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Exploring the phase diagram of strong-interaction matter
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Pseudo-critical line for physical quark mass values
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Phases of strong-interaction matter

determination of T(? puts an upper limit on TCEP

pseudo-critical temperatures from
maxima of "appropriate” susceptibilities
— Nno unigue definition —
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Random Matrix A. Halasz, A.D. Jackson, R.E. Shrock, M.A. Stephanov, .
Model J.J.M. Verbaarschot, Phys. Rev. D58 (1998) 096007 My = (160 — 55)MeV

QCD motivated M. Stephanov, Phys. Rev. D73 (2006) 094508
NJL M. Buballa, S. Carignano, Phys. Lett. B791 (2019) 361
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Pseudo-critical and critical temperatures
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H.T.Ding, O. Kaczmarek, FK, P. Petreczky,
Mugdha Sarkar, C. Schmidt, Sipaz Sharma,
arXiv:2403.09390
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A. Bazavov et al (HotQCD), arXiv:1812.08235
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also: A. Y. Kotov et al., arXiv: 2105.09842
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Phases of strong-interaction matter
determination of T(? puts an upper limit on TCEP

Landau-Ginzburg potential:

- Hatta, T. Ikeda, Phys. Rev. D67 (2003) 014028
T.(m) = T — ¢ m?/°

non — universal, but ¢ > 0

curvature in the chiral limit;
_ weak quark mass dependence:
Random Matrix A. Halasz, A.D. Jackson, R.E. Shrock, M.A. Stephanov,

Model 3.J.M. Verbaarschot, Phys. Rev. D58 (1998) 096007 --T- Ding etal. PRD 109 (2024) 114516
QCD motivated M. Stephanov, Phys. Rev. D73 (2006) 094508

NJL M. Buballa, S. Carignano, Phys. Lett. B791 (2019) 361
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The critical surface at non-zero density
- curvature of critical lines in the chiral limit -

- rather then using the conserved charge basis } (B, ps) = (e, ps)

we may switch to the conserved flavor basis
e = puB/3

s = puB/3 — ps

ZCC
Tpea(pes pts) = T (1 — (RyHg + Kkpg + 267 prepss) /T + z—Hl/ﬁé)
0

292 2
Ki(r) = — (T o Mf/f’”f)
21 OM, /0T (T,0) ’zg = K%(Tc) , =4 s
Kﬁs (T) _ 1 (T282M£/8/«L£8/«Ls) ,{’181 = ’Cli(TC)
11 B 2T, BME/(‘?T (T,0)
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Curvature of the critical surface
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The critical surface in the us — us plane
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determination of TCO puts an upper limit on TCEP

Type = 156.5(1.5)MeV
TO — 132+31\/IeV A. Bazavov et al (HotQCD), arXiv:1812.08235
¢ H.T. Ding et al (HotQCD), arXiv:1903.04801

% Taylor series

suggests

% (“B/T)t'mc 2 2

CEP < Tt'rzc < TO

the temperature range below T is
most important for getting information | TCEP 1925 MeV
on a possible CEP
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TCEP

upper limit on puts constraint on HIC searches for the CEP

— pseudo-critical temperatures at physical quark mass values

Toe(ps) = 156.5(1.5)MeV (1 —0.012(4) (“113)2 /¥ )

=) toreach T < 125MeV T < 110MeV
need pup/T ~ 4 pup/T ~ 5
up > 500MeV up=>550MeV
my extrap.
M
08 - | e I | elrmlal il _f
sl o talTon romal
5 L o . = /T, ’
S : 5 g/ Ton . Search for the Critical End Point
% L - . | requires beam energies
o ’ :
< ] i
& . 1 VSan <5 GeV
5 | ]
centra u+AuUu @
110-1_STAR’ t, A A, v ... STAR freeze-out parameter, arXiv:1906.03732
5 10 (5 (GeV) 10° also: HADES collaboration, arXiv:1512.07070
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QCD thermodynamics at non-zero net baryon-density
- Taylor expansion -

. P
Taylor expansion of the QCD pressure: 1 = s LBy Qs 1S)
s oo ™
Z BQS( ) l’l’Q I’l’S
v]vkv Xijk T T
\_ 1,3,k=0 )
cumulants of net-charge fluctuations and correlations:
XBQS 8i+j+kP/T4 ﬂX — “_X
gk T g.i agad ank ’ -
OO0, . T
constrained Taylor series, demanding strangeness neutrality: ng =0
- X . R and: no/np = 0.4
f(T,pp) = qi(T) pis + qs(T) i + O(A%) Q/ns
fis(Typp) = s1(T) fpip + s3(T) g + O(fp)

P =1 s\ % | C.Alton .S Ejii..FK,
o (T) (“ ) Phys.Rev.D 71 (2005) 054508
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A. Bazavov et al. (HotQCD), Phys.

