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About QCD plasma

Crossover from strongly coupled around Tc to weakly coupled at high temperatures

Questions for this talk

Does it happer suddemy’?
Which Is the role of topology, it any”
Which is the role of the critical point and the critical region”




Outline:

Topology
QCD Transition
Critical region

Crossover from strong to weak coupling common?



't is possible to couple QCD to topological charge

2
g — LV
L= Locp 9327T2 F;VFE’,‘

g2
a pFuv
3272 F“VFa“ = q(x)

Q — topological charge
Q=Y q(x)

CP-violating term



CP violation in QCD?

.
L:LQCD+6’g F? FHY !

322 MV 4 D
g2 dTJTH P d¢
3272 FuvFa™™ = at g T 4

Diagnostic of CP violation: Neutron electric dipole moment d,,

» QCD sum rules: d, = 2.4 x 1071°0 e cm Pospelov(1999)
» Chiral perturbation theory: d, = 3.6 x 1070 e cm pich(1901)

> ExperimentS:dn — (OO + 1.1 (stat) +(0.2 (sys)) ><].O_26 e Ccm
d,| < 1.8 % 1072% e cm 90% C.L, nEDM, Abel et al. (2020)

0 < 05x101% =0nhere!



THE GRAND CANONICAL PARTITION FUNCTION

Z(@, T) _ /D[QB] e—Tthd3x£(9) _ e—VF(@,T).
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Taylor expansion..

0 n 6)2n
F(@, T) — Z(_l) +12n| Ch
n=1 '

..and cumulants of the topological charge:

d2n
n+1 F(@ T) — <Q2n>conn-

Cn=(=1) do2n” 27 M=o




THE FREE ENERGY F(6, T)

» At zero and low (below or around T.) temperatures: ChPT
Villadoro et al. (2015) At Ieading order

m,mgy sin?( 0
my + md)2 2f-a‘ 9

F(O,T)—F(0, T) = mifﬁ\/(l (

» At high temperature: DIGA and high temperature
perturbation theory Gross et al(1980),Ringwald(1999) At leading order

Main diagnostic
tool

Bo = 11N, /3 — 2N; /3

» Around T, : The interpretation of QCD around T, in terms
of topological structures is of a subject of active research

Larsen,Sharma,Shuryak et al (2020,-).



0%F(0, T)

What do we know about Xx:p(T) = —53

ChPT

Xtop(T) \

Lattice QCD +

models +

holography..
DIGA

6=0

T/Tc



LATTICE QCD AND 6 TERM

Lattice simulations rely on a sampling of the phase space weighted with the e™
the Euclidean action.

> where S

7 — /D[U] e_Slat[U]

» Sign problem: In Euclidean space-time the Minkowskian
Lagrangian becomes complex ftor real values of 6.

» Way out: Taylor expansion around & = 0 or an analytic
continuation from imaginary values of 6 Bonati, D'Elia et al. 2019.

In the following, topological susceptibility and cumulants will be
measured at 6 = O:

0°F(0, T)
Xto ( T) —
’ 00° 0=0




1T OPOLOGY, SYMMETRIES AND SPECTRUM

2

L= ZqLaﬁqLﬁqRﬂqRa M(GLaqLatRaqRa)H0 2 S F2 4 Lpage
a=1

With m = 0, invariant under
q,. — VLCILCIR —> VRC]R, with V & U(n)

Global symmetry:

U(n) xU(n)r = SU(n)x SU(n)x U(1)y xU(1)x

baryon
number

Explicitel K
Spontaneously Broken, (n= 1) GB xplicitely broken



Symmetries of QCD

2

L = Z qLaaqLa‘FqRa@qRa m(qLaQLa‘|_qRaQRa)‘|‘9 301 QFSVFMV+£gauge
a=1

With m = 0, invariant under
q, — VLquR — VRC]R, with V & U(n)

Global symmetry:

U(n)L>< U(H)R = SU(H)X SU(H)X U(].)\/X U(].)A

baryon
number

Spontaneously Broken, (n2— 1) GB |

Experimental Evidence Explicitely broken



EVIDENCES OF THE EXPLICIT U(1)s BREAKING.

