Functional QCD

QCD phase structure
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SIZE OF THE CRITICAL REGION
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® mean-field PQM: critical region < 10 MeV (tangential to transition line (A)) [Schaefer, Wagner (2012)]

® including quantum fluctuations: critical region shrinks to < 1 MeV in T and py direction

[Schaefer, Wambach (2006)]
[Chen,Wen, Fu (2021)]



by courtesy of Fabian Rennecke

VALIDITY OF THE TAYLOR EXPANSION
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® estimate of location of 2nd order phase
transition based on Taylor expansion about
1 = 0 for different expansion orders n

very high orders necessary for good estimates

[Karsch, Schaefer, Wagner, Wambach (201 1)]

® Taylor expansion about yp = 0 vs direct
computation

Taylor expansion fails to capture
qualitative features at finite yip

[Fu, Luo, Pawlowski, Rennecke,Ven (2021)]



https://arxiv.org/pdf/2101.06035

Scaling analysis from functional QCD
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Braun, Fu, Pawlowski, Rennecke, Rosenbliih, Yin, PRD 102 (2020) 056010
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¢ \/ery good agreement with lattice QCD results from the hotQCD

collaboration around physical pion masses and above

e Susceptibilities do not show indications for scaling for m, 2 30 MeV

Y


https://arxiv.org/pdf/2003.13112

by courtesy of Jens Braun

Size of the scaling region: quark-meson model
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https://arxiv.org/pdf/1008.2155

by courtesy of Wei-die Fu

Critical region near the CEP with Z(2) symmetry

Chen, Wen, Fu, arXiv: 2101.08484
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e Critical exponent f is close to the CEP

® Critical region (in temperature direction) smaller than 1 MeV!

See also: Schaefer. Wambach, PRD 75 (2007) 085015
Schaefer, Wagner. PRD 85 (2012) 034027



https://arxiv.org/pdf/2101.08484
https://arxiv.org/pdf/hep-ph/0603256.pdf
https://arxiv.org/pdf/1111.6871.pdf

by courtesy of Bernd-Jochen Schaefer

Critical region from RG flows
[B.-J. Schaefer, J. Wambach, Phys. Rev. D 75 (2007)] [B.-J. Schaefer, M. Wagner, Phys. Rev. D (2012)]
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e Contour regions for quark number e Critical region around CEP

susceptibility

=¥ criticality depends on the path
towards CEP

(chiral limit: TCP physical pion mass: CEP)

=» crossover between different
universality classes



by courtesy of Bernd-Jochen Schaefer
Size of the critical region: quark-meson model

[B.-J. Schaefer, J. Wambach, Phys. Rev. D 75 (2007)]
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POD2021 talk Shinichi Esumi:

The 5t, 6t order fluctuation of
net-proton including pp collisions

Results from beam ener

scan program at RHIC-STAR

New data of net-p cumulants

at 200 GeV pp collisions

will be shown by Risa N.

New data of net-proton C;, C, at BES-I

will be shown by Ashish P.
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Au+Au collisions at RHIC
Net-proton

04< P, < 2.0 GeV/c, lyl <0.5

STAR Preliminary

arXiv:2101.12413 (STAR)

100

IIIITI

T T ll]llll T

Au+Au collisions at RHIC
Net-proton
04< p, < 2.0 GeV/c, lyl < 0.5

o’lo
$ g
"$68T ¥ i
E. | |
‘é -100 STAR Preliminary
2 L
- - - . Poisson baseline - -1501 [ ] - = Poisson baseline 7
® 0-40% F ® 0-40%
o 70-80% ] -200} O 70-80% _
LQCD, PRD.101.074502(2020) LQCD, PRD.101.074502(2020)
FRG, arXiv:2101.06035 i =z FRG, arXiv:2101.06035 7
o | UrQMD(0-5%) | 7] -250 UrQMD(0-5%) —
L1 1 11 1 1 1 1 L1 1.1 1 111 ll 1 1 1 1 Ll 1.l l 1
56 10 20 30 50 100 200 56 10 20 30 50 100 200
3-7 GeV (FXT)
\/SNN (GeV) \]SNN (GeV)

BES Results from RHIC-STAR, CPOD2021, 15-19/Mar, Online

7-27 GeV (COL)