Up to 8" order cumulants are used "frequently"
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2" order cumulants: fluctuations and correlations

two constraints: only 4 out of 6
2" order observables are independent

= (156. 5 :I: 1 5 MeV B S
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0551  qmmAa: r::c:1 Fua'::] -
05| =g & — exact relations in QCD for
045} 2 &

16 =

— satisfied in HRG models to better than 1%
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— continuum extrapolated results for all 2" order cumulants in (2+1)-flavor QCD
HotQCD (Jishnu Goswami), Phys.Rev.D 104 (2021) 074512 [arXiv:2107.10011}
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Equation of state of (2+1)-flavor QCD: pugp/T > 0

T4 T4
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A. Bazavov et al (HotQCD), arXiv:1701.04325

D. Bollweg et al (HotQCD), arXiv:2212.09043
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Higher order net baryon-number cumulant ratios

on the pseudo-critical line A Bazavov et al. (HotQCD), PRD 101 (2020) 074502
PRD 96 (2017) 074510

constrained Taylor series, demanding strangeness neutrality:
ns =0 and ng/np = 0.4

kma,a: ) ~
o g _ Xa(Tps) _ 215 Xa " (T) g

o lmam ""B,l ~
Xn (Tspp) Y79 xm (T) il VEnm ~ 19.6 GeV
mean over variance 1 |
Xt RE,(T.ue)

szz(M/o'z)B:_B 1t
X2

0.8 I N=12 (transparent)

— good QCD observable to relate 8 (solid)
"physical observable" to model 06 [
dependent chemical potential

T=157 MeV
LO: [1,0]

NLO: [3.2]

NNLO: [5.4]

N3LO: [7.6]

0.4r

0.2

| 1 | | 1 1 “E‘er 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Higher order net baryon-number cumulant ratios

on the pseudo-critical line A Bazavov et al. (HotQCD), PRD 101 (2020) 074502
PRD 96 (2017) 074510

constrained Taylor series, demanding strangeness neutrality:
ns =0 and ng/np = 0.4

kma,a: ) ~
o g _ Xa(Tps) _ 215 Xa " (T) g

o lmam ""B,l ~
X (TopB) 7 xm (T) i Vo~ 19.6 GeV
mean over variance . comtinuum limit estimate
XB B
B _ 2 — 41 RY(T.Ug)
R, =(M/o )B_XzB |l 12(T.Hg
— good QCD observable to relate 0.6
"physical observable" to model T=::§ EEE
. : o
dependent chemical potential 04t 158 MeV |
161 MeV
— weak temperature dependence 0sl |
0 | be/T
0 0.2 0.4 0.6 0.8 1 1.2
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Higher order net baryon-number cumulant ratios

on the pseudo-critical line A Bazavov et al. (HotQCD), PRD 101 (2020) 074502
PRD 96 (2017) 074510

constrained Taylor series, demanding strangeness neutrality:
ns =0 and ng/np = 0.4

BB _ Xf (T, ug) B Zzﬂzulw )Zf,k(T)ﬂ’é new STZ,?\R data on proton-number
nm — = 7 B - ratio R7, (/SN ) Presented at
x5 (T, 1uB) mae o (T) il CPOD 2024 by A. Pandav
mean over variance X x=8 (0CD) 12| | 1 T G.'w Z
X _ 2y, — 1 = | R%(Tpe (1), e) |
R12 — (M/O- )X . X2X P(STAR) s L P 1g_5¢319?ﬁ36w |
27 GaV .
— used STAR results on hadron yields 0.8 = i
to convert /s_~nN < uB 06 - n/, .. QCD:NLO[3,2] == i
L. Adamczyk (STAR), PRC 96 54.4 GeV NNLO[5,4]
(2017) 044904 0.4 624 v STARRT, -
QMHRG2020 —
— thermal conditions determined from 02 /.., PDG-HRG — 1
STAR proton cumulants at freeze-out | | ’“B’:T | |
are consistent with those determined ° 0 05 1 15 5 o5
in QCD from baryon cumulants on the
pseudo-critical line D. Bollweg et al., arXiv:2407.09335
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Higher order cumulant ratios on the pseudo-critical line

