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When we entered University...

Quantum Chromodynamics

three generations of matter interactions / force carriers
(fermions) (bosons)

I I III

mass | =2.16 MeV/c? =
charge | % %
%

% 0
spin | % U C ¥ t 1 9
up charm top gluon I

=4.7 MeV/c? =093.5 MeVv/c? =4.183 GeV/c?
¥ ¥ =¥

.l 1- & |- @

down strange bottom

1.273 GeV/c? =172.57 GeV/c? 0

J.B. Kogut, Three lectures on lattice gauge theory,

in: Many degrees of freedom in particle theory (1976),
8" International Summer Institute on Theoretical
Physics, University of Bielefeld, 1976 (edt. H. Satz)
and

Rev. Mod. Phys. 51 (1979)

Goldstone-Modes

Y. Nambu (1960)
J. Goldstone (1961)
Y. Nambu, G. Jona-Lasinio (1961)

QCD

H. Fritzsch, M. Gell-Mann, H. Leutwyler, H. (1973)
D.J. Gross; F. Wilczek (1973)

H.D. Politzer (1973)

K.G. Wilson (1974)

Chiral symmetry restoration

D.J. Gross, R. D. Pisarski, L. J. Yaffe (1981)
J. Kogut et al. (1983)

Parity doubling and chiral symmetry restoration

T. Hatsuda, T. Kunihiro (1985)
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Strongly interacting matter in the '70s and early '80s

HRG~1964

Phase diagram of QCD

LGT~1980

! i
! Rolf Hagedorn:

Hadron resonance gas,
1 ultimate temperature?

| N. Cabibbo, G. Parisi,
Phys. Lett. 59B (1975) 67
Mike Creutz

— the physics/thermodynamics of strong interaction matter is described by the
theory of strong interactions — Quantum Chromo Dynamics (QCD)

— understanding highly non-perturbative/collective effects like phase transitions
requires the application of numerical technigues — lattice QCD
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Deconfinement & Chiral Symmetry Restoration

oo—~————- )
a) SU(?’) @ deconfinement and chiral symmetry restoration
Ty e ’ are closely related in QCD
_0.4— o W o W J. Kogut et al., PRL 50 (1983) 393
Wy
6 :
Q.3 : ) thermal screening masses
i di2 — parity partners degenerate
| close to Tc
Q2r i | )
1 08 T
l ] - 08
Olr fi 104 i 18
: 4 i 06
O I““?"‘T_‘E: t\l& [ 1
48 50 52 5
B=642 0.4
W: Polyakov loop expectation lo2
value |
(1pp): chiral condensate

0n 03 02 01T TGV
T. Hatsuda and T. Kunihiro,
PRL 55 (1985) 158
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open question: What about the influence of the chiral anomaly?
Is the chiral phase transition really in the O(4) universality class?
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Symmetries of QCD
‘CE — EG + £F ’ ‘CF — Z"Zf('Yqu, + mf)’l,bf

I
'Qbf = (¢f,L7 @bf,R)
My = (YuDp + my)

Lr = ($r,evuDuts + b, rYuDutos,r + ms(Pp5.r + Vs rY5L))

— diagonal in left and right handed fermions — mass term breaks
iIndependent L/R rotations for each flavor chiral symmetry

chiral symmetry: U(ny) X U(ny)
2
U(].)V X U(l)A X SU(’I’Lf)L X SU(’I’Lf)R

U(1)a SU(ng)r X SU(ng)r
Yo(x) = ei075’¢,b(w) "WL/R(‘B) = UL/r Yi/r(T)
159 (x) = 115(5‘5‘)9":6’75 1E/L/R("‘”) = Yr/r(x) UIT;/R

Universality class may be U(2)xU(2) UL, Ur € SU(ny)
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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

In Z(V, T, i) = —hZ=/P g (t/h/P%) — £.(V, T, i)

1
T4 ~ VT3
/ ¢

<

— hl/86
. . . my 1
— symmetry breaking field (=) light quark massesm.: H = — , h = h—H
ms 0

— temperature-like field ¢{==) does not break symmetry of the massless Hamiltonian
1 (T — T,

t = c K 1>
tO Tc -I_ ZHJE _I_ )
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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

