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Exploring the phase diagram of strong-interaction matter
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Simulating strongly interacting matter on a
discrete space-time grid (lattice QCD)

the lattice: N> X N,
lattice spacing: @

Monte Carlo simulation
1979
1/T =Nra
A A

partition function:
Z(V,T,n) :/DADQ,thE e=Se T T 1

O quark A gluon

:/ DA detM (A, ’mq) e °¢ Mike Creutz
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Phases of strong-interaction matter
determination of T(? puts an upper limiton TCE¥

phys.point & Zf2
| e & w ()

! chiral limit

— My =1

existence of a 1°* order region
formy — Oincreasingly unlikely

Random Matrix A. Halasz, A.D. Jackson, R.E. Shrock, M.A. Stephanov, F-_ Cuteri et al, arXiv:2107.12739
Model J.J.M. Verbaarschot, Phys. Rev. D58 (1998) 096007 Sipaz Sharma et al,

QCD motivated M. Stephanov, Phys. Rev. D73 (2006) 094508 arXiv:2111.12599
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NJL M. Buballa, S. Carignano, Phys. Lett. B791 (2019) 361
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Phases of strong-interaction matter
determination of T(? puts an upper limiton TCE¥

Landau-Ginzburg potential:
Y. Hatta, T. Ikeda, Phys. Rev. D67 (2003) 014028

Tc(m) — Tt'r"ic —c m2/5
non — universal, but ¢ > 0

Tcep < T < T, < T,

1B

Random Matrix A. Halasz, A.D. Jackson, R.E. Shrock, M.A. Stephanov,
Model J.J.M. Verbaarschot, Phys. Rev. D58 (1998) 096007

QCD motivated M. Stephanov, Phys. Rev. D73 (2006) 094508

NJL M. Buballa, S. Carignano, Phys. Lett. B791 (2019) 361

F. Karsch, RHIC-BES seminar, October 2022



Critical behavior in QCD

@ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal scaling function

singular / regular

p _ o ~
i = s mZ(V, Ty i) = —hB=/B £ (8 /R P) — f.(V, T, if)
[ T-T. p)? )
e
c T
Pseudo-critical temperatures g h o~ %
response functions @ magnetic mixed thermal
2" order cumulants
0%In Z 0%°InZ 0%In Z
Oh? Oh Ot ot?
f0(4) critical ) (ml ) 1/6—1 (ml ) (B—1)/86 (ml ) —a/B6
exponents ~ [ — ~ [ — ~ [ —
a = —0.21 T, ﬁ T. ﬁ T. ﬁ
8= 0.38
~ —0.79 ~ —0.34 ~ +0.11
\5 — 4.82) ‘
divergence: strong moderate none
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Fluctuation observables in QCD

| _ OP/T _ _ _
- chiral condensate:  ($¥)1 = 7707 5 (Pl = ((Pv)u + (P)a) /2

. 2 R e
— chiral order parameter: M = f_4 [ms (), — ml(w,bv,b)s}
K

oM oM _

— chiral susceptibility: XM = Mts O + Omy magnetic
u

oM :

— mixed chiral susceptibility: Xt = Ta—T mixed
4(‘94P/T4
— conserved charge fluctuations: Xx = EYE thermal
X =8B, S,...
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Magnetic, mixed and thermal

susceptibilities

— Toc IS NOt a unique value
— depends on observable
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+ 0.5 MeV systematic uncertainty
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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

F. Karsch, NNPSS 2017



Pseudo-critical and critical temperatures

physical
masses
160
170 : , , , :
Tpc [EIEVJ - 155
XM =X |
165 : Xt —CX _ 150
n8'11]\4 Ef.'.*ﬂz =] 145
160 | Q2 M = .[”':_E T
s - p X { 140
TIN5
155 | (156.5 £ 1.5) MeV m | 13s
1/N2 | 130
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H.T Ding et al (HotQCD),

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

arxiv:2010:15593

physical masses chiral limit extrapolations
TP"Y® = (156.5 £+ 1.5) MeV T° = 1321} MeV

also: A. Y. Kotov et al., arXiv: 2105.09842
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Curvature of the pseudo-critical line

— M B-dependent shift of maxima in susceptibilities

— Taylor series, e.g.

