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Outline

» Taylor expansion coefficients of pressure (BQS cumulants) in
(2+1)-flavor QCD with physical light and strange quark masses
= extrapolation to finite up and connection to QCD critical endpoint
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Outline

» Taylor expansion coefficients of pressure (BQS cumulants) in
(2+1)-flavor QCD with physical light and strange quark masses
= extrapolation to finite up and connection to QCD critical endpoint
» BQSC cumulants in (241)-flavor QCD with quenched charm
= connection to deconfinement at 1 = 0
» (2+1)-flavor QCD with physical strange but smaller than physical
light quark masses, which correspond to pion masses in the range 160
to 55 MeV
= curvature of chiral phase transition temperature as a function of
g, and constraining the QCD critical endpoint
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Known QCD phase diagram in T-up plane

Tye(in) = T(0) |1 = f

» Agreement with T).(up), determined in lattice QCD and Model

175

170 ¢
165 ¢

160
155

150 ¢
145 ¢
140 +

135

calculations.

= 0.016(6), k¥ is insignificant

2
_HB
(Tpc(m) ]
T, [MeV] crossover line: O(u})
constant: € i
s &g |

%

ng =0,

e}
ng

freeze-out: STAR ‘e

=04

UB [MCV]

ALICE = -

B

0

50

100

150 200 250 300 350 400
HotQCD Collaboration, arXiv:1812.08235 [hep-lat]

» Experimental particle yields — hadronization models — T¢(\/snn).

BW, arXiv:2002.02821 [hep-lat]; D'Elia, et. al., arXiv:1809.10660 [hep-lat]; Biswas, et. al., arXiv:2401.02874 [hep-ph]
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Conjectured QCD phase diagram with added m,, 4 axis
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Fithjof Karsch, Critical behavior and net-charge fluctuations from lattice QCD, arXiv:1905.03936 [hep-lat]

» Why chiral limit?

» Spontaneous breaking of the chiral symmetry affects features of the
hadron spectrum.

» Massless limit constraints the physical theory.
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Conjectured QCD phase diagram with added m,, 4 axis

Tpe(up = 0) = 156.5 4+ 1.5 MeV, T.(up = 0, H = 0) = 1327 MeV

HotQCD, arxiv:1903.04801;
Kotov et. al., arXiv:2105.09842
Cuteri et. al., arXiv:2107.12739
[Lattice QCD]

A
Tpe(H) = Te (1 + Z—”Hl/‘éi)ir
ZO \\

+ sub-leading,
H=my/msg

HotQCD, arXiv:2403.09390
[Lattice QCD]
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el RS | = O@)-citcalline
=== 7(2)-critical line
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chiral plane Y. Hatfa, T. lkeda, arXiv:hep-ph/0210284

“ Landau-Ginzburg potential
. . 2/5 .
Te(myg) = T cm,, c>0

M.A. Stephanov, arXiv:hep-lat/0603014

[Random matrix model, scaling arguments]
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Christian Fischer's talk on Wednesday showed agreement with functional methods
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Universal scaling framework to study phase transitions

» In the vicinity of a second-order critical point/line/surface, the free
energy density, f = —(7'/V)In Z, can be split into a dominant

singular contribution and sub-leading corrections that are of relevance
in some range of H # 0,

f=hoh'TY0 f;(2) + sub-leading ; z = 202
2y =t/HYP | 25 = h(l)/m/to .

PO (T-T . . B
(energy-like) ¢ = = = — ( =+ kY7 + KYAZ + 2673 ks )
to o T,
H 1
(magnetization-like) h = h—o — %%i

> ix = pux/T; (u,d,s) < (B,Q,S); can be extended to include a
fourth conserved charge, such as charm quantum number.
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Flavor and conserved charge basis

KB
HQ
Hs
%]

= fu+ 204
=l — Jtd
= [id — Ms
= e~ [

> g =pus =0+ ng =ng =0.
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Flavor and conserved charge basis

BB = put 24
HQ = fu— Hd
Hs = Hd— s
po = pe = Hu

> g =pus =0+ ng =ng =0.
» Media created in heavy ion collisions is strangeness neutral:
ng =0, ng/np =04 = fig(in), is(iip)
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Flavor and conserved charge basis

KB
HQ
Hs
%]

= fu+ 204
=l — Jtd
= [id — Ms
= e~ [

> g =pus =0+ ng =ng =0.