In Z(V, T, i) = —hP= /P fe(t/nY/P%) — £,(V, T, i)
T4 VT3 Z

z hyperscaling relations:

(2—a)/B6=1+1/5

Pseudo-critical temperatures

response functions @ magnetic mixed thermal
2" order cumulants
0%1In Z 0%In Z 0%In Z
Oh? Oh Ot Ot?
(" o) critic?u\ (mz>1/5_1 (ml>(ﬂ—1)/35 (ml)—a/ﬁd
exponents X ~ | — Xt ~ | — cy ~ | —
a = —0.21 Te ﬁ T. ﬁ Te ﬁ
8= 0.38
~ —0.79 ~ —0.34 ~ +0.11
\5 = 4.82 )
divergence: strong moderate none
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Chiral order parameter and susceptibilities ( me¢ = m, = myq)

chiral condensate: (Y1) = OP/T My = mg{(P)e/ fr
Omy /T ’ ¢ s LIk
_ o B OM,
chiral susceptibility: Xe = Mg g

chiral condensate needs additive and multiplicative renormalization

renormalized order parameter

1 _ _
Mgyp = f—4 [ms <¢¢>£ — 2my <¢¢>s} or M = M, — HXE

K
: T M.ub O Msub
renormalized susceptibilities X;,°*"” = Ms
8mg
OM magnetic
Xon = M
Bmg
oM
M
Xt(T) = —Te—r
oT mixed
Mo 0°*M,
t(fg) A O,
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The chiral phase transition in QCD

chiral (flavor) symmetry: SU(2)r X SU(2)g = O(4) spontaneously broken at T=0
Goldstone boson: M, ~ /mg

axial (U(1)a ) symmetry: U(1)a explicitly broken at T=0
non-vanishing §(ag), ' masses

— chiral symmetry does get restored at high temperature: T,

—is the U(1)a also "effectively restored" at T ~ T, ?

T OInZ _

order parameter for chiral symmetry breaking (Y) s = — = (Ter_l)
4 am-f m,[MeV]
(1)) ; needs additive and multiplicative i M ~ (4¢p) H:ﬁ = 160
renormalization \ H="" 10 o
e 1/80 +
15 1/160 +<- | 55
0 _
°T 0
chiral
0 limit

| | | | | : =
135 140 145 150 155 160 165 170
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staggered fermions do have a global U(1)xU(1) symmetry
(remnant of the chiral SU(n)xSU(ny))

U(1) X U(1) : independent phase transformations on
~ O(2) even and odd sites of the lattice

’l,b:a — 8191¢e ’ ,&; — e—sz,l'Ee
’Qb(l) — ewz"abo ? /‘Z; — e_wl"ﬁo

. . 0.25
m==) jts spontaneous breaking <>

generates one Goldstone pion o020 | physical: 1/27

(Yp) ~ A(T) + B(T)/me + O(me) ™7

0.10 _:\A\

o5 0.96<T/T <1.06
-0 ,T<T. -

1 rnI/ms
0.00 — . . L L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

continuum limit with staggered fermions

recovers O(4) flavor symmetry: lim lim lim

my—>0a—>0V —o00
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Chiral symmetry restoration

Mya — 0 ===  SU(2)r x SU(2)r unbroken for T' > T,

renormalized order parameter y rescaled order parameter
M H =1/20 vbn @% H-Ynp H=1/20 A
20 H =1/40,1/80 1/27 =+ A 35 - 2
140 < T < 148 1/40 HOH %} 1/27 e
e\ x2/DOF = 4.1 30 b % 1/40 ~o~ -
S 1/80 +
15 - % 8 1/160 + | 25 %A Y80
&\ 0 1/160 <
5y O 20 - & .
10 —
® W 15 L /®V N‘r = 8 |
& = T, = 143.8 MeV
20 = 1.45(3) 10 - ol i
1T, =143.8(2) N &
he'/® =39.0(3) | S 5L v © i
_ & ¥ e =] A ﬁ@ N
0 \ \ \ \ ! 2 D~ 5 0 ! I I A%E]g =\ L e
135 140 145 150 155 160 165 170 —-0.5 0 0.5 1 1.5 2 2.5 3 3.5
T[MeV] (T — T.) F7—1/85
T,
_ e : 1
M = My — Hy, = h'? (fa(2) — f(2)) + £(T, H) _
rescaling makes
f ( ) use of
H.-T. Ding,..Mugdha Sarkar..et al, Gx\= O(2) universality

arxiv:2403.09390
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Goal: determine universality class for
chiral symmetry restoration without prlor mput