Charged Particle Multiplicity

m IIII T T IIIIII T ]I. IICII/Ié TTTT T T T IIIIII T IIIIII
O [ STAR Preliminary (1)C,7C; 1 2 (3)¢C,/C,
ia—
SR p—— - 1 —
I b A A A A A — I eoo
a— - oF------ A a- - - = - -
G ;
c_g o _O_ p_ +_p_ - _A_ B ;_ N T T L o ]
A u + u i

E 1 -2+ —— - HRG GCE 4 2ok —
S Net-protons from 200GeV Collisions L Pythia(8.2)
o 91 <0.5, 04 <p <2 (GeVrc) 7 .3 | messss Lattice PRD101(2020) o -3 -

IIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 IIIIII 1 IIIIII 1 1 1 IIIIII IIIII 1 IIIIII 1 1 1 IIIIII

10 100 1000 10 100 1000 10 100 1000

negative c6 could be taken as an indication
of cross-over transition at small pg

2 = STAR Preliminary

T

Net-proton, lyl < 0.5, 0.4<p_(GeV/c) < 2.0*

T T e L s

—

] 40-50%
n
o ° % ¥ |
(el
O | = \s,, =544 GeV { )
—8— \s,,, = 200 GeV 0-40%
NPA 1005 [ uramo, s, = 54.4 Gev
2 = ] uramD, \s,,,, = 200 GeV —
(202 1) (] Laco, PRD.95.054504, (T = 158-160 MeV, u_ = 0 MeV)
121882 (] raco, JHEP4101.205, (T=160MeV.uB=ON:eV)
0 50 100
(STAR) Average Number of Participant Nucleons (N _ )

Shinlchi Esumi
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CPOD2021 talk Szymon Harabasz: HADES and the QCD phase diagram
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UNIVERSITAT
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Critiacl Fluctuations

STAR Collaboration, PRL 126 (2021) 092301 Ling, Stephanov, PRC 93, 034915 (2016)
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CPOD2021 talk Aagnieszka Sorensen: Cumulants: it’s more than vou think

Questions
STAR + HADES data VDF model
T T T T T T 25 I T T T T T T T T T T T T T T T T T T . ] 250 [ 3
' & VDF EOS, matched A
,[ A  STAR+HADES 1 .
- ¢ VDF EOS, freeze-out - 200
| —@— ideal gas, freeze-out ] ~
15F NI
I / ; %150
| |z
- 5 100
] £
&
i >0 freeze-out
matching data

0 200 400 600 800 1000 0 200 400 600 800 1000 0

baryon chemical potential pg [MeV] baryon chemical potential ug [MeV] 0 2(1)3(;ryon cﬁgfnical po6t(:r)1tial " ?l(ijl)eV] 1000

e what happens in the STAR BES fixed target region?

e is behavior of the cumulants at low energies dominated by hadronic effects and the nuclear
liquid-gas phase transition?

e can we study c% below /s = 2.4 GeV?

Agnieszka Sorensen (UCLA/LBNL) CPOD 2021 14


https://indico.cern.ch/event/985460/contributions/4264585/attachments/2207941/3736161/Agnieszka_Sorensen_2021.03.15_CPOD_talk_online_slides.pdf

CPOD2021 talk Jamie Stafford: Cumulants: Strangeness neutral equation of state with a critical point

[sentropic Trajectories

> Isentropes show the path of the HIC system through the phase diagram in the

absence of dissipation

> Different path when conserved charge conditions applied
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JSetal, arXiv:2103.08146
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https://indico.cern.ch/event/985460/contributions/4264586/attachments/2207948/3739935/Stafford_CPOD_2021.pdf
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WE, Luo, Pawlowski, Rennecke, Wen, Yin,

CPOD2021 talk Wei-jie Fu: Baryon number fluctuations at finite temperature and density

Fluctuations on the freeze-out curve
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https://indico.cern.ch/event/985460/contributions/4264587/attachments/2208272/3736776/CPOD2021-Fu.pdf
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CPOD2021 talk Krzysztof Redlich: A non-critical baseline for fluctuation measurements

Ratios of cumulants: STAR data versus model

Stars: STAR data
Adam ef al. arXiv 2001.02852v2
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P. Braun-Munzinger, A. Rustamov and J.

Stachel, Nucl. Phys. A960, 114 (2017).