» Media created in heavy ion collisions is strangeness neutral:

ng =0, nq/np =04 = [q(is), is(iiB)
» strangeness neutral, isospin symmetric case is a good approximation

for the above case.

ng =0, ng/np =0.5=pug =0.
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Flavor and conserved charge basis

BB = put 24
HQ = fu— Hd
Hs = Hd— s
po = pe = Hu

> g =pus =0+ ng =ng =0.

» Media created in heavy ion collisions is strangeness neutral:
ng =0, ng/np =04 = fig(iip), fis(ii)

» strangeness neutral, isospin symmetric case is a good approximation
for the above case. HotQCD, arXiv:1701.04325 [hep-lat]
ng =0, ng/np =0.5=pug =0.

» To not explicitly break SU(2)y subgroup of SU(2)r, x SU(2)g, set
Pou = pd = e = pQ@ =0
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A few lattice details

» Euclidean space-time discretised by N2 x N, hypercubic lattices with
lattice spacing a such that aN, = T—1. At a fixed T, N, — oo gives
the continuum limit.
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A few lattice details

» Euclidean space-time discretised by N2 x N, hypercubic lattices with
lattice spacing a such that aN, = T—1. At a fixed T, N, — oo gives
the continuum limit.

» To study finite-size dependence of critical phenomena on lattice, a
relevant scaling field can be added to the singular part of the free

energy: N
ZL = Z0,L 2L FLb = N, Hv/B5 @
f=hoh" Yo fr(2,21) (2)

Finite-volume effects are small for z7; < 1.

» For physical quark masses, N, /N, = 4, and for smaller than physical
quark masses, N, /N, € [4,7].
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A few lattice details

» As an example, Wilson's form of gauge action differs from continuum
action by O(a?),

SalU] = 922 S Retefl = Uy ()]

neA u<v

CL4
=17 > D (EL)?+ 0

TLGA 12224

» Such terms disappear in the ¢ — 0, and constitute lattice artefacts at
a fixed a.
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A few lattice details

» As an example, Wilson's form of gauge action differs from continuum
action by O(a?),

SalU] = 922 S Retefl = Uy ()]

neA u<v

CL4
g > D (EL)?+ 0

TLGA 12224

» Such terms disappear in the ¢ — 0, and constitute lattice artefacts at
a fixed a.

» Different improvements of lattice actions subtract these artefacts in
different ways and should agree in the a — 0 limit.

e.g., HISQ (Highly Improved Staggered Quark Action) and stout
actions remove O(a?) discretisation effects.
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Difference lattice regularisation schemes for fermions

» Naive fermion discretisation scheme leads to 16 doublers
corresponding to 16 corners of the Brillouin zone.
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Difference lattice regularisation schemes for fermions

» Naive fermion discretisation scheme leads to 16 doublers
corresponding to 16 corners of the Brillouin zone.

» Wilson fermions: heavy fermions, m ~ 1/a, to circumvent doubling,
but break chiral symmetry explicitly at finite a.
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Difference lattice regularisation schemes for fermions

» Naive fermion discretisation scheme leads to 16 doublers
corresponding to 16 corners of the Brillouin zone.

» Wilson fermions: heavy fermions, m ~ 1/a, to circumvent doubling,
but break chiral symmetry explicitly at finite a.

» Staggered fermions: reduce fermion doublers from 16 to 4. At a finite
a, remnant chiral symmetry: SU(2)r x SU(2)gr — U(1) x U(1), or
O(4) — 0O(2).
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Difference lattice regularisation schemes for fermions

» Naive fermion discretisation scheme leads to 16 doublers
corresponding to 16 corners of the Brillouin zone.