1.2 . 0.5
QAN H 1/27 —
1.1} 140 — B(T.H2) o)
1/80 — 04 | zg=1.42
1} 1/160 —
09 | 03 |
08| oo INZN_---- -0
1/
0.7 | 0.2 7
i H=1/40 —
06 01 [ 1/80 —
05 | 1/160 —
T/T T
0 4 I I I c I 0 I I I I I c
0.96 097 098 099 1 1.01 1.02 1.03 1.04 N — 8 097 098 099 1 1.01 1.02 1.03
L=
M(T,HYH % = hg '/’ fc.(2) B(T,H,c) = ln(M(T cH) /M(T H))/In(c)
04 T T T T T
40 | T T T T T ]
&M(TH)/HY T - B(TH,0)
A H1= 20 = 638 |-
27 '
35 2 0=2, H=1/160 —
80 HA 1/80 —
03 | 1/40 — .
30 - c=2.96, H=1/80 —
25 L e P~ L
20 0.2 .
15 F 0.15 E
T [MeV]

10 . 0.1
140 142 144 146 148 150 152 S. Mitra, FK, S. Sharma, 140 141 142 143 144 145 146 147 148

arXiv:2411.15988
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The Chiral PHASE TRANSITION in (2+1)-flavor QCD

M ~ msaln Z/aml

m; = 0

“mixed”
susceptibility

0%In Z
8T8ml

~ (ms/ml)0.34

(160/27)°-3% ~ 1.8

Xt

25 —
M : mg/m; | m, [MeV]
B g
1 in? 20 “e © H 2011605
magnetlc *,0 Fg 27 [140 o~
- s £ &
susceptibility sl ws, ®° ® oo e )
v % e 80 | 80 ——
¥ - 160 | 55 —
| s w A o
2 10 = " . [
w = =
0“In~Z - o ©
jk:]bf- ~Y 5 St oA ©
8ml T [MeV] Vo
0 L L L L " L L L L
~ (m /ml)0.79 130 135 140 145 150 155 160 165 170 175 180
S . .
v mg fixed, physical
0.79
(160/27)%7° ~ 4 m; = 0
700 —_— - 120 I
M ||||"'~..qi mg/m; | m [MeV] -TOM/@T
600 ’ﬂ' \ 20 160 & | 100 |
¥
500 | N8 / \ 27 140 o N8
} \\ 40 (110 —&— 80 |} T
400 ¢ fé’ pt—y \ 80| 80 &~ -
5 ')‘ 4 ¥ 160| 55 —o- 60 |
00 ¢ f P B\
&\‘h ..@"""_@ _______ @‘-_._,\K\ 40 t p
200 | o .@ o o ~@ "',i
o 909' ® & & g = @ & f
100 ¢ o @ge® = o0 |
RS T [MeV]
0 — 0

130 135 140 145 150 155 160 165 170 175 180

m, =
/,ullln\ mg/m; = 20
N 27 |
JOTS 40 W
/ \\ ~"t.. 80 ]
\ '\l 160
\ ||
\ ]
\
\\
\
]
\
\M
\
\
T [MeV]

H.T. Ding et al. (HotQCD), PRL 123 (2019) 15, arXiv:1903.04801

130 135 140 145 150 155 160 165 170 175 180
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Pseudo-critical and critical temperatures
_ 1/86 _ physical