xXm(Typs) = Xm(Tpe,0)
o 1 52 2
y XM Yy - XM (”—B> 4 ...
oT 2 9(pp/T)?|,, o\ T
T2a2 8 2
> Ko =~ XM/ Hp
2T8XM/8T up=0

7 Tpe(pB) = Tpe (1 — Ko (”?B)z — K4 (”?3)4 + )

F. Karsch, NNPSS 2017

11



Curvature of the pseudo-critical line
- towards the chiral limit -

— universality relations also relate derivatives with respectto 7" and up

In Z(V, T, ﬁ) ~ _h(z_a)/ﬁaff(t/hl/’gé)

T3

0

o(up/T)> ~ 0T

FK et al., arXiv:1009.5211

Ad(Tuﬂfﬁ — AfCR”O)
OM 1 9°M we\?
— (T —-T.)+ - i
+ 51 T T4 3 gy, (7))

T?0? o
> Ko =~ XM/ HB

pnB=0
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Curvature of the pseudo-critical line
- towards the chiral limit -

derivatives of the chiral condensate {==) susceptibilities

oM 1 8*°M wB 2
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e (22 /s
curvature of crossover line only mildly dependent on H
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Phases of strong-interaction matter
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Summary: Phases of strong-interaction matter

determination of T(? puts an upper limit on TCEF

Tpe = 156.5(1.5)MeV
To _ 132+3M V A. Bazavov et al (HotQCD), arXiv:1812.08235
H.T. Ding et al (HotQCD), arXiv:1903.04801

2

' : T ~ TY — 2.2(5) MeV (“B>
T tric

HotQCD@Lattice2021 (M. Sarkar)

arxiv:2112.15398
TC EP

constraint on the location of the CEP
CEP tri 0
T < T r°C < TC

the temperature range below 1, is
most important for getting information ) TCEP < 135 MeV
on a possible CEP
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Summary: Phases of strong-interaction matter

determination of T(? puts an upper limit on TCEF

Tpe = 156.5(1.5)MeV
To _ 132+3M V A. Bazavov et al (HotQCD), arXiv:1812.08235
H.T. Ding et al (HotQCD), arXiv:1903.04801

2
prem— Tt ~ T2 — 2.2(5) MeV (“B>
Tc tric

HotQCD@Lattice2021 (M. Sarkar)

rXiv:2112.15398
more likely, if
i (B /T)tric > 2

TCEP < Tt’r"i,c < TCO

the temperature range below 1, is
most important for getting information ) TC'EP < 125 MeV
on a possible CEP

F. Karsch, RHIC-BES seminar, October 2022
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QCD thermodynamics at non-zero net baryon-density
- Taylor expansion -

Taylor expansion of the QCD pressure: — =

T4 9FLB7NQ7“S)

4 )

= > et () () ()

cumulants of net-charge fluctuations and correlations:

.

XBQS 3i+j+kP/T4
k: - A7 A ) A
Y NG N1

»B,Q,s=0
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QCD thermodynamics at non-zero net baryon-density
- Taylor expansion -

Taylor expansion of the QCD pressure: — =

T4 9“B7NQ7“S)

4 )

= > et () () ()

N u y,
~B,n BQS
) s =0:X5" = Xnow = X2
1) ns =0: fis — fis(fip) = s1fip + s3fi’y + --.
ng/np =r:fiq = po(in) = q1/tp + gsfip + ...

isospin symmetric matter =) ug =0 < nQ/nB — 0.5

conditions met in heavy ion collisions differ L
little from (l1), e.g. nQ/nB =04
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QCD thermodynamics at non-zero net baryon-density

- Taylor expansion -
Taylor expansion of the QCD pressure: 1= s LBy Qs 1S)
e ~ p )
i1k Xidk T T
\_ 2,J,k=0 Y,

@

Constraints on pug & ps

P(T,pp) _ P(T,0) P, (T) (“?BY + P4(T) (”;)4 + ...