» Wilson fermions: heavy fermions, m ~ 1/a, to circumvent doubling,
but break chiral symmetry explicitly at finite a.

» Staggered fermions: reduce fermion doublers from 16 to 4. At a finite
a, remnant chiral symmetry: SU(2)r x SU(2)gr — U(1) x U(1), or
O(4) — 0O(2).

» Computationally more expensive fermions than staggered: Domain
Wall Fermions, Overlap fermions.

» This talk: HISQ.
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Extending lattice calculations to finite chemical potential

» Direct calculation using Monte Carlo is not possible because of the
infamous sign problem:
M(p) = v M(—p*)ys = det[M(p)]* = det[M(—p*)] € C

Sipaz Sharma sipaz.sharma@tum.de July 4th, 2025 11/33



Extending lattice calculations to finite chemical potential

» Direct calculation using Monte Carlo is not possible because of the
infamous sign problem:
M (p) = v M (—p*)ys = det[M(p)]* = det[M(—p*)] € C

» No sign problem at imaginary i, however, the fit function choice for
analytic continuation is not unique; exploration only possible upto a
certain value: Roberge-Weiss phase transition at p? = —(7/3)?
M. D’Elia and M.-P. Lombardo, arXiv:hep-lat/0209146; P. de Forcrand and O. Philipsen, arXiv:hep-lat/0205016; S.

Borsanyi, et. al., arXiv:1204.6710 [hep-lat]; J. N. Guenther, et. al., arXiv:1607.02493 [hep-lat].
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Extending lattice calculations to finite chemical potential

» Direct calculation using Monte Carlo is not possible because of the
infamous sign problem:

M (p) = v M (—p*)ys = det[M(p)]* = det[M(—p*)] € C

» No sign problem at imaginary i, however, the fit function choice for
analytic continuation is not unique; exploration only possible upto a
certain value: Roberge-Weiss phase transition at p? = —(7/3)?

M. D’Elia and M.-P. Lombardo, arXiv:hep-lat/0209146; P. de Forcrand and O. Philipsen, arXiv:hep-lat/0205016; S.
Borsanyi, et. al., arXiv:1204.6710 [hep-lat]; J. N. Guenther, et. al., arXiv:1607.02493 [hep-lat].

» More methods: reweighting techniques, density of state methods,
using the canonical ensemble, formulations with dual variables,
Lefschetz thimbles, complex Langevin.

Jana N. Guenther, Overview of the QCD phase diagram - Recent progress from the lattice, 2201.02072 [hep-lat], and

references therein.

Sipaz Sharma sipaz.sharma@tum.de July 4th, 2025 11/33



Extending lattice calculations to finite chemical potential

» This talk focuses on the Taylor expansion method using HISQ action:

BQS
R 1 0 Xk L
— 4_ - ~ ~ ~ o i ~i ~] Ak
P = P/T T VTS an(Ta v, MB?MQ)ILLS) - ' E Z|]|k|:u'B/'LQ:u'S )
1,7,k=0
BQS _  BQS opr
Xiji = Xige (T)

= Sri Al Ak :
aﬂBaﬂQaﬂs =0
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Extending lattice calculations to finite chemical potential

» This talk focuses on the Taylor expansion method using HISQ action:

o . BQS

. 1 Xiik o
— 4_ - ~ ~ ~ o i ~i ~] Ak
P = P/T T VTS an(Ta VMU'B?,U'QHMS) - ' E Z|]|k|:u'B/'LQ:u'S )
1,5,k=0
BQS _  BQS opr
Xiji = Xige (T)

= Sri Al Ak :
aﬂBaﬂQaﬂs =0

» Forng =0,ug =0:

< -B
D _ Xop(T) o
P=3 ok HB
k=0 N——
Py

» Behaviour of these expansions coefficients near a second order phase
transition can be directly predicted by the scaling relations, given
f=—(T/V)InZ = hoh'+*Y/ f;(2) + sub-leading
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Energy-like observables for n, = 0, g =0
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Energy-like observables for n, = 0, g =0
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HotQCD collaboration, arXiv:2212.09043 [hep-lat]
2
o= (T2 v wBp3) = 2L = 2kPT.OL
o \ T, 2 Up o3 | 2 Lear