Tpoo(H) =T, + 2, T-H , x = peak,9,.... masses

. Ts T at ~60% of peak helght

160

165 =1 .(H) [MeV] chiral limit at fixed N, =
chlral I|m|t after continuum

T [MeV
(MeV extrapolation

joint fit w/o H = 1/160 155 [

160 = 2/d0f =117

o Vet

{x0

150 [~

155 -

AT ~ 25MeV

145 [~

12 I?—
NT — 67 87 --’-

150 - 140

_ 135 !__.------' _
145 Zo; ifg e Xi(to) A | ------- ¥ Nr = 3, 12
Xtmy HH 130 Ts: 7 =
N, =38 H = my/ms Xi(r) *EH H=mymg
140 | | | | | 125 l 1 ' L !
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04
H.T.Ding, O. Kaczmarek, FK, P. Petreczky, H.T Ding et al (HotQCD),
Mugdha Sarkar, C. Schmidt, Sipaz Sharma, arXiv:1903.04801
arXiv:2403.09390 Anirban Labhiri et al,
arxXiv:2010.15593
physical masses chiral limit extrapolations
TP"Y® = (156.5 £+ 1.5) MeV T? = 1327 MeV

A. Bazavov et al (HotQCD), arXiv:1812.08235 _
also: A. Y. Kotov et al., arXiv: 2105.09842
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Critical temperatures at non-zero chemical potential
— curvature of the critical line in the chiral limit -

< h1/135
Tpc,m(H):Tco(l—l——wﬂl/ﬁ‘s—ﬁzzB(p,B/Tf—k ...... ), H="% =20
<0 mg to
B/ HB\2 BsMB HKS g /S \2
TC([,LB, ...) = TC(:)(]' — K’Z (—) — lﬁ'lll ?? — 1432 <?) —l— ...)
curvature coefficients
@ tri-critical point f(H) B 1 82M£/8ﬂ?ﬂ
=== ()(4)-critical line 2 o 2T, OM, /0T .
=== 7/(2)-critical line (Te,/i=0)
15Lorder plane f=8B,8
hiral pl ~ ~
chiral plane RBS(H) _ 1 (82M£/8H38I1'S>
11 2Tc 6M£/8T (Tc,ﬁZO)

> H.T.Ding, O. Kaczmarek, FK, P. Petreczky,
UB Mugdha Sarkar, C. Schmidt, Sipaz Sharma,
arXiv:2403.09390

: a
Htri .U’cep
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The critical surface in the us — us plane

chiral limit 1ns=0 ng=0 o=
extrapolated ) > Ky > Ko
; , ,
& 144
R
o 142 12
T 140 140
: i .
~ 134 137
?Q 132 136
= 130 135
~
! 0.8
0.5 — 06 .
pp/T Lomm02 o pug/T
— pus=0 _ B __
ps =0: k=% = kB = 0.015(1)
0 B 2 Ky Ky B
ng=— _ _
ng=0: K3° =Ky [1+s8i—F5 +281—5 | = 0.895(31)k,
K2 K2
1 K,S 9 BS
=0 B 2 11 ns=0
— () kb= = K 1+ ——= — = 0.972(19)k.,*°
s 2 2 9K,ZB 3 K,zB ( ) 2
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determination of TCO puts an upper limiton TCEF

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

2
Tt ~ T° — 1.9(6) MeV (’;B>

tric

more likely, if

% (/J'B/T)t'mc Z 2

TC’EP Tt'rzc < TO

the temperature range below T. is
most important for getting information | TCEP ~ 125 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

2
Tpc(p,B) = 156.5(1.5)MeV (1 — 0.012(4) (%) —/ 4+ )
=) toreach T < 125MeV T < 110MeV
need pup/T ~ 4 pup/T ~5
up > 500MeV pup > 550MeV
my extrap.
[
108 o Io I | elrmlal il _f
3 o tofTohemalth -
Hﬁ o - = MB/Tch :
o 5 B g/ Ten . Search for the Critical End Point
g L - | requires beam energies
= - - 9 .
. R 1 Vinn <5 GeV
I cenira u+AU ) @ | .
10-1_8,'TA,R,’ | 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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Constraint on allowed region for location of the CEP

Ding,..Mugdha Sarkar,... et al., arXiv:2403.09390

— based on determination of T.(+B) and apparent convergence of Taylor series forup /T < 2