T4 T4
’I’LB(T,[,LB) . dP/T4
T° dip

) (42) 4 v (22

Taylor expansion to 8" order in ug /T
D. Bollweg et al (HotQCD), arXiv:2202.09184 and QM 2022
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HotQCD data collection for (2+1)-flavor QCD-Eo0S

Eo0S:2017:
arxiv:1701.04325
N =6 N =28 Ny =12
6} my T[MeV]  #conf. I¢; my T[MeV]  #conf. I¢] my T[MeV]  #conf.
5.980 0.00435  135.29 81200 || 6.245 0.00307 134.64 180320 || 6.640 0.00196 134.94 0834
6.010 0.00416 139.71 120790 || 6.285 0.00293  140.45 172110 || 6.680 0.00187  140.44 5833
6.045 0.00397 145.05 120770 || 6.315 0.00281 144.95 138150 || 6.712 0.00181  144.97 13846
6.080 0.00387  150.59 79390 || 6.354 0.00270  151.00 107510 || 6.754 0.00173  151.10 14200
6.120 0.00359  157.17 66180 || 6.390 0.00257 156.78 135730 || 6.794 0.00167  157.13 15476
6.150 0.00345 162.28 79660 | 6.423 0.00248 162.25 115850 || 6.825 0.00161 161.94 16772
6.170 0.00336  165.98 49760 || 6.445 0.00241 165.98 120270 || 6.850 0.00157  165.91 19542
6.200 0.00324 171.15 122700 | 6.474 0.00234 171.02 139980 || 6.880 0.00153  170.77 21220
6.225 0.00314 175.76 122730 || 6.500 0.00228 175.64 133070 || 6.910 0.00148  175.76 12303
added O(10)
EoS 2022: 'mes new times new confs,
arXiv:2202.09184 confs. y
N, =8 N, =12 N, = 16
I6] my T[MeV] #conf. I6] my T[MeV]  #conf. I6] my T[MeV]  #conf.
6.175 0.003307  125.28 2,200,000
6.245 0.00307  134.84 1,275,380 || 6.640 0.00196 135.24 330,447 || 6.935 0.00145 135.80 17671
6.285  0.00293 140.62 1,598,555 || 6.680 0.00187  140.80 441,115 || 6.973 0.00139  140.86 23855
6.315  0.00281 145.11 1,559,003 || 6.712 0.00181  145.40 416,703 || 7.010 0.00132  145.95 26122
6.354  0.00270 151.14 1,286,603 || 6.754 0.00173  151.62 323,738 || 7.054 0.00129 152.19 26965
6.390 0.00257  156.92 1,602,684 || 6.794 0.00167  157.75 299,029 || 7.095 0.00124  158.21 21656
6.423  0.00248 162.39 1,437,436 || 6.825 0.00161 162.65 214,671 || 7.130 0.00119  163.50 18173
6.445  0.00241 166.14 1,186,523 || 6.850 0.00157 166.69 156,111 || 7.156 0.00116  167.53 19926
6.474  0.00234 171.19 373,644 || 6.880 0.00153 171.65 144,633 || 7.188 0.00113  172.60 17163
6.500  0.00228 175.84 294,311 || 6.910 0.00148 176.73 131,248 || 7.220 0.00110  177.80 3282
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Up to 8™ order Taylor expansmn for pressure

X
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A. Bazavov et al. (HotQCD), Phys. Rev. D 105 (2022) 074511, arXiv:2202.09184 & arXiv:1701.04325
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Up to 8" order cumulants are used frequently
- imag. chem. pot. extrapolations -

3
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S. Borsanyi et al. , JHEP 10 (2018) 205, arXiv:1805.04445

F. Karsch, RHIC-BES seminar, October 2022




Equation of state of (2+1)-flavor QCD: ug/T > 0

AP(;;“B) _ o “Bz_r: PI0) _ py () ( = >2+ Py(T) ( T )4+ Ps(T) ( T )6+

EoS 2017:

_ - . (10-30)% contribution
/J’B/T =0 “B/T = 2 to total pressure at

0.7 ' | I | .uB'iTzé.E(iy
Dﬁ | I"I5=D,I'IDII'IE=D.5
™ | Olpg /)" wm
| Ofug /T) =m

