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Introduction

B in the early universe weakly coupled quarks and gluons have been in a
hot and dense phase (QGP) — no individual color charges

B heavy-ion collisions offer possibility to study QCD matter under these
conditions

B expansion — universe cooled down — phase transition

B how do zero temperature excitations get modified with increasing T7
— HRG Model in hadronic phase

B extend studies [Brandt et al. PRD '14, Brandt et al. PRD "15] to the
(2 + 1)—flavor case on an ensemble with quasi-physical quark masses

Ardit Krasniqi (JGU) Lattice 2022 12" August 2022 3/20



Numerical Setup

Table 1: Parameters and lattice spacing of the ensemble analyzed in this work.
The lattice spacing determination is from Ref. [Bruno et al. PRD '17].

B/a L/a 6/g5 Kl Ks a[fm)]
24 96 355 0.137232867 0.136536633 0.06426(76)

B O(a) improved Wilson Fermions
B single gauge ensemble at quasi-physical quark masses
mT 7= = (127.9 + 1.5) MeV
mT m; = (128.1+ 1.3+ 1.5)MeV ,
my = (488.98 £ 0.3 £ 5.8) MeV [Ce et al. '22, 2206.06582]

1
B
0:
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Preliminaries

a

W P7(x) = D) S0(x) . Vi) = 575 0(x) . AL(X) = D(x) s (x)
B PCAC relation: J,A7(x) = 2mpcacP?(x)
— implies G3(x3, T,p=10) = ——F%Gj\(x& T,p=0) (%)

static screening correlator

2
x| oo fr Mz e mr x|

Gi(xs, T,p = 0) = / dxod?x. (AP (x)AZ™P(0)) .
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Results: Extracting m; and f;

Fit ansatz for screening correlators

making use of the PCAC-based relation () one formulates:

A2m
Gi(x3, T,p=0)= 12 L cosh[(my(xs — L/2)]

Azm3
S
Gp(x3, T,p=0) = ) cosh[(m1(x3 — L/2)]
Mpcac
v

1 I Gixs, T3 I Gitxs, i
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Definition: cosh-mass

Gp(x3, T,p=0)  cosh[meosh(x3 + a/2) * (x3 — L/2)]
Gp(x3+a, T,p=0) - cosh[meosh(x3 + a/2) % (x3 + a — L/2)]

1'6_{ B Meosn/T = 1.121(7)
mu/T=1.121(21)
1.5 P meosnixs +aR2)IT

1.4 4 }

1.31 }
1.2 }}}
}}”“W

x3/la
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modified dispersion relation [Son et al., PRL, 2001, Son et al., PRD, 2002]

wp = u(T)y/m2+p?, forany T < Tc

B Son and Stephanov showed that u is the ratio of static quant.:

2 fz
= vis e 0
v [ dx) Ga(x0,p=0) (mq =0)

B assuming that the pion dominates the Eucl. 2-pt. func. of Ap and P:

(U2 _ 8(2)GA(X07 T7p = O) GP(XOa T) P= O)
0 GA(X07 T’ p= O) GA(XO» Tv p= 0)

_ 2
= —4mpcac =

x0=PB/2

x0=4/2

Estimators for the pion velocity [Brandt et al., PRD, '14, Brandt et al., PRD, '15]

T _4m3 GP(XOa T.p= O)
" m721— GA(X07 T7 P = 0)

1/2
X0=5/2]
f2m,

B 2Ga(B/2, T,p = 0)sinh(urm.3/2)
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Results: Screening quantities

Table 2: Summary of the results of the E250 thermal ensemble with N, = 24.
The pion quasiparticle mass wy is calculated using wg = u,m,. Analogously:
ft="f/um.

M| T_128 Mev 144(3) MeV
wo| 7128 Mev 113(3) MeV
frel 7 —128 Mev 72(2) MeV
fel T=128 MeV 91(2) MeV
us 0.787(15)
Um 0.786(18)
ur/Um 1.001(27)
Mz | 7—0 Mev 128(1) MeV
frl7—0mev 87(1) Mev
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Dey-Eletsky-loffe mixing theorem at finite quark mass

B in chir. limit in hadr. phase: heat bath dominated by massless pions
B taking only the contr. of the two lowest states into acc., to