skewness

RE _ (50'3
31 M

) _ Xz
B Xf

A. Bazavov et al. (HotQCD), PRD 101 (2020) 074502
PRD 96 (2017) 074510

kurtosis
B
X
sz = (ko?)p = ;?3
X2

O(ug) Taylor series =) O(u%) Taylor series for pressure

B maac k
T T
Rfm: Xg( yB) le 1 %gl( )i ns =0, ng/np = 0.4
xB (T, uB) e xm (T)
ps = pg =0
B 1B 4
RE.(T, up) = rBO(T) + rB3(T) ( ) L O(ul) oo no
Tyo = T3
B, B,
RE(T, ug) = r5°(T) + 5> (T) (“B) + O(pg) iy = 33y
ns =0, ng/ng = 0.4 Toe(pp) = To(1 — kd (us/T)?)
X11 X1131Q d B,k—2
rg,o . 1481 T & rf,,;f — rfn’ff = 'rnm (TO) — nzTo Tnm
B,0 — BQ ’ dT
T31 14 s, X80 4 Q1 X)g’l T=T,

HotQCD, Phys.Rev.D 96 (2017) 074510, arXiv:1708.04897
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Higher order cumulant ratios on the pseudo-critical line
A. Bazavov et al. (HotQCD), PRD 101 (2020) 074502

1.2
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nsg — O, ’I’LQ/’I’LB =04

'[ 3 e
08| |22 .m
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04 | _
I 26 ]
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0 3 M
02} ¢ %o 5
L % & m/m=20 (open)
-0.4 i 27 (filled) ]|
06 | -
08 | ' - - - . TiNeY]
130 140 150 160 170 180 190 200
s = pg =0 . .
still well fulfilled also for
B,0 _ B,0
Tg2 = T31 ng =0
r2? = 3r0? ng/np = 0.4
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Higher order cumulant ratios on the pseudo-critical line

A. Bazavov et al. (HotQCD), PRD 101 (2020) 074502
PRD 96 (2017) 074510

skewness kurtosis
3 B B
RB _ So _ X3 RB _ (’4’0_2) . X4
31 — M — B 42 — B — B
B X1 2
ng =0, ng/np =04
O(ug) Taylor series =) O(uy) Taylor series for pressure
B max B,k ~k
RB _ Xn (Ta MB) Zk Xn (T)“B also at NNLO curvature
nm ma,m "’B l B
Xﬁ(T, HB) (T) of R, is about a factor 3
Iarger than that of R
l I 1 L] T D-DS 1 1 L] L] 1 1 1 1
RS, (T.ug) R5;(T.ug)-R5;(T.0)
0.9 T=152 MeV 1 ok o (RF2(T.ug)-R3:(T.0))/3
0.8 Ny=8
. — o0s L T=(155-158) MeV
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H ] i
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03} NNLO: [5,5] i 02F el peT
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Skewness and kurtosis ratios

QCD on the pseudo-critical line vs. STAR data at freeze-out
new STAR data:

O('u%) QCD for mg = (.).’ nQ/nB = 0.4 presented at CPOD 2024
on the pseudo-critical line by A. Pandav
sI2[GeV]: & &y 2 & S N
1 4 i Rx | ! | | | | ! I I I_
mn HotQCD 2020 : R®
0 t2r 5TAH2024-H§2 [ | |
BB = ] R, W i
B
X4 0.8 A
21 =0.69(3) -
X3 Tpc(0) 0.6 [*-n = It
o HIC-data : X =
0.4 QCD:X=B *§+ + +
0.2 - RX 1-
0 | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2
STAR, CPOD 2024 HotQCD 2017, 2020:
R, = 0.80(1) — 0.17(2) (R?,)> RB = 0.70(1) — 0.169(2) (RB,)’
2
RE, = 0.77(6) — 0.44(12) (R},)° Ry = 0.705(1) — 0.556(2) (Ry3)
fitfor 0 < RY, <1 fitfor 0 < RE, < 0.5
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Conclusions