SNN ~ 7.7 GeV

0.5

~ 11 GeV

o4
o

<10.3

L
L L L L L

(apows sapijjo9) abues ||-s39

2 stout HISQ pg/ T=1.5
(e-3p)/T+ B N - 0.2 ]
p.I’T"' L i / JJBJT=1-'D<:>\/SNN’127 GeV
1 - 0.1 R
s/4T+ BN ] g
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| [} 1 1 | | 1 | [ | | 1 | 1 | [} 1 | 1 IT I[FIIIIIE.IIIHF] 1 | 1 ] 14D 160 13{} Enn 220 24-0 EE{} EBD
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A. Bazavov et al (HotQCD), arXiv:1701.04325
D. Bollweg et al (HotQCD), arXiv:2202.09184
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EoS 2022: Taylor series to 8™ order

pressure net baryon-number density
_I B T I I T I JI_I!_=3 I ] T T T T T T T
ng=0, ng /ng =0.5 ke = 0.7 ng=0.ng/ng=05 pg ! T=3 ]
0.8 'Qma;nj [ ] 0.6 'DElUE‘rTji - pBIT:E.S i
3 0.6 _gE:;EE - HBfTZE.S - . 0.5 ‘EEEJ{EB —
T Z04 ug/T=2 -
ug/T=15 02 | ps/T=10
0.2 prT=1-D ___- 01
0 , T[MeV] | . | | . T[MeV]
140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280
energy density
4 I I I I GLF-'EIJ'TJE -I I . .
35 Asm Qe /T = . range of reliability of 8™ order results
3 | Qe Mp/T=3 depends on T-region
yelT=25 | T > 200 MeV = up/T >3
pe/T=20" T <200 MeV = up/T ~ 2.5
Up/T=15 .. . -
s/ T=1.0- ...but limited by statistics
T [MeV]

140 160 180 200 220 240 260 280 D. Bollweg et al (HotQCD), arXiv:2202.09184

HotQCD in preparation
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EoS 2022: Taylor series to 8™ order

pressure net baryon-number density
1F I I I I I l_-I“EIJ,J!.:S I _; T T T T T T T
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0.8 | 6 . 0.6 |FO(pg/T)® mm - }
3&31@: eI T=25 Olig /T)* wm pg!T=25
- | O(g /T)® == B ' - 0.5 FO(ug /T)® mm E
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4 T | | M E = T -
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Nl S e is well controlled for ug/T < 2
i or equivalently /snyn > 11 GeV
pupl/T=25 . -
l=> convergence of expansions for higher
ps/T=207 order derivatives slower, but same radius
PelT=15T of convergence as pressure
. g/ T=1.07
D 1 1 l 1 IT[MF‘.]U] 1

140 160 180 200 220 240 260 280 D. Bollweg et al (HotQCD), arXiv:2202.09184
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EoS 2022: Taylor series to 8™ order
eliminating the chemical potential

hatched bands: . AP(T’ nB)
O(g?) pert.th.
' ' ' ' T ~ ' [ T T T T i
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4™ order Taylor series is a good approximation in this parameter range
=) closed expression for Eo0S
N1(T)
ip(Ty,ng) = y(T,np)Y? — — "~ y(T,ng)" /3 ip = pp/T
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3(T) \ 2N.(T) 27N5(T) 2N1(T)
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Pressure and energy density on
lines of constant s/ng

S ~ ng=0,np/ng=0.5
NN — 3.5 M 1 .
200 39 27 11.5  [GeV] sl P
300 F |T [MEV] | i I | B==s/ng '= 400 7 o5 |
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1751 1.00 i} 0.5 TIM i
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— 4™ order Taylor series suffices to
describe EoS in almost the entire
parameter range covered by BES
(collider mode)
= = | | | | | T[MEIU]
HotQCD, in preparation 2

140 160 180 200 220 240 260 280
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Comparing Taylor series and Pade resummation

Taylor series

Ap _ p(T,pus) p(T,0) i Pyi (T) (uB)

T4 T4 T4 4
_ P? -
P ( + x + Cﬁ,ziG + 08,23_38 -+ ) use P, >0, P, >0
4 T =+/Py/P; (nB/T)
Pg P Py P?
Ce,2 = P70 Cg 2 = p?