O(T?) [Dey et al., Phys. Lett. B, '90, Eletsky et al., PRD, '93]:

pv(w,p, T) = (1= e)pv(w,p, T = 0) + epa(w,p, T =0), €=
s

PA(W7 P, T) = (1 - E)PA(Wa P, T= 0) + EpV(UJ, P, T= 0)

= pV(w’ P, T) - pA(wv P, T) = (1 - 26) [,OV(UJ, p70) - PA(W, P, 0)]

= order parameter for chiral symmetry restoration
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Dey-Eletsky-loffe mixing theorem at finite quark mass

= analyze

GV(X07 Ta P = O) - GA(X07 T7 P = 0) =
3
~ 3 [ @ LU0V — (A O]
even at non-vanishing quark mass

B reduction by a factor of (1 — 2¢) compared to G{J¢ — Gx€

G_;ec(X07 Ta p) = ZmEZ GJ(’XO + m/B‘a 0, p) (J € {V7A})
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Dey-Eletsky-loffe mixing theorem at finite quark mass

{  Thermal correlator (V — A)imp

Reconst. Correlator (V — A)rec

0.72
0.70
0.68
0.66
0.64
{ Ratio Thermal/Rec.
6 8 10 12 14 16 18
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Quark number susceptibility (QNS)

o)
B x(T)= TZZ

tq=0
B on the lattice: x4(T) = 8 [ d3x (V5(0,x) Vo(0,0))
B comparison with HRG model: x4(T) = (Xq)mesons + (Xq)baryons

(><q)m:2§3 3 (2J+1)/(/+1)(2/+1)/ Tp (L4 57),

2
T multiplets ( )
(Xq)baryons 25 / d3 p ,_- F
AL Rt b il 2 / I+ 1)(2/+1 1-1
multiplets
B Alternative: include only pions, but with mod. disp. rel. up to
Ap = 400 MeV

Xqg _ ;03 d3P B B
759 f o, T W) )
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)(q/T2 =0.2293(11)
0.26 { Vo—Vo

et e

2 4 6 8 10 12 14 16 18 20 22
Xola

O pion

O vec.- and pseudos. meson octet w/o p

[ p vector meson

[ baryon octet and decuplet

[0 heavier meson and baryon res. up to 2 GeV

m X?RG(T)/-’Q = 0.2428 (5.8% above lattice estimate)

| Xgm"(T)/T2 = 0.2163 (5.3% below lattice estimate)
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Conclusion

B pion velocity u =~ 0.79

T=0: pion mass = 128(1) MeV
e N\
T =128 MeV : wp = 113(3) MeV m; = 144(3) MeV
~~ ~~
quasip.mass SCr.mass

B chiral symmetry restoration already at an advanced stage:
V-A correlator difference consistent with an overall 0.68(3) damping
of the vacuum V-A spectral function

B pion contribution dominates quark number susceptibility
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Thank You for Your Attention!
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Definition: PCAC mass [Luscher et al., Nucl. Phys. B, '97]

1 Za(g5) J dxod®x1 (95™A3™™ (x)P(0))

mpcac(x3) =

5ZP(é-’c?)

J dxpd2x, (Pb(x)P?(0))

AL (x) — ARTP(x) = AZ(x) + aca(gg) 9, P2 (x)

x| = (x1,x),

0.060 { o mf(x3)/T=0.0350(10)
I m o)
0.055 4
b mF(xo)T
0050—}
0.045 4
0.040
% P il 2 'ﬁl{LITT = 1 111 It ]IYTII
00351 ~IagRl gy PRI g e ey Iy Ty doqIplgqtl
I T SO D 8 IR Sl
0.030 4 : ; I ; . ; . ,
5 10 15 20 25 30 35 40 45
Xula
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Back Up Slides: Predicted AO; vs lattice estimate

0.75 (} X Ghoao (xo, TIT?
Q@ Gaonolxo, TH/T?
0.70 1
0.65 A
0.60 1
0.55 1
0.45 A é %
4 6 8 10 12
Xola
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Back Up Slides: Error estimation pion screening mass [gouma

et al., PoS, LATTICE202
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Back Up Slides: Chiral effective theory Lagrangian of Son
and Stephanov

N

f‘

2 £2
o ™'
4

ft2 + T m=f.
Left = (VoI VoX') — -(Oi292T) + — 7 Re(L)

B X denotes an SU(2) matrix
B VX =00k — %/,L/5(T3Z + X 73): covariant derivative
B ;5: axial isospin chemical potential

B Lorentz invar. broken = two indep. decay const. related through u
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