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Thermal fluctuation in QCD

¥y -

Modifications of hadrons Restorations of broken symmetries
sequential melting pattern restored pattern
of quarkonium and of chiral and U, (1) symmetries
open-flavor mesons the nature of phase transition
e.g. /1y suppression Pisarski and Wilczek (1984)

Matsui and Satz (1986)

U

Theoretical understanding in lattice QCD simulations
from spatial correlation functions

Previous: strange-charm  PRD91 (2015) 5, 054503
This work: including up/down at widely T range




87 | A A

Temporal correlation function:

GT (7. T) = / BT (0,0)5(7,x)) T2 Ae=moT

..difficult due to the limitation 7 < 1/T

Spatial correlation function:
1/T !

G?(z,T) :/ dT/da;dy<JL(O’O)JH(7-7 x)) 222 Ae—M(T)zi M(T): screening mass
0

No limitation to spatial direction: more sensitive to in-medium modification



Temporal correlation function:

—

GT (7. T) = / BT (0,0)5(7,x)) T2 Ae=moT

..difficult due to the limitation 7 < 1/T

Spatial correlation function:
1/T !

G?(z,T) :/ dT/da;dy<(]L(0’0)JH(7—7 x)) 222 Ae—M(T)zi M(T): screening mass
0

No limitation to spatial direction: more sensitive to in-medium modification

Spectral function
* | cosh(w(r — 1/27))
T (T — J COS T
(7, 7T) /0 “ sinh(w/2T) o(w,T) e.g.) reconstruction of o: MEM

Gs(z,T) :/ Tw/ dp.eP**o(w,p,,T)
0 — 00

No T dependence in Kernel: direct probe of thermal modification of o
G%(2,T)/G*(2,T =0)



axcitation on Lattice

Parity partner of meson states

Vector (v_ector and axial-vector) Scalar (pseudo-scalar and scalar)
gy 1F vy 0T
\ — 4 \\
mw S - SNMy(T) Vg NMs(T)

'
“

K

W» Degeneracy of parity partners: indicator of symmetry restorations



tation on Lattice

Parity partner of meson states

Vector (vector and axial-vector) Scalar (pseudo-scalar and scalar)
gy 1F vy 0T
\ — ,I \\
VY5 S - My (T) Y ¢ o- ‘:: Mg(T)

Chlr);'§ ” UAS;% ”

1» Degeneracy of parity partners: indicator of symmetry restorations

Behavior in limiting cases:

At low T, bound state: M (T") ~ mgpole massat T=0
0(w707 OapzaT) ~ 5(&)2 _Pg o m(2))

At T ~ T, , in-medium modification and/or dissolution
degeneracy of parity partner states

AtT — oo, free quark-antiquark pair: M — 2\/m(2] + ()%

with the lowest Matsubara frequency <0 |



Lattice simulations

® Setup in HISQ
® Modifications of Mesons

® Restorations of broken symmetries




ad Staggered Quarks

Reduction of taste violation Mesons contents

Control of cutoff effects I JP ud us ue  s3 s¢ cc
Bazavov et al. '11, Hot-QCD '11, "14 vs 0 @ K D (7785) Dy 1.
1 ot - K; D — D% Xeo

Lattice parameters
® 2+1 flavor QCD
(charm guenched)
® m._: physical, m;/m_ =1/20
(m_~160 MeV, m,~504 MeV)
® N =8 (T=110—207 MeV)
10 (T=139—166 MeV)
12 (T = 149—400 MeV)
keeping N/N_=4
324--483x64 at T=0
scale: f, input

calculating quark-line connected
part of meson correlators

v 1= p K*D* ¢  Di JJ
YiY5 1+ — K1 D1 f1(1420) Dsl Xecl




oved Staggered Quarks

Reduction of taste violation Mesons contents

Control of cutoff effects I' JP ud us ue¢  s5 s¢  cc
Bazavov et al. ‘11, Hot-QCD ‘11, ‘14 v 00 m K D (nss) Ds e

. + * * o =
Lattice parameters 1 0_ Kg Dg Dsf X0
® 2+1 flavor QCD T 1+ p K* D ¢ Dy J/y