— DSE: Wan et al.,, arXiv:2401.04957
o00——— T————— T ——— |~ FRG-DSE: Gao et al., 2002.07500
' mMevi DSE: Gunkel et al., 2106.08356
pc[MeV] — .- DSE:Luetal., 2310.18383
---- FRG: Fu et al., 1909.02991
_____ Lattice: HotQCD, 1812.08235
150 - Lattice: WB, 2002.02821
Lattice: Ding et al., 2403.09390
100 - figure based on
. Wan et al. compilation
50 - E
i ps[MeV]
O v v v 1 v v v 1 v v v 1 v v v
0 200 400 600 800
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Screening masses, thermal susceptibilities and U(1). breaking/restoration
FK, E. Laermann (in: QGP3), hep-lat/0305025

2-point function with hadronic currents that project onto various hadronic channels
q

(1 scalar
r FH Iy =Tp, Tp =4 Y5 pseudo — scalar
H Yu vector
_ Y75 Pseudo — vector
q

G(T, 7 = (Ju(r,7J};(0,0)) ;5 Ju(r,7) = §(r, ") Tuq(r, 7)

Spectral representation of thermal correlation functions

oo d3p -~ cosh(w(T — 1/2T))
G'B yT) = / d / , 0, T') "
()= | do | oog onle.pT)e sinh(w/2T)

1/T ~
Spatial correlation functions: Gg(z) = /0 dT/dzJ_<JH(TazJ_)JIT—I(OaO)>

= [T s [T g 7 (P> 0157:)
—oo 2T —oo Po
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Thermal susceptibilities are integrated thermal correlation functions:

XH = /dz GISJ(Z)

Scalar, flavor non-singlet 2-point function: H = §(ag)

Xs — /dea(z) = /dz Zq — Xcon

Scalar, flavor singlet 2-point function: H = o

= [ a6 = [ RGO O))

— Xcon + Xdisc

pseudo-scalar scalar
flavor non-singlet SU(2)LXSU(2)R flavor singlet
XS,con nitysd "0 uu Yoon X gise
i
), uft),
Y

Leon O:tud +— *NiuYsu Xs,con_XS,disc

(@o) ~
scalar SU(2)Lx SU) g pseudo-scalar
flavor non-singlet flavor singlet
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Effective U (1) o symmetry restoration above T,

1000 ¢
7w :Jps ~ Uysd & § (ag) :Jg ~ ad ;
100 }
temporal correlation functions: [
10 |
effective U (1) 4 symmetry restoration
at high T ’
y ' ' ' ' ]
[ Gu(rT)/T3 pseudo-scalar — = _
1000 scalar =1 4000 |
r H ] F
100f = 0.9 T, = 100 }
. D |
[ - [ L I I
10 ¢ . - . - 10 ¢
: " . . s ' ] :
5 'CT e 5
1 ' ' : : 1
0 0.2 0.4 0.6 0.8 1

quenched QCD, Wilson fermions: FK, E. Laermann, hep-lat/0305025
F. Karsch, Never at rest, February 2025

[ Gl(TT)/T3 pseudo-scalar —=—
scalar — = :
: :
- [ |
- 0.6 T, =
m N .
u [ |
u "2 g u ™ -

A -, = m ¥ '- ' TT
0 02 04 06 08 1
1 ' ' ' ]
[ Gl(13T)/T3 pseudo-scalar — = ;
scalar —=— :
| -
" [ | J

o 15T, -

. m
o -
= m

N N i
TT ]
0 02 04 06 08 1
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Effective U (1) o symmetry restoration above T,

thermal screening masses

— parity partners degenerate mier

2.00 2.00
scr [GeV]
1.75 1.75
1.50 1.50 4 K
tay 1.25 4% 1.25
1.00 4“0 1.00 ~
0.50 - I axial vector 050 455 I axial vector
vector vector
: 5(0%)25 40 B scalar 0.25 - B scalar
- LS T [GeV] I pseudo scalar T [GeV] I pseudo scalar
0.00 T T T 0.00 T T T
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30

A. Bazavov et al (HotQCD), arXiv:1908.09552

— (2+1)-flavor QCD calculation with physical light and strange quark masses

— need to take the chiral limit: lim lim lim Amsc’“, (T,H) #0 77
Hgep—+0 N 9400 N

chiral limit  continuum limit  thermodynamic limit
F. Karsch, Never at rest, February 2025
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Effective U (1) o symmetry restoration above T,. : Screening Masses
() N,/N, > 1 (0k) (i) continuum limit at fixed 1 /m