Pade approximation

(1 —c6,2)T% + (1 — 2c6,2 + cs,2) T*

Py 4 = — —
BT (1~ co,2) + (cs,2 — c6,2)T2 + (cZ 5 — c5,2) T
T P2
pressure: p(T; 15) 2 P[nm] (similar for nglT3, e/T".....) OR.....
T4  (nm] Py

energy density: (Ae) — 3 (Ap> + T d (P22P )
| T [nm] T [nm] dT' \ Py .
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Comparing Taylor series and Pade resummation

T =135 MeV . T = 155 MeV
0.7
0.2 | AP /T? AP/T?
0.6 .
T = 135 MeV o5 | T=155Mev |
0.15 Pd[4,4] F’d[4,g]
Taylor :C}{,ug) 0.4 | Taylor :O(ug) i
0.1 B . 03 | -
0.2 + .
0.05 .
0.1 .
0 1 ] ! 0 L L
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 2.5 3 3.5
IJ,Q = ) nS p— O
0.14 i 1 | I I 0‘4 B I I 1 I T i
ng /T3 ng /T3
012 | | 0.35 =
03 | .
0.1 F T=135MeV . T =155 MeV
Pd[3.4] 025 F Pd[3.4] .
0.08 |- dPd[4,4)/dug g dPd[4.,4)/dug
Taylor :O(,u;} 0.2 | Taylor :D{'p;} .
0.06 | —
0.15 | N
0.04 7 01 F ]
0.02 | . B _
up ! T 0.05 ps!T
0 1 1 1 1 L 0 | 1 1 | L
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

agreement between Taylor series and Pade approximants in a larger pt g range at
higher temperature; qualitatively similar & g dependence HotQCD in preparation
& arXiv:2202.09184
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Comparing Taylor series and Pade resummation

T = 135 MeV . T = 155 MeV
1.4 -
7 -
B Aem i Ae
121 1 S35 Mev 6 - T=155MeV
r Pade i 5 Padse 7
08 | Taylor :O{,ug) | 4 _Taylor ‘O(pg) |
Pade44 Pade44
06 . 3+ _
0.4 [ . 2 -
0.2 . 1r N
0 ' 0 '
0 0.5 1 15 2 25 3 35 0 0.5 1 1.5 2 2.5 3 3.5
po =0, ng =0
I | I I 1 I I 8 ) I I I I I I
1.4 1
? -
192 | As T3 i As /T3
T =135 MeV 6 L T=155MeV
r Pade 1 5 F Pade
0.8 | Taylor :0(uf) i Taylor :O(u®)
Pade44 4 r Pade44
0.6 7 3 | .
0.4 1 2 | -
0.2 . 1 b _
0 : 0 :
0 0.5 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2 25 3 3.5

agreement between Taylor series and Pade approximants in a larger pt g range at
higher temperature; qualitatively similar & g dependence HotQCD in preparation
& arXiv:2202.09184
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130 140 150 160 170 180 190 200 210 220

3 I 1 | 1
2.5 &_——_ HB/T =29 T
A el
2 F Olug / T)E =m i
_ Pade NB/T — 2.0
15 .
-I | IJIB/T = 1.5 |
0.5 _#B/T=1.0 4
0 . . _T[MeV]
150 160 170 180 190 200

EoS 2022: Taylor series versus Pade

pressure 6™ order and [2,4] Pade

A P4

[J,B/T = 2.5

Ofyg /T)® wm
Pd24

[,l,B/T = 1.0

T [MeV],

energy 6™ order and Pade-deriv.

0.5

0.4

0.3

0.2

0.1

0

pressure 8" order and [4,4] Pade

130 140 150 160 170 180

1.5
1
0.5
0

145 150 155 160 165 170 175 180
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energy 8" order and Pade-deriv.

B [,LB/T=2.5 7]
Pade

] /,LB/TZZ.O )
" =
i [,LB/T=1.5 1
i

: us/T =10 _
o TIMeV]




Poles of [n,n] Pade approximants in QCD

k—1
~B,2 ~-B,2
4 n +iO.. 4 Cot g = 2Xo 12x,
o = ITc4€ © < T ~B,2k ~B,4
Bie © ’ ’ (2k) X0 0
complex poles move to real axis as distance of complex poles from the
temperature decreases origin is given by the Mercer-Roberts
estimator for the radius of convergence
e =0,mns=0__
4t . i T T T T T T T
(18 ng = 0:N=2 &1
fe,n n=4
2t 1 6r ps=0: N=2 1B o]
T=135 n=4
Y T=140 ‘
PN 0 - T-145 | S
_E T=150