(charm quenched) viys 17 — Ky Dy f1(1420) Do Xer

® m_: physical, m,/m_ =1/20

I
Meson spectra at T=0 (input: %)

0t —o— ot —— |7 —— " — 0+ —e— " —e— |7 —— " —o
1 : : , - , — 16 2.6 : o ——
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4 1 %‘ e
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L m J * i -
Pe 121 % R 24 [ c ;T.%
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0.6 1t 1 22 ¢t IIE 1 M Dgo x
mx W
04 | K* : 19 ] 2.2
‘ 0.8 Ko 32 ¢
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02 | [ os ' " Iz [T
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L © o | | Ds% 3 UCM*

S D —es| 06
Bl 04 Bl s P é b b
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spatial correlation functions

Probe of thermal modifications of spectral function
G®(2,T)/G®(2,T = 0) ~ 1the same o at T=0, or # 1 modified

Pseudo-scalar
JP =0"

T, = (154 £ 9) MeV

T =109 MeV =0.71 T,

1.0"——‘-——‘-——‘-——‘-——‘-__‘___

0.8 ¢
0.6 ¢
04

uc ——D
0.2 us e K

ud —w - JU

z [fm]

0.0 '
0.0 0.4

0.8 1.2

1.6

® G°(2,T)/G°(z,0) ~ 1 at short distance = physics: not sensitive to T

® G°(2,T)/G"(z,0) # 1 at large distance = thermal modification of o



spatial correlation functions

Probe of thermal modifications of spectral function

G®(2,T)/G®(2,T = 0) ~ 1the same o at T=0, or # 1 modified
T, = (154 £+ 9) MeV

Pseudo-scalar . T=128MeV=083T
JP:O_ 10 & ——=%—— _._.____________f..
LA I Y T
0.8
0.6
04
uc ——D
—a— Jr
0.0 4a : | ~ z[fm]
0.0 0.4 0.8 1.2 1.6

® G°(2,T)/G°(z,0) ~ 1 at short distance = physics: not sensitive to T
® G°(2,T)/G"(z,0) # 1 at large distance = thermal modification of o



patial correlation functions

Probe of thermal modifications of spectral function

G®(2,T)/G®(2,T = 0) ~ 1the same o at T=0, or # 1 modified
T, = (154 £ 9) MeV

Pseudo-scalar ~ T=140MeV=091T,
T Y e L
;
0t Py gy
0.6
04 |

uc ——D

ud —=— 7T ~ z|[fm]

0.0 ‘ :
0.0 0.4 0.8 1.2 1.6

® G°(2,T)/G°(z,0) ~ 1 at short distance = physics: not sensitive to T

® G°(2,T)/G"(z,0) # 1 at large distance = thermal modification of o
® modificationat T'< T



spatial correlation functions

Probe of thermal modifications of spectral function
G®(2,T)/G®(2,T = 0) ~ 1the same o at T=0, or # 1 modified

Pseudo-scalar
JP =0"

T, = (154 £ 9) MeV

T =162 MeV = 1.05 T,

1.0 I' s -]
“ * < n
0.8 + & ¢ ¢ s
® + Iy
u ; ¢
I L
0.6 S .
® " .
04 | .
uc ——D
0.2 us - e - K
0.0 ud —=— 7 ‘ ~ z [fm]
0.0 0.4 0.8 1.2

1.6

® G°(2,T)/G°(z,0) ~ 1 at short distance = physics: not sensitive to T
® G°(2,T)/G"(z,0) # 1 at large distance = thermal modification of o

® modification at T'< T, explicit flavor dependence at 1> T,



spatial correlation functions

Probe of thermal modifications of spectral function

G®(2,T)/G®(2,T = 0) ~ 1the same o at T=0, or # 1 modified
T, = (154 £ 9) MeV

Pseudo-scalar | T=173 MeV = 1.12 T,
JP =0 1.0 7St i
& “ A
0.8 " ® a .
® A
0.6 + . b ‘ N
3 'Y
o [ : 4 a
04 | . * .
uc ——D - . ¢
0.2 us —*— K ", al
0.0 ud —=— 7 . -z [fm]
0.0 0.4 0.8 1.2 1.6