=—> Roughly, a temperature below which all expansion coefficients
are positive, puts an upper bound on the location of the QCD critical
point = upto O(1%), all coefficients are positive below 125 MeV.
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Energy-like observables for n, = 0, g =0
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HotQCD collaboration, arXiv:2212.09043 [hep-lat]

> t=4 (G ufiy) = Zf| = 2T
=—> Roughly, a temperature below which all expansion coefficients
are positive, puts an upper bound on the location of the QCD critical
point = upto O(1%), all coefficients are positive below 125 MeV.

» P, behaves like specific heat = pronounced peak in the chiral limit
at T¢, but no divergence — affected more by the regular
contributions.

» Upto O(g?), in high temperature perturbation theory, the jip
dependent part of pressure is a quadratic polynomial in /123:

2\ /. . :
Ap/T* = % (1 — 29?> (/,623 + 18%#‘}3) = Py, Yk > 3 vanish.
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Radius of convergence of the Taylor series
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HotQCD collaboration, arXiv:2212.09043 [hep-lat]
P, [1/2
. . 2k :
» Radius of convergence, 1o = lim | ———| , of a Taylor series
k—oo P2k+2

around fip = 0 is related to a phase transition (or a singularity in a
thermodynamic quantity), if it is related to a singularity on the real
fip axis, which is closest to the origin.

» Only few Taylor coefficients are available = estimator of radius of
convergence, and some information about the analytic structure of
the Taylor expansion.
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Radius of convergence and poles of the Taylor series

» Rewrite the pressure expansion:

AP(T, TP, > _
( ( /;1;’)/ )Py 262&2%21@’
2 k=1

_92 _4 _ _
= "+ T + 06,2:E6 + c&gxs + ...,

e P P (P
P, uB, C2k2 P, \ P, .
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Radius of convergence and poles of the Taylor series

» Rewrite the pressure expansion:

AP(T, TP, > _
( ( /;1;’)/ )Py 262&2%21@’
2 k=1

_92 _4 _ _
= "+ T + 06,2:E6 + c&gxs + ...,

e P P (P
P, uB, C2k2 P, \ P, .

» For a better characterization of the poles, construct Padé
approximants:

72
T
PRI = 10m
(1 —c2)@* + (1 — 2c62 + cg) T

— (6,2 €82 — C6,2)T Cgo — C8,2)T
(1 )+ ( )72 + (cg. )

P[4,4] = 7
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Radius of convergence and poles of the Taylor series

» For a better characterization of the poles, construct Padé
approximants:
-2
T
Pl2,2] = ——
22 =
(1 — 6672)5?2 + (1 — 266,2 + 6872) if4

P[4, 4]

» The [4,4] Padé has four poles which come in two pairs:

n cg2 — Cg2 \/(08,2 - Céﬁz)(cw - C§,2)
yA—
2(cs2 — 6(23,2) ’

iy =—2+3ce2 +2(1 —cg2)? .
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Radius of convergence and poles of the Taylor series

g =0,n5=0

T=125 MeV

7/
T=130 MeV
B T=135 MeV
& T=140 MeV
e T=145 MeV.
@ T=150 MeV
& T=155 MeV
B T=160 MeV
P T=165 MeV
A T=170 MeV/
C6.2
—4
-1 0 1 2
S » With improved data for Pg
fon mEE at T = 125 MeV, tendency
6 pg=0:n=2 B
] et = to move out of the cc
region.
4
s » Magnitude of poles nearest
T to the origin. i 2 2.5 at
135 140 145 150 155 160 165 T:135 MeV and I’ISGS tO
HotQCD collaboration, arXiv:2212.09043 [hep-lat] 7 >3 forT > Toe-
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Pressure and energy density at finite jip
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HotQCD collaboration, arXiv:2212.09043 [hep-lat]
» Higher orders become more important for higher derivatives.