275 q1Mscr [MeV] 7 continuum Mger [MeV] ap continuum

pseudo-scalar

scalar

250 +
m;/ms = 1/80 m;/mgs = 1/80
225 A
275
200 - 250 1 7
175 225 -
200
150 A
5N, =6 175 4
125 ? N, =8 150 -+
100 A Ny =12 125 -
T[MeV] E=cont. 100
140 145 150 155 160 165 140 145 150 155 160 165
spatial correlation functions: (i) chiral limit in the continuum limit
S —m55 (T)z 850 TMser [MeV] ud
Gy (z) ~ e ™H (T) ol continuum
. 700 decreasing p
=) degenerate screening masses 620 1 my/ms
Mao(T) — mg(T) W aim
. . 500 /
effective U (1) 4 symmetry restoration 150 - 27 ag
400 - / 27 7
at T > 1.15T.27 0 ——
300 ~ A 40 =
20 TR S A4  mm 80 ag
staggered fermions (HISQ) ] =8 =30 =
S. Dentinger et al., arXiv:2102.09916 100 - g

S. Dentinger’ .Ph.D thesis 2021, 0.;35 1.;)0 1.105 1.I10 1.I15 1.I20 1.I25 1.|30 1.13.5
https://pub.uni-bielefeld.de/record/2960222
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Effective U (1) o symmetry restoration above T,
— chiral limit after continuum limit at fixed H=m/ms —

Mscreen. [MeV] at Tpe,cont. (ml /ms)
275 —

250

225 1 E

200

1

175 ] E
150 - =
X
125
E ml/ms
I I I
0.00 0.01 0.02 0.03

0.04

thermodynamic limit and
continuum extrapolation for

H=my/ms;>1/80 & m, > 80MeV

well controlled

screen

mse will vanish for mg/ms — 0
at T,

lim mzcreen >0 77
myg/ms—0 0

need to get better control over
chiral limit extrapolation close to T,

Tristan Ueding, Yu Zhang,...

— use fermion discretization schemes with better chiral properties already
at non-zero lattice spacing (Domain Wall Fermions, overlap fermions)

— explore eigenvalue spectrum of the Dirac operator (fermion matrix)

F. Karsch, Never at rest, February 2025
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Open charm hadrons at finite temperature

- a probe for deconfinement and chiral symmetry restoration -

A. Bazavov, Phys. Lett. B737 (2014) 210
C.Sasaki, Phys. Rev. D 90, 114007 (2014)
C. Sasaki, K. Redlich, Phys. Rev. D 91, 074021 (2015)

open charm screening masses

M [GeV] . 5 o
35 | I" ==
.
3 parity partners degenerate
only at about 2 T,
2.5
5 [ |
- T [MeV]

100 150 200 250 300 350 400 450 500
S. Dentinger et al., arXiv:2102.09916
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Probing the hadron spectrum using QCD thermodynamics
fluctuations of conserved (charm) charges

— construct QCD observables that would project onto specific quantum numbers,
If QCD is approx. described a gas of non-interacting hadrons (HRG-model)

e.g.. HRG pressure:
P

= 2, WZLTVip+ Y WmZI(T,V,p)

memesons mebaryons
chemical potentials: # = (4B, 1@, 1S, HC)

Boltzmann approximation: In Z%/ (T, V, u) = f%/7(T) cosh (Bus + Qug + -..)/T)

in 2a HRG charge fluctuations and partial pressures are related, e.g.
contribution of charged baryons to the total pressure,

XBC _ Z 0% In Z%(T, V,u)
H g 0(us/T)0(uc/T)| _.
baryons H=
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Probing the hadron spectrum using QCD thermodynamics

fluctuations of conserved (charm) charges

A. Bazavov,... Sayantan Sharma... et al,
Phys. Lett. B737 (2014) 210

— partial pressure resulting from charmed mesons or charmed baryons
can be represented by various fluctuation observables
(if the medium is well approximated by a HRG), e.q. iff |B|=1,