V. Skokov, B. Friman and K. Redlich,
Phys. Rev. C88, 034911 (2013)

Cumulants up to n<4

order follow the SATR data
Kurtosis data exhibit
interesting deviations,
however not necessarily of
statistical significant
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https://indico.cern.ch/event/985460/contributions/4264590/attachments/2209487/3739100/Redlich_CPOD_2021.pdf

CPOD2021 talk Marlene Nahrgang: Dynamical treatment of fluctuations

Dynamics: time evolution of critical fluctuations

For a Bjorken-like temperature evolution:
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MN, M. Bluhm, T. Schaefer, S. Bass, PRD99 (2019), MN, M. Bluhm, PRD102 (2020) 16 / 19


https://indico.cern.ch/event/985460/contributions/4264599/attachments/2209253/3740436/nahrgang_CPOD2021.pdf
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https://indico.cern.ch/event/985460/contributions/4264600/attachments/2209956/3739949/dteaney_cpod2021.pdf
https://indico.cern.ch/event/985460/contributions/4264600/attachments/2209956/3739949/dteaney_cpod2021.pdf

CPOD2021 talk Yi Yin: Self-consistent treatment of hydrodynamics and critical fluctuations

Critical slowing down and advection

Turning off radial flow Turning on radial flow

20


https://indico.cern.ch/event/985460/contributions/4264601/attachments/2210511/3740987/Critical_Fluct_CPOD_YiYin.pdf

CPOD2021 talk Lipei Du: Baryon diffusion away from and close to the QCD critical point

Time evolution of baryon diffusion current
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e With the fireball cooling down, the driving force of diffusion current (x,V (1/T)) decreases:
@ Two reasons: (a) gradient V(u/T) gets smoothened; (b) x, decreases.
@ Response to the driving force also gets slower, because of the growing relaxation time;

@ Critical slowing-down (7, 2~ 6 7,,,0) would help n" to stay at (almost) zero, even if K,V (u/T) got
affected by the critical point.

Lipei Du (OSU) Baryon diffusion and the QCD critical point CPOD2021 (Mar. 17, 2021) 12/ 14


https://indico.cern.ch/event/985460/contributions/4264602/attachments/2209969/3739971/CPOD2021_LDU.pdf
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CPOD2021 talk Grégoire Pihan: The competition of diffusion and rapid expansion: what impact for critical fluctuations?

Including non-linear coupling : Variance and Kurtosis
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The growth of cumulants near the critical point can be seen at
freeze-out

Very sensitive to the freeze-out temperature

12
Grégoire Pihan - C.PO.D 2021 - 17 mars 2021


https://indico.cern.ch/event/985460/contributions/4264607/attachments/2210683/3741285/CPOD2021PIHANGregoire.pdf

Proton Factorial Cumulant

CPOD2021 talk Ashish Pandav: Beam enerqy dependence of fifth and sixth order cumulants and factorial
cumulants of net-proton and proton distributions in Aut+Au collisions from BES-I program at RHIC-STAR

Proton Factorial Cumulant kz and kg, at 7.7 GeV
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ke (0-5%) consistent with two component model expectation within uncertainties while
Kg (0-5%) remains 1.8 away. The ratios k:/k, and k. /k: (0-5%) consistent with zero.
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https://indico.cern.ch/event/985460/contributions/4264610/attachments/2210680/3741282/CPOD_2021_e7.pdf
https://indico.cern.ch/event/985460/contributions/4264610/attachments/2210680/3741282/CPOD_2021_e7.pdf

CPOD2021 talk Maneesha Sushama Pradeep: Freezing out critical fluctuations



https://indico.cern.ch/event/985460/contributions/4264616/attachments/2211498/3742813/CPOD-21_Maneesha_Pradeep.pdf

CPOD2021 talk Michat Marczenko: Interplay between chiral dynamics and repulsive interactions

Ratios of higher-order cumulants: kurtosis and xg/x2

interactions — strong deviations from the HRG baseline
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https://indico.cern.ch/event/985460/contributions/4264619/attachments/2211539/3742897/marczenko_cpod2021.pdf

CPOD2021 talk Tobiasz Czopowicz: Search for critical point via intermittency analysis in NA61/SHINE

Exclusion plot

Comparison with simple power-law model
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exclusion plots for parameters of simple power-law model

The intermittency index 5, for a system freezing out at the QCD critical endpoint is expected to be
w2 = 5/6 assuming that the latter belongs to the 3-D Ising universality class.

CPOD2021, 19.03.2020 T. Czopowicz (UJK, WUT)


https://indico.cern.ch/event/985460/contributions/4264620/attachments/2211944/3743750/TC_CPOD_2021-03-19.pdf