» For T' > 200 MeV, series converges rapidly. Py is two orders of
magnitude smaller than Py, and P, is consistent with zero.

» For T' < 150 MeV, small contribution from Ps and P upto jip < 2.5.

» Higher orders needed to be taken into account for
150 MeV < T < 200 MeV for fip > 2.

Sipaz Sharma sipaz.sharma@tum.de July 4th, 2025 19/33



BQSC cumulants

» Extending BQS cumulants/fluctuations to BQSC

» Boltzmann approximation offers simplification in the heavier charm
sector, making it possible to probe deconfinement by studying
relevant charm degrees of freedom in different temperature regimes.
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Probing charm degrees of freedom using Taylor coefficients
without constraints

» T < T} described by Hadron Resonance Gas (HRG):
Po(T, ji) = Py (T, i) + P§ (T, i), where P, (T fi) is given by

1 X . .
= E gz< T ) Ks(m;/T)cosh(B;jip + Qifiq + Sijts + Cific)
i€C-B/M

sc 1 m
Xt = ) > gz( T’) Ky(m;/T) B*Q'S™C™
i€C-H
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Probing charm degrees of freedom using Taylor coefficients
without constraints

» T < T} described by Hadron Resonance Gas (HRG):
Po(T, ji) = Py (T, i) + P§ (T, i), where P, (T fi) is given by

1 X . .
= E gz< T ) Ks(m;/T)cosh(B;jip + Qifiq + Sijts + Cific)
i€C-B/M

BQsc _ 1 m
Xt = ) > gz( T’) Ky(m;/T) BEQ's™Cm
i€C-H
» The high temperature phase is described by a free gas of massive
charm quarks and anti-quarks:

C 6 mg 2 C 2A 1A R
By (T,ﬁ):ﬁ T Ka(mg /T) - cosh gMQ+§MB+MC
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Probing charm degrees of freedom using Taylor coefficients

307 W XBS/XES E—

1 BC BC b
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] o
2.0 @Em F
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1] oA [
1.0 D = =
059 T [MeV] :

T T T T T T
140 170 200 230 260 290 320

HotQCD Collaboration, arxiv:2312.12857 [hep-lat]
» Charmed hadrons start melting at 7.
» Based on the carriers of C'in low and high-T phase, pose a
quasi-particle model, P (T, ji) = P§(T, i) + P§ (T, ji) + PE (T, ji).
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Probing charm degrees of freedom using Taylor coefficients

C
PE
] QM-HRG
0.00069 ... PDG-HRG
1S1P-HRG
000053 ¥ Lattice|gqu)
000049 Enhancement factor at Tyc: 1.954+0.233
000039 .
0.0002 ¥
. El v
0.0001 4 ¥ XN
PP et
0.00004 "
145 150 155 160 165 170 175
TIMeV]
0.0010
C
¥ R E
0.0008
0.0006 i
0.0004
¥
0.0002 4
000004 Y
. . . :
155 160 165 170 175
T [MeV]

Sipaz Sharma

C
PM
0.0014 1 QM-FIRG
------ PDG-HRG
1S1P-HRG
0.0012
Y Lattice|qy)
0.0010
0.0008 Enhancement factor at Tye: 1.135:£0.091° .~ ¥
0.0006 I
X
B 4
0.0004 ] T
0.0002 ] 5 o o
0.0000

C _
Pq_

145 150 155 160 165 170 175
T MeV]

9(X% —X22 )/2
= (3XB —X13 )/2

PM—X4 +3X2C 4X

sipaz.sharma@tum.de

July 4th, 2025

23/33



Strange charmed hadrons using Taylor coefficients

0.00025

0.00010

& P! PA @ PSS! Solid: QU-HRG
¥ ., Dotted: PDG-HRG
0.00020 000008 Y Py Dashed: 1S1P-HRG