What we learned so far about the CEP in QCD
from lattice QCD calculations:

) the critical temperature is below T, = 1321‘2 MeV

II) the corresponding critical chemical potential
is likely to be above 500 MeV

—» Taylor expansions need to be
resummed in order to reach higherpg/T

—no CEP for up /T < 2.5

IB _
— CEP not in the BES-II range
1 F ﬂ.FI),H'T“I T [pEer=3| — (|nC0”|dermOdE)
— E0S (pressure & number density)
. i W
o8 [oue 2 — | m well controlled for
{P‘B-"T]E- ”B‘FT:E'E & /SNN = 7.7 GeV (.ﬂ
0.6 |Cwe/T) == . = pp/T < 2.0VT > 135 MeV
-
I () .
ol / Un/T=2 5NN =11 GeV % (larger range for higher T)
/pBIT= 1.5 — reliable 1B - range is smaller for
0.2 o " ug/T=1.0 & Vsnn =27 GeV higher order cumulants, given only
0o EE—1 | CT[MeV] | | an 8™ order Taylor series for the
140 160 180 200 220 240 260 280 pressure
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1F Ry B
0.8
- -l

0.6

HIC-data: X=p

04 QCD:X=B
02 r
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0.35 FaconnLops.4) é__
NLO[2,2] ]
LO[0,0] mm é 1
' OMHRGZ202() = 7
i PDGHRG =— é é 1
03  sTARprel
0.25 |
0.2 f—

Skewness and kurtosis ratios

e QCD and STAR results are in good
agreement for /syn > 19.6 GeV

e O((RE)?) QCD results and
quadratlc fit to STAR results for
R%, and R, agree well on curvature
coefficient.

e difference in LO coeflicients may sug-
gest that freeze-out temperature is
slightly below Tpe.

Baryon number - Strangeness correlations

e QCD and STAR results are in good
agreement for /snyn > 39 GeV

e Significant differences between QCD
and STAR results for /snn <
27 GeV

e Good agreement between QCD,
QMHRG2020 and STAR data for

large /snnN suggest sensitivity of
data to missing baryon resonances,
which requires careful handling of
feed-down corrections
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Baryon number - strangeness correlations
HIC at freeze-out vs. QCD on the pseudo-critical line

QCD Taylor series up to O ((up/T)*)
compared with preliminary STAR data

strangeness-electric charge
correlations

s\2[GeV] : 62.4 390 27.0 196 145115 s\2[GeV] : 62.4 390 27.0 196 145115
0.4 _ T T T T I ] 0.42 ' ' ' ' QCD:NNLOJ4 4] e
[ -IXEP 7 X5) (Tpelus) p) L [X3® 7 X3] (Tpelus) Hs)  NLOR2)
I ] 0.4 LO[0,0] |
0.35 [QCD:NNLO[4.4] ] ’ QMHRG2020 ==
k NLO[2.2] é é L PDGHRG —
LO[0,0] mm 1 0.38 arXiv:1412.8614 HjJjH |

- QMHRG2020 ——
r PDGHRG == é é
03 [  sTAR prel

I 0.36 -

0.25 - 034 F

I 0.32
0.2 p—" -

STAR prel. H=H

9 |

pug /T ]

H.W. Feng (STAR), CPOD 2024

D. Bollweg, H.-T. Ding, J.Goswami, FK,
Swagato Mugherjee, P. Petreczky, C. Schmidt,
arXiv:2407.09335

0.5 1 1.5 2

using that isospin violations
are small in QCD:

S
X?l X]1315
st 5
X2 X2
holds to better than 1%

2 ~1
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Ratio of baryon humber - strangeness correlation
and net strangeness fluctuations

Hs — XlBls X?ls 2
— =""T_g5 —4d1—g + O(:U’B)
1B X2 X2
o2 BS, 8 < evidence for experimentally
028 | —Xi1 /X3 not yet observed strange
0.26 - baryons?
0.24
0.22 mn;if%g - + evidenc_e for strong flavor
0.2 12 1 - correlations
16 FeH
016 i = XES 1 2
| _ x§ 3 3
0.14
0.12 ' ' -