T=155
= Ny
_9 | T=165 ]

g b T [MeV]
0 1 2 g _1 5 2 135 140 145 150 155 160 165
Re jif;, HotQCD, arXiv:2202.09184
within current errors poles on the real axis (critical point)
are possible only for T < 135MeV , ug/T > 2.5

higher statistics will sharpen the constraint
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Higher order cumulants
- Taylor expansion of QCD EoS and the HRG -

P
Taylor expansion of the QCD pressure: — =

T4 7“B7U'Qvu'5)
4 -~ N I
Z BQS( ) I"’Q /’l’S
i et Xidk T T
\_ 2,J,k=0 )

cumulants of net-charge fluctuations and correlations:

BOS 8"+3+"’P/T4
ngk: _

cumulants at vanishing chemical potential
provide information on the equation of state
as well as freeze-out conditions at small
non-zero chemical potential
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Ratio of baryon number — strangeness correlation and

+ O(py)

net strangeness fluctuations

0.3 : :

) evidence for experimentally
0.28 not yet observed strange
0.26 baryons?
0.24
0.22 evidence for strong flavor
0.2 correlations
0.18 BS

X11 L 2x1%

0.16 ——3 -+ -
0.14 X2 33Xz
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 number — strangeness correlation and
net strangeness fluctuations
BS ratios probe flavor-correlations

DB I T T 1 1 | | | 1 I
028 | —xB%/x5 0.005 Ty = - (¥ +xF) o &
-0.01 & -
0.26 |
-0.015 = ‘% .
0.24 | 0.02 i %
. =U. 7]
0.22 | mh::"ﬁw ] cont. extr. ==
8 W 0.025 B, N, =6 & ]
0.2 1211 - i
16 Ko -0.03 =
018 + PODG-HRG == - HEH
QMHRG2020 == -0.035 12 e
014 . : PDGHRG —
: T [MeV] -0.045 T[MeV] QMGHRG2020 — 1
D.1E I . . L A 'D.DE ] | ] ] ] ] 1
135 140 145 150 155 160 165 170 175 140 160 180 200 220 240 260 280
conserved charge (=) quark number fluctuations: (’)(g6 In gz)
BS _ _lyus __ 1.ds _ 1.s J.-P. Blaizot, E. lancu, A. Rebhan
X11 = T3X11 T 3Xi1 — 3X2 o . N |

Phys. Lett. B 523 (2001) 143

O(10) stronger flavor correlations at 17,
than at 277,
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Baryon number — strangeness chemical potentials at
freeze-out from strange baryon yields
BS ratios probe strangeness content in an HRG

B QS
s X11 X11
S = XL g ML 4 o)
S
1252 X2 2
- $/PGevi20062.4 39 27 19.6 1.5 7.7
a | | | + ] ] | | | I
ps /g = s¢(T) + O(ug) ue ! g HotQCD:NNLO =
0.28 I | /ne=04 035 | STAR, Lo ==
ratne=" | @ arxiv:1010.0142 QMHRG2020 —
0.26 - araiv: PDGHRG —
03 T Yields: A, 2,0 &
0.24 cont. extr. W | | -
NT _6 A R, arXiv:1906.93732
0.22 12 E 1 o025 .
0.2 16 =4 | 1
0.18 = PDGHRG — _ 0.2 & h
u QOMHRG2016+ — PBM et al : lower limit
T [Me pgl/T
'[}15 | [ w | 'O]MHHGEDIED — 7] 015 | ] | ° | | ]

140 145 150 155 160 165 170 0 0.5 1 1.5 2 2.5 3

HBs
STAR multi-strange baryon yields are at Tpc QCD: ug ~ 0.24
consistent with freeze-out at T
and a g/ pthat reflects contrlbutlons PDG-HRG: Hs ~ 0.21
from additional strange baryons uwB
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baryon number — strangeness correlation
from HIC

0.3 | B | ' | | | for Skellam distributions mean values
028 [ —x10 /x5 and second order cumulants as well as
0.26 QCD ~0.24 correlations are related:

0.24 : XN
conl. axir.
0.22 | / Hﬁgg i F VT3 ((Ng) + (N—q))
0.2 from ALICE data: ]E E ]
018 the lower limit PDG-HRG = - | |
arxiv:1412.8614  QMHRG2020 = XN 1 q )
0.16 . T2 = vrs Z n“({(Np) + (N_pn))
0.14 T [ME\.I"] 7 n—1
{]‘12 | | | | | | XNM 1 M
135 140 145 150 155 160 165 170 175 .
. . o T2 o VT3 Z Z nm(Nn’m>
testing assumption of Skellam distribution: n=—qn m=—qu
X2 > 2+ =) + (=) lal =1 (B), 2(Q), 3 (95)
+ 8(E) + 6(Q7)] = 97.4 + 5.8.
s getting control over B rather than P

T2 = VT3 [((KT) + (K?) + (A + X°) + (=T) fluctuations is important!!!

