly interacting QCD matter
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Criticality (other measurements)

Phys.Rev.C 94 (2016) 2, 024909 Phys.Rev.C 101 (2020) 1, 014916

Phys.Rev.C 99 (2019) 4, 044918
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Criticality (conclusions)

1) Non-monotonic variation of ko2 with collision energy
observed with 3 sigma significance.

2) BES-II is unde the region of
7.7 - 19.6 GeV in collider mode to improve statistical
precision of the measurements.

Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4t August, 2020)
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Chirality related
measurements

&%\J Angular momentum

Based on STAR publications
Phys.Rev.Lett. 113 (2014) 052302
Phys.Rev.Lett. 114 (2015) 25, 252302
Nature 548 (2017) 62-65

Impact parameter direction

Beam direction
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Chirality effects

spectators S

participants

before collision after collision

/

S S
H
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eB (MeV?)

Chirality (magnetic field and angular momentum)
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The charge separation along the magnetic
field, shows a signal with a weak energy
dependence down t019.6 GeV and then
falls steeply at lower energies. This trend
may be consistent with the hypothesis of
local parity violation. Alternate hypothesis
exits. Dedicated isobar run at RHIC.

STAR: Phys.Rev.Lett. 113 (2014) 052302
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Slope parameter r (%)
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Chirality

(chiral magnetic wave)
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The v, difference between negatively and positively
charged pions increases as a function of Ach [(N* - N)/
(N* + N7)], qualitatively reproducing the expectation
from the CMW model.
The slope (r) shows no obvious trend of the beam
energy dependence with the current statistics
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STAR: Phys.Rev.Lett. 114 (2015) 25, 252302
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Lambda polarization
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STAR: Nature 548 (2017) 62-65
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Vorticial fluid
created at RHIC
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Vector meson spin alignment

Quantization axis
1 s, STAR Preliminary, 10-60%, 1.2 <p_<5.0 GeV/c
| Impact parameter ; & Ausiiy .
N S S5 S
M L i p—
03 - L [l B
o
o
Q. © + +
/ N
- Beam axis A ¢ L
AN 0.2~ g
= Np [1 — poo+ cos20 (3P0,0 . 1)] 1 ALICE, 10-50%, 0.8 < p.< 1.2 GeV/c
dcosf B Pb+Pb
| I - | 1 1 1 1 | I .| I 1 1 1 L | T I 1 1 1
poo=1/3 = No spin alignment 10 102 103

STAR: QM2019

: i \'syy GeV
ALICE: Phys. Rev. Lett. 125, 012301 (2020) | Poo: Probability vector meson | | NN

is in spin state = 0

v' Evidence of spin alignment in vector mesons in high energy heavy-ion collisions.
v Measurement coupled to Event Plane — related to initial angular momentum
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Chirality related (conclusions)

The charge separation along the magnetic field observed.
Measurements could be related to chiral magnetic effect.

The Av, (™ - n°) vs. ch. particle number asymmetry of the event
observed. Measurements could be related to chiral magnetic wave.

Polarization of Lambda baryons observed in RHIC-BES energies.
Spin alignment of vector mesons observed in RHIC BES and LHC

energies. Measurements could be related to the spin-orbital angular
momentum interactions.

These measurements leads to new theoretical developments.
-- Relativistic spin and magneto hydrodynamics)
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20 years of pushing the tests of QCD at high
! 0 S I A R temperature and density to limits ...

years COLLABORATION

Overall conclusions

Thermalization
QGP

EOS

CP

L-Sand ji-B
n/s ....
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Non-monotonic variations (BES)

Mean transverse mass/energy

v; fluctuations
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Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4t August, 2020) 48/55



Turn-off of QGP like features (BES)
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STAR: Phys.Rev.Lett. 121 (2018) 3, 032301 -
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Properties of the system (role of BES)

Quantity

~ Value

Reference

Initial temperature

300 — 600 MeV (high energy)

Phys.Rev.Lett. 104
(2010) 132301

Chemical freeze-out temperature

168 (high energy) — 144 MeV (low energy)

Baryonic chemical potential

18 (high energy) — 398 MeV (low energy)

Strangeness supp. factor (ys)

0.5 (low energy) — 1.0 (high energy)

Kinetic Freeze-out Temperature

113 (high energy) -143 (low energy) MeV

Radial Collective Velocity

0.1-0.5c

Phys.Rev.C 96 (2017) 4,
044904

Homogenous volume (HBT)

1900 (low energy) — 2800 fm? (high energy)

System lifetime (HBT)

4 (low energy) — 7 fm/c (high energy)

Phys.Rev.C 92 (2015) 1,
014904

Shear viscosity/entropy (n/s)
Stopping power (q)
Diffusion co-efficient (D x 2nT)

0.08 (high energy) — 0.2 (low energy)
2-10 GeV?/fm (high energy)
1 - 10 (high energy)

Phys. Rev. C 91,
064901 (2015)
Phys.Rev.C 97 (2018) 4,
044905

Vorticity (average)

(9i1)><10213_1

Nature 548 (2017) 62
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Studying the Phase
Diagram of QCD
Matter at RHIC

A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014

¥
i

BES-II and FXT

The inner TPC (iTPC) to extend the coverage to |n| < 1.5, pr

The endcap TOF (eTOF) detector will extend the particle
identification capability to -1.6 < n < 1.0.

The Event Plane Detector (EPD) at 2.1 < |n| < 5.1 will allow
centrality selection and event plane measurements.

acceptance down to 100 MeV/c and better dE/dx resolution.

Event Plane Detector

endcap TOF
inner TPC

Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4t August, 2020)
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VsyN (GeV) Events (10°) | BES | g Ten
(MeV) (MeV)

62.4
54.4
39
27
19.6
14.5
11.5
9.2
7.7

2019 - 2021: BES-II at RHIC

2010 166
67 2010 73 165
1200 2017 90
39 2010 112 164
70 2011 156 162
400 / 36 2019-21 /2011 3 206 160
300/ 20 2019-21 /2014 2.5 264 156
230/12 2019-21 /2010 5 315 152
160 /0.3 2019-21 / 2008 9.5 355 140
100/4 2019-21 /2010 14 420 140

Precision measurements: map the QCD
phase diagram 200 < p; < 420MeV.
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RHIC - Fixed Target Program

2
Collider Fixed- Single Center- Mg (MeV)
Energy Target beam of-mass i
Energy AGeV Rapidity 15
420

62.4 izt 30.3 2.10

1.25

39 6.2 18.6 1.87 487

0.75

27 5.7 12.6 1.68 541 05

19.6 4.5 8.9 1.52 589

14.5 = 6.3 137 633
11.5 215 4.8 1.25 666
9.1 207 3.6 112 699

7.7 3.0 2.9 1.05 721

5.0 7423 1.6 0.82 774

D. Cebra: INT Program INT-16-3: Exploring the QCD Phase
Diagram through Energy Scans. Extend scan to 750 MeV in pg.

Bedanga Mohanty, RHIC BES Physics — theory and experiment workshop (4" August, 2020)



L

RHIC BES program

1. Systematic study of the phase structure of QCD

Phase diagram.

2. Opportunity for a dedicated study of high

ase

high baryon

3. Complementary to research programs at

CERN, FAIR & NICA.
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e-Print: 2004.04681 [hep-ph]
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