® G°(2,T)/G°(z,0) ~ 1 at short distance = physics: not sensitive to T
® G°(2,T)/G"(z,0) # 1 at large distance = thermal modification of o

® modification at T'< T, explicit flavor dependence at 1> T,



difference

AM(T) = M(T) — mo ~ change of “binding energy”

\Y%
0519Vl - - - —
ud —*— T
Pseudo-scalar 04 lusg ——K _
JP — O— uc - 'D . °
0.3 ¢ -
& e
02 | . ,*
- e
0.1 | got
. >
0 s = a8
L ‘ L I
100 120 140 160 180 200

® uci, us, uc :explicit thermal modification below T,
=N similar modification patternat T < T,
explicit flavor dependenceat T'> T
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AM(T) = M(T) — mo ~ change of “binding energy”
[GeV] '

ud —*— 7T

Pseudo-scalar 04 lusg —*—K

0.5

JP =0" uc ——D " e
0.3 | sS * 7755 = o

SC ' DS ° b 4

0.2 e —— 1 . %

:0 L -

0.1 | 8.5 L

SN
0 = 5 5 99 ! aaee *°

T [MeV]

_ 100 120 140 160 180 200
® ud, uS, uc :explicit thermal modification below T,
= similar modification patternat T < T,
explicit flavor dependenceat T'> T
® 5S, Sc:slight modification below T
® CC : stable beyond T. PRDI1 (2015) 5, 054503




oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry

Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry
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Gs(z,T)

oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

10°
107!

102 |
107 |
10* |
107 |
10—6 !

10”7

E
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oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry

Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

S 10° : : :
G (z,T) ; T=158 MeV = 1.03 T,
10"t 8 o :
e © @ @8 @
10-2, . ® e o o : : : @ ® 8 g g
o ® ® o
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S |0 —e— 3
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10° {17 ——
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107 ‘ ' ‘
0 4 8 12 16

® Vector partner degeneratesat T'~ 1.0T --1.1T,



oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

G5(2,T) 10
107!

1072 |
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® Vector partner degeneratesat T'~ 1.0T --1.1T,




G°(z,T)

oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry
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® Vector partner degeneratesat T'~ 1.0T --1.1T,




G°(z,T)

oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

10°
107!

102 |
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® Vector partner degeneratesat T'~ 1.0T --1.1T,




G°(z,T)

oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

10°

10”7

{ T =220 MeV = 1.43 T,
.
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® 2
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0 —e— e,
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® Vector partner degeneratesat T'~ 1.0T --1.1T,
® Scalar partner degeneratesat 1"~ 1.4T --1.67T.




G°(z,T)

oration of broken symmetries

Degeneracy of vector partners = restoration of chiral symmetry
Degeneracy of scalar partners = (effective) restoration of U, (1) symmetry

10°

107

T =248 MeV = 1.61 T,
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W 'Y
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1 z/a
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® Vector partner degeneratesat T'~ 1.0T --1.1T,
® Scalar partner degeneratesat 1"~ 1.4T --1.67T.




tion of broken symmetries

Large distance behavior of spatial correlator G°(z, T) 222 Ae~M(T)z
[GeV] N
Light-unflavored 0" —a—(0t —e—1 —a—t —e—
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® Vector partner degeneratesat '~ 1.07T --1.1T.
® Scalar partner degeneratesat T'~ 1.4T --1.6T,

» chiral: restored, U, (1): broken at T_, no dependence on lattice spacing
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In-medium mesons from spatial correlation function

» Sensitive to thermal effect at finite T on lattice
* Direct probe of modification of meson spectral function
* Indicator of restorations of broken symmetries

(2+1)-flavor QCD lattice simulations with HISQ of
ratio: G%(z,T)/G° (2, T = 0), screening mass: G°(z,T) =22 Ae~M(T)=

® ud, uS, uc :explicit thermal modification below T,
similar modification pattern below T,
> explicit flavor dependence above T,
® 5SS, Sc:slight modification below T,
® CC : stable beyond T. PRDI1 (2015) 5, 054503

® Degeneracies of parity partners
» chiral: restored, U,(1): broken at T,

in continuum and physical quark mass (preliminary)