+ (7)Y + 4(E7) + 4(E°) + 9(Q7) + antiparticles) XBS

— (Cysr+ +Tgr- +Tpmro + Ty go) (@) = (504 £ 24). mmmm > > 0.193(22)
XS

P. Braun-Munzinger, A. Kalweit, K. Redlich, J. Stachel,
Phys. Lett. B747 (2015) 292, arXiv:1412.8614
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Ratios of second order cumulants at ug = 0
- observables at the LHC ? -

0.8 T T ] I | T ' '
JBQ ; .BS . -
0.7 @2 Xt/ WH;E:IE b T - XPH /X Al SON
F =T
0.6 12 HEH
16 FeH -
05 PDGHRG — _ cont. extr.
QMHRG2020 — i Ne=6 A |
8 H=H
0.4 12 H=H
16 HgH
I~ OMHRG2020 —— 7
03 QMHRG2020[w K (700)] = *
Virex. = =
0.2 | |
T [MeV] T [MeV]
D.1 ] | 1 ] | 1 ] I ] ] ] ] 1 | 1 1
135 140 145 150 155 160 165 170 175 140 145 150 155 160 165 170 175
BQ ;. BS BS /85 = 0.623(40)
X11 /Xll —0.368(24) X11 /X112 = Y.

xff/x? = —0.236(11) == QCD crossover temperature

Tto = 156.5(1.5)MeV

I:I at ALICE freeze-out temperature

large deviations from PDGHRG
still 25% deviations from QMHRG2020

sensitive test of QCD

F. Karsch, RHIC-BES seminar, October 2022 :




Ratios of 4" and 2" order cumulants

- large deviations from Skellam -
ly] < 0.5, 0.4 < pr < 2.0 GeV

1.2 — ,

1 | 12" c/c, (STAR Preliminary) -

vVSNN = 200 GeV
0.8 ( ) I
0.50(3 +
0.6 cont. extr. - 08 ®A g ‘e —
04 | 8 veH o T e -~
12 I'Eﬂ ir : I‘ﬂu Iqﬁ.-" hq-" J ':-:IQ,-'L h?.-' o J

2T e T [MeV] 1 94 - -HReece p+p O Zr+Zr |

ﬂ | | 1 | | | 1 | | Lattice

130 135 140 145 150 155 160 165 170 175 02| Pythia 8.2) “ AU+AU H”+H”Nh S

10 100 1000

1.2 |EIS |BE | I I I I Ho-San Ko @ QM22

1 X3T/Xi1 | — ratios of 4" and 2" order cumulants differ

from non-inter. HRG for T>145 MeV
0.8 .
0.59(3) — they change by ~(20-40)% in the crossover
0.6 cont. extr. ) - region
My =6 R ..
0.4 L " 8 e sensitive probes for freeze-out
12ire0 at ALICE freeze-out temperature

021 HRG — T MeV] 1 Tto = 156.5(1.5)MeV

S O sTARat200Gev: Ty, = 165(3)MeV

130 135 140 145 150 155 160 165 170 175
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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 400 MeV

—_» Taylor expansions need to be
resummed in order to reach CEP

—no CEP for up /T < 2.5
— CEP not in the BES-II range

07 F ' ' e~ 7.7 GeV (in collider mode)
0.6 F HSZG:HQIHE:{]’.E .
B T - — E0S (pressure & number density)
0.5 [Olus/T)" = 1l gey D well controlled for
Eo4 = pp/T < 2.0VT > 135 MeV
q
<03 ug/T=15 § (larger range for higher T)
0.2 . ® . .
pp/T=10 & syn ~ 27 GeV — reliable i B - range is smaller for
o1r - higher order cumulants, given only
0 b— ' . ' * : an 8™ order Taylor series for the
140 160 180 200 220 240 260 280 pressure
T [MeV]

40
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