000015  Solid: QU-HRG
Dotted: PDG-HRG
Dashed: 1S1P-HRG

0.00006 4
0.00010 4 0.00004 4

0.00005 4 0.00002 4

0.00000

0.00000

135 l_;)ﬂ l_;)S léﬂ léS l}ﬂ 155 1115 l:")ﬂ l:">5 l;aﬂ léS l}ﬂ 155
T [MeV] T [MeV] .
» QM-HRG underpredicts
o |S| = 2 lattice data above
b :1
Py = X715 —xi2" Tpe. Incomplete knowledge
cSs=1 _ _SC SC BSC of |S| = 2 sector?
PB = X135 — X22 — 3Xx112 5]
c,5=2 _ BSC sc sc » Deviation from HRG
Py = (2x115 + X229 —X137)/2
occurs at a slower rate
HotQCD collaboration, arxiv:2505.01734 [hep-lat] than non_Strange Charmed
sector.
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Chiral observables

M, - mg OP

j}( 67”2

oM,

= Me——

Xe s 8mg
ms OP

M. = M,—2H——+

sub l fK 8m3

M = M,— Hxy
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Chiral observables oM,

M,
M, = ;ns aap Xt(’_'f‘) = —TcaiT;Zt:0.7991(96)
K Oy 9

oM, iy = _L{\?;Zt
Xe = msT ’ 8Nf

e oM

s OP Mo
Mgy, = Mg—QHm 9 Xy Te—— ar’ s 2e, v = 0.629(10)
fK 8m8 M, a]\4sub

M = M;—Hx, Xm™ = ; 2m = 1.6675(68)

> max[—f5(2)] at 2z, max[fi(2) — f;(2)] at z¢mr, max[fy(2)] at zm
> X%T) has the weakest quark mass dependence and is least affected by
the regular terms.

» My and M are both renormalised and M is free of O(H) regular
contribution.

0 o
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Extracting non-universal parameters using O(2) scaling

M H=1/20 =
2 H =1/40,1/80 1ot a4
140 < T [MeV] < 148 o
\2/dof = 4.1 s
1/80
15 ,
1/160 o
0 —
10 |
N, =8
N
i -
5 AN -
Ve T
TiMev] 2
ol ‘ ‘ P

" 6 5 150 155 160 165 170
M = hy P HY (f(2) — fi(2))
T. = 143.7(2) MeV
z0 = 1.42(6)
he'? = 39.2(4)

0.5 T T
(M - fit)/ M
04 F \},
031 H-1/20 &0 1/80 v % \}\
sl 1/27 v+ 1/160 +&
1/40 v&n
01 }f
L e
Lo 3 %
02|
T[MeV]
03 . . . . . .
135 140 145 150 155 160

HotQCD  collaboration,  arxiv:2403.09390 [hep-lat]
Corrections to universal scaling
behavior arising from regular or
sub-leading universal terms re-
main smaller than 10% for

(T —T.)/T. < 0.06.
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Various chiral susceptibilities
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» 60
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e © 10 b
200 1
=]
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Ic) =] & A 2 F
100 | 5% = g
=4 T[MeV] T[MeV]
0 . . . . o .
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160 : T T T
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M, o7 v 1/27
10 - Xie.o) H=1/27 1 1201 1/40 7
1/40 -
35+ % 1 100 1/80
1/80
e
30 1 ) 1 so L 1/160
1/160 o
L N { % % 1 60
e I D
20 - Y o = . 1 10
B ? P o ¥ e 1 20 T, = 143.7(2) MeV/
10 O by | A ol
) o B 3 ®. T[MeV]
or = 1 20 L L
0 130 140 150 160 170 180
TMeV]
5 . . . . . .
30 40 150 160 70 180 HotQCD collaboration, arxiv:2403.09390
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Chiral limit of various pseudocritical temperatures

165 7, (H) [MeV]

joint fit w/o H = 1/160

160 \2/dof =17

Tpe obtained from
150

XM on ]
M,
T, = 143.7 MV b "
¢ = 143.7 Me Me Ay
145 20 = 1.42 Xueo) g
Xtm, HA
ro_ M
Ny =8 H =myg/mg Xi(ry B
140 . . . . .
0 0.01 0.02 0.03 0.04 0.05

My = hy P HY (fG(Z)

¥ eH [ s(z) + O(H?) )
Tmax
+HY apt" + O(H?)
n=0
Fit only depends upon cts and reg.

terms, which become important for
T > 148 MeV.

z
Tpex(H) = T. <1 Wiy = pVICL I tc,le/%-i-ch

20

Nty HITCB/BE | g H1+(4—ﬁ)/55); z=t, (t,M)

For Tpe,m (H), subtract 1/58 from powers of H associated with coeficients ¢ ,

and tgyz.