The ©U,(1) symmetry ¢ — e'*Y5q

would be broken by the (spontaneously generated) qq
/
the candidate Goldstone is the 7]

too heavy!! (900 MeV)

BUT:
the divergence of the current  j&' = @y57u4, vame | oymbor ® | symbot *| coment | gaeviem
contains a mass independent term i || ] o SRR
l Pionl”! P Self uii—dd B 434 9766 +0.0006
1 V2
a[.t] E'l;b — mq’Y5q : 3 27_[_2 F F , it:son[s] n Self “‘_‘“L‘fé_zsg “ 547.862+0.018
1 . N i:sz:gf n’(958) Self &\/‘;‘Lsg [""] 957.78 +0.06
F - [ dzFF # ()
3 271- Kaon(12] K* K us 493.677 +0.016

5

ds 497.614 +£0.024

The Ux(l) symmetry is explicitly broken o | 0




Topology, ’r], and the UA(I) problem:

1 ~
't can be proven that 352 / d*zFF = () Gluonic definition

and Q=ny—n_ Fermionic definition

mass may now be computed from the decay of the correlation
Q) Q)
(F(z)F(z)F(y)F(y))

Successful
at T=0




EVIDENCES OF THE EXPLICIT U(1)a BREAKING.
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¥ [fm™]

-0 QCD Topological
Susceptibility
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Topology from low to high Temperature

What happens to topology in the Quark Gluon Plasma®

N\
\i
| —




LATTICE TOPOLOGY Michael Mueller-Preussker(2015)

» GluoNnicC:Luscher(2010), Bonati,d’Elia e al (2014),Alexandrou et al . (2015)

4
d L o
Q= 37 5> Epvpo E :Tr[/:f;t )F/Zt (m)],

7.‘.

Need smooth configurations,using smearing,cooling, gradient flow..
' 2
VM(”? 7-) — — 8 [8n,,LLSG(V(T))] V,Uu(na 7-)7 V,LL(na 0) — U,Lb(n)a

Pros: Easy
Cons: suffers very much from lattice artifacs

» Fermionic:Atiyah Singer(1971,1984)
1 14 O
QR = 302 Suupa/Tr[F“ (X)FP7(x)]d*x = ny — n_

Pros: not affected but UV fluctuations
Cons: very high computational cost

> Fermionic - simple but approximate: Kogut et al.(1996),Petreczky, Sharma(2016)

Q%) >

Xtop — \/ — My X5, disc

7 e = i == (@)1 — (@0)7)

Xtop(T 2 Tec)



Comparison between methods
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T > 240 MeV approach to DIGA

HISQ fermions, 2+1 flavors

Petreczky, Schlaeder, Scharma (2016)
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Results for physical pion mass m Nr
from rescaling Tl (_> ‘

R Burger,llgentfritz,MpL, Tlrurlwinl, PRD2018
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Power-law decay? V2 (T) = a T —4(T)

For instanton gas  d(1T') = const ~ (7 - ]f{)

d(T) = —1 In XOQS (T) Possibly consistent
with instant -dyon?
— — DIGA (N;=2) | x(T') Shuryak 2017
- —— DIGA (N;=3)

deff (T)

o S S A instanton- \NGl nstantons
7 T_ @ : 3 dyons :

250 300 350 400 450 Troin/T: 1 T o/ T T/T,
T [(MeV|

—aster decrease before DIGA sets In
I




Beyond topological susceptibility  d'Elia, Vicari 1301.7640

(<Q4> -3<02>2)/<02>) =-12 b2

d2n
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_ b
QCD - Summary of b parameter xX(T)=AT
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Topology from low to high Temperature - again

In the hadronic phase topology solves the /

puzzle by explicit breaking  [J(1) 4

What happens to 77' in the Quark Gluon Plasma”

PHYSICAL REVIEW D VOLUME 53, NUMBER 9 1 MAY 1996

Return of the prodigal Goldstone boson

J. Kapusta
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

D. Kharzeev
Theory Division, CERN, Geneva, Switzerland

and Fakultat fur Physik, Universtat Bielefeld, Bielefeld, Germany

L. McLerran
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

(Received 14 July 1995)

We propose that the mass of the 7" meson is a particularly sensitive probe of the properties of finite energy
density hadronic matter and quark-gluon plasma. We argue that the mass of the %’ excitation in hot and dense
matter should be small, and, therefore, that the %’ production cross section should be much increased relative
to that for pp collisions. This may have observable consequences in dilepton and diphoton experiments.
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]

in the QGP

So far, only results
from model’s studies

All values in [GeV]
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Different mechanisms leading to

(jua) - |dd)) /v2 | ,
(lua) + |dd) — 2|s5)) /v/6 1 (900 MeV) mass reduction

(|wi) + |dd) + |s5)) /V3

70)
78)
7o)

The octet-singlet mass squared matrix in the isospin limit is
thus given by

- A,

Méqsz
M2, =M
. Non anomalous:
n ~ 700 MeV
Veneziano, 1981 (strange only)

However: also sensitive to SU(2)XSU(2)



Indication of topology suppression in PHENIX

Effects of chain decays, radial low and Uyx(1) restoration on the low-mass
dilepton enhancement in /syny=200 GeV Au+Au reactions

—
<

1/N dN/dm_, (c*/GeV)
S

—i
Q
w

10™

107

Miérton Vargyas®®1, Tamés Csorgé®?, Rébert Vértesi®®

3

—m*_ =200 MeV
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I m* . = 500 MeV Th_s 1S
k — m*, =600 MeV at 1inite
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Kotov, Trunin, MpL (2019)