135 140 145 150 155 160 165 170 175
D. Bollweg et al. (HotQCD), arXiv:2107.10011

PDG-HRG: uses experimentally known hadron spectrum listed by the Particle Data Group
QM-HRG: uses additional hadrons predicted to exist in Quark Model calculations
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Ratio of baryon humber - strangeness correlation
and net strangeness fluctuations

s X1t X s
_ 11 2 " .
— = ——5 —q1—¢g T O(ung — on the pseudo-critical line
I'l’B X2 X2 MB Tpc(ll'B)
=0 >0
0.3 T T £5 T 0.3 = QCD : O(uf) =
0.8 | bs/Hg=s4(T) + O(g) 029 I ps/ug .g”‘g =-
g /ng =04 0.28 [ QMHRGEEJED —_—
0.26 0.97 PDGHRG = |
0.24 cont. extr. ™ - 026 .
N.=6
GEE t .E. EI | 025 1
0.2 16 /=% | 0.23 :
0.18 (&K PDGHRG — 4 22 .
5 QMHRG2016+ —
ol T TN, oweemm = U
140 145 150 155 160 165 170 0 0.5 1 1.5 2 25

HotQCD, arXiv:2107.10011

at Tpe QCD: —xP°/x5 = 0.236(11) on T,.(up): Taylor series converges
wellup to pup/T ~ 2

deviations from QMHRG increase with
increasing pp/T: O(10%) at pp/T =~ 2

S
—aq1X /X5 = 0.009(1)

for ng/np =0.4= "% —0.245(11)

UB
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Freeze-out parameter from strange baryon yields
STAR2020: Phys. Rev. C 102 (2020) 034909

data are consistent with HRG-model ansatz: Yz; ~ e(B#B+RrQ+SKs)/T

Determination of freeze-out parameters by comparing ratios of multi-strange baryon yields
with HRG-motivated Boltzmann ansatz ln(E/B) — —2MB/Tch + H'S/Tch . AS

E : 10__ T T T T T | T T T T T T T —]
| 3 - ® u /T, thermalfit 7
- ] O pJ T, thermal fit
; g I\E . | yB/Tch
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— - : 3‘
— _ O] ]
|£ - . % 1= u =
- ] 0
S— - = = .
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- . T i - i
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- ’ : 10" . . P
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f =/E Qe ] (S, (GEV)
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1 2 3 4 5 6 7
AS
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Baryon number - strangeness chemical potentials
at freeze-out from strange baryon yields vs. QCD

QCD: STAR:
BS
Hs X711 X11 =
— = -5 — + O(1%) In(B/B) = —2up/Tch + ps/Ten - AS
UB X2 X2
sio[Gev]:200 624 39 27 196 115
' | | | QcD - NNLID[4,4] -
035 - Hs /g NLO[2,2] == |
. B LO[0,0]
QMHRG2020 —
PDG-HRG =
03 F T STAR 2020 ¥4
1 STAR 2017 K

0.25
02 F [l |
pe/T
0.15 ' ' ' |
0 0.5 1 15 2 25
HotQCD, Phy8_- Rev. D 104 (2021) 074512 STAR2017: Phys. Rev. C 96 (2017) 044904
arxXiv:2107.10011 STAR2020: Phys. Rev. C 102 (2020) 034909

STAR multi-strange baryon yields are consistent with freeze-out at T
anda s / I B that reflects contributions from additional strange baryons

F. Karsch, German-Japanese workshop, September 2024 PAY)



The Chiral PHASE TRANSITION in (2+1)-flavor QCD
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H.T. Ding et al. (HotQCD), PRL 123 (2019) 15, arXiv:1903.04801
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The Chiral PHASE TRANSITION in (2+1)-flavor QCD

physical
masses
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H.T Ding et al (HotQCD),

_ arXiv:1903.04801
A. Bazavov et al (HotQCD), arXiv:1812.08235 Anirban Lahiri et al,

arXiv:2010:15593
physical masses chiral limit extrapolations

TP"Y® = (156.5 £+ 1.5) MeV T° = 1321} MeV
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