- . pC—b 4 ., . BC ~, . BC
— proxies for charmed baryon pressure: P~ —>eT¥ons /% ~ ¥ ~ x4

i . C—mesons 4 ~ C BC . C BC
— proxies for charmed meson pressure: P JT* ~ X5 — Xon~ = X5 — X1s

open charmed baryons open charmed and strange mesons 53
3.0 BC ;. .BC 3—" ——
01 B X5 /X 13 ® ®

. BC /, BC r O 7

’ Q X11 /X13 [ ® . | ]
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. i [ -

] - 12 | + . _
20 [p@m . . o (45755 (xg-x15)

] : 12005 45 )11 3 15 +6155 +6c55) @
15 gk - .

] e i
1.0 = -~ S L

] [ 1.0 —t Tt un-corr. —
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A. Bazavov,... Sipaz Sharma... et al, Phys. Lett. B850 (2024) 138520
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Evidence for charm quark degrees of freedom

c 3 (mg\* c 2. 1. X
P, (T, ﬁ) =S\ Kz(mq /T)cosh gp,Q + gp,B + fic
strong enhancement of @ evidence for

charm quark
degrees of
freedom

charmed baryons over known "
: : X2 /x§ = (2/3
states listed in PDG (a-n)/ X4 = (2/3)

!

charged-charm sector [ ‘%
1/2} 1 ‘ i
¥ ] - :
L 2 * I ] ?, - % X31 /Xz(f i
' 0.7 1 r
] o % eeo e o e e —— 2/3
[ 0.6 1 .
BQC BQC, | ] [
X112 /(Xla X2 ) | 05 i
QM-HRG i ] \17 @ 3 o | /
...... PDG_HRG | 0 4_: v :_ 4 9
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F.K., Sipaz Sharma, P. Petreczky, in preparation
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Quasi-particle model for open charm fluctuations

mg, mg > 1T ~ T,. = Boltzmann approximation is appropriate for
excitations with charmed hadron as well as
charmed quark quantum numbers below as well as
above T’

: . Cc __ C C C
partial charm pressure: P~ = Py + Pg + Pq

proxies for partial charm pressures in different quantum number channels:

PCZXS szxgzxff for all C

PS = x5 +3xE5F —axBE «  eliminates |B|=1 and 1/3
contributions to P

Pg = (3x5y —X15)/2 < PS~0 for |[B|=1/3

C
PE = 9(xBC — xBC)/2 « PE~0 for |B| =1
A. Bazavov,... Sayantan Sharma... et al,
Phys. Lett. B737 (2014) 210

A. Bazavov...Sipaz Sharma... et al.,
Phys. Lett. B850 (2024) 138520
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Open charm fluctuations as a probe for deconfinement

— going from cumulant ratios to absolute values of cumulants requires careful
elimination of cut-off effects arising from tuning of the bare charm quark masses

— as charmed mesons dominate many cumulants we choose a line of constant physics (LCP)
obtained by keeping the D-meson mass fixed (previously charmonium mass has been used)

D meson mass [MeV]

11.0 1 .o |

2100 4 ® B=639 - . me/ fx
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charmed hadron and quark fluctuations above T,.

— partial pressure contributions to P¢
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Conclusions
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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 higherpug/T

—no CEP for up /T < 2.5

UB _
— CEP not in the BES-II range
T T T T T T ] (|n collider mOde)
Ap/T? ug ! T=3
— E0S (pressure & number densit
Olka /T = — 1 o well égntrolled for 4
8(#B/T)8- IJB/T=2‘5 & \/SNN = 7.7 GeV ?)
O/ T)® wem = = pp/T < 2.0VI > 135 MeV
/]JR/T -2 & snn 11 GeV g (larger range for higher T)
%B /T=15 ® — reliable B - range is smaller for
_ yg/T=1.0 < Vonn ~ 27 GeV higher order cumulants, given only
| | | - T[MeV] | an 8" order Taylor series for the

pressure
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When approaching the chiral limit

the gap between pseudo-scalar and scalar
screening masses seems to stay non-zero
at Tpe

U(1)a effectively restored at about1.17),.

at 1.17,. the partial charm pressure
starts to be dominated by quasi-particle
excitations with quantum numbers of
the charm quark
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