HotQCD collaboration, arxiv:2403.09390 [hep-lat]
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Curvature coefficients in the chiral limit

82 M, /932
f ot KT H) = (SN
wy = Hm. Ko (T, H) oT, \ oM, /0T )
H—0 (T,i7=0)
1 [ 92M,/0udj
Is . ls 0/ Olpdls
K = lim KS(T,H) = ()
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Curvature coefficients in the chiral limit

82 M, /932
F_ oy xof _ /Oy
ry = i K (TH) = oF ( oM, /0T
H—0 (T,i7=0)
1 0*M /8A o[l
Is . ls 0/ Olpdls
Hz == hm ICll(Ta H) = <>

T . . L
My = 0P fa(z) + H(ao +a— ©+apii + asii? + 2aeswus)

C
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Curvature coefficients in the chiral limit

82 M, /932
F_ oy xof _ /Oy
ry = i K (TH) = oF ( oM, /0T
H—0 (T,i7=0)
1 0*M /8A o[l
Is . ls 0/ Olpdls
Hz == hm ICll(Ta H) = <>

M, = hl/(st(Z) + H(ao + at T < + aEﬂ% + asﬂi + 2a€sﬂ€,as)

C

KT, H) = 5] + Ay HIH=D)/85 4 g pi=1/6
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Curvature coefficients in the chiral limit

82 M, /932
F_ oy xof _ /Oy
ry = i K (TH) = oF ( oM, /0T
H—0 (T,i7=0)
1 0*M /8A o[l
Is . ls 0/ Olpdls
Hz == hm ICll(Ta H) = <>

M, = hl/(st(Z) + H(ao + at T < + aEﬂ% + asﬂi + 2a€sﬂ€,as)

C

KT, H) = 5] + Ay HIH=D)/85 4 g pi=1/6

1
B ( ¢ s s
K = — (ke +2k7] + K ) 1
2 g \fi2 11 1T K2 k55 -3 <K§ /fﬁ)
;{5 = K5
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Curvature coefficients in the chiral limit
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T35 140 145 150 155 160 165 HotQCD collaboration, arXiv:2403.09390 [hep-lat]
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Conclusions

» Taylor coefficients predict Tte, < 125 MeV

Tpc(,UB = O7thys) > Tc(,UfB =0,H = O) > Ty > Tcep

2
Tyi = T, — 1.9(6) MeV(‘:"F]B)

Tcep < 125 MeV, if (Tc) > 2, and (T (0))cep >4
— /snn <5 GeV

Frithjof Karsch, Arbeitstreffen Kernphysik 2024 talk

tri

In agreement with [Fischer et. al., 2014]; [Fu et. al., 2019]; [Gao, Pawlowski, 2020]; G. Basar, arXiv:2312.06952; [Gao,

Pawlowski, 2020]; [Gunkel, Fischer, 2021]; D.A. Clarke, et. al. PoS LATTICE2023 (2024); Shah et. al; 2410.16206
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Conclusions

» Charmed hadrons start dissociating at the chiral crossover
temperature, leading to the appearance of charm quark degrees of
freedom.

» Hadron-like excitations survive in QGP.

» At T}, only 50% contribution to charmed baryon pressure comes
from experimentally known states.

» Incomplete knowledge of the doubly-strange charmed baryon sector.
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Outlook

» Does chiral phase transition belong to O(4) universailty class?
Extract universal critical exponents associated with the chiral phase
transition directly from lattice data. Ongoing: Sabarnya Mitra et. al., Poster

» Status of U4(1) in the chiral limit? Ongoing
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