Minimum of the

/

Approx. correlated with 15,

Ensemble|a [fm]|m, [MeV]| Ty [MeV]
D210 |0.065| 213 | 158(1)(4)
A260 |0.094| 261 |157(8)(14)
B260 |0.082| 256 |161(13)(2)
A370 |0.094| 364 |185(5)(3)
B370 |0.082| 372 | 189(2)(1)
D370 |0.065| 369 | 185(1)(3)
A470 |0.094| 466 | 200(4)(6)
B470 |0.082| 465 | 203(2)(2)

CZ?W’ |]\4€3\/]
~ 150
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: R 0370 MeV
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Consistent with suppression of the anomalous contribution
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Quick summary topology:

Topological susceptibility drops beyond Ic
Consistence with DIGA (exponent, b2, mass scaling) T > 300 MeV



Focus on critical behaviour:
And on the critical region
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WHICH SYMMETRY IS RESTORED IN HOT QCD?

Shuryak(1993)
UM UM KO0 D]

Breaking/restoration Always broken If topological charge
at 1c fluctuates!
studied a lot
on the lattice SUT
\ the "amount’ of breaking
depends on temperature

HOW ARE THESE RELATED??

/ IMPLICATIONS?



Ny =?

1=0, no difference, just different #Goldstones

HIgh | restoration: 1st order 2ng or st

(or maybe 2nd”?? - Cuteri,Philipsen@2021)



Fate of 1st order for Nf=3 : persistence till Nf=2 7

mu,d:O
Ny =2
Ny =3 m.
0 O

High T restoration: 1st order 1st



Fate of 1st order for Nf=3 : critical endpoint ?

My, d — 0
Ny =2
N; =3 N m. /
0 O
2nd O(4) 3D

High T restoration: 1st order

Nature of the singularity for a physical strange mass?



[open parentheses: axial symmetry restoration?

» Consensus: axial symmetry is effectively restored T ~ 1.27_

Kaczmarek(2020),Mazur(2018),Buchoff(2013),Suzuki(2020),Kanazawa(2015),Ao0ki(2012),
Tomiya(2016),Brandt(2019),Cossu(2013),Chiu(2013), Tomiya(2016)

» Controversy: how close to 7. the effective restoration may happen.

same refs as above

» More controversy: axial symmetry still brokenat [ ~ 1.6TC
Ding et al. (2020)



A quick look at the axial symmetry as seen in 2pt functions
Correlation functions of local operators shuryak(1993),Buchoff(2013)

g = lzllb/

6 = Y'Yy

n o= iy Y
=T Y.

(0,7') and (7,0') are related by SU(2), x SU(2)r transformations
(7,1), (0", 7" )1<i<3 by U(1)a.

Several lattice studies in mesonic channels.



0.975 1.000 1.025 1.050 1.075 1.100

T'/T. Mazur et al 2018



Kotov, Trunin, MpL
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1200 - 5 ¢ 6mgc —6mp, my =140 MeV, a=0.0801fm

T 6My — 65My, My = 140 MeV, a=0.0801fm

1000 . ¢ Omsc—06my, mp=210 MeV, a=0.0646fm
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T MeV Kotov.MpL, Trunin, in progress



All values in [MeV]

100

Q0
-

(@)
-,

NN
(-

(\)
-

1/4
— - = Xlatt.P

1/4
— —  Xlatt.B
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Is chiral symmelry
driving axial symmetry?

Horvatic et al (2020)
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XQCD = — XYM N;

1+ a Ez_ " (9) k=1(mz' (7;@/}))

Di Vecchia, Rossi, Veneziano, Yankielowicz
Gomez-Nicola, ..






Including the light quark masses
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Where is the scaling window in QCD in mass and T7

Temperature

'ﬂ
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~. Mean field .
L Scaling wipflow 04

L
-
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04 O
M

* Physical point : mu, md, ms



Alternative scenario, similar question
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Scaling window and universal behaviour

Magnetic equation of State

h = M°f(t/MYF

M =Y, h = mgq, t =1 — 1., mg 1s the quark mass and 7. i1s the critical temperature

Pseudocritical (mass dependent) temperatures follow:

T, = T.(0) + kymy*° _

_ oYy

Observable X/ Il XL — (.
ks 135(3) | 0.74(3) om

Ratios of k’'s universal




A’new’order parameter ;54 mentioned in the PhD thesis by Wolfgang Unger

Beating’ the regular terms/additive renormalization
for more stringent universality checks

Transverse and longitudinal susceptibilities

R. =x7 /x5

z f'(z)
B flz)

Kocic, Kogut, MpL,;
Karsch, Laermann




- l[inear terms in m drop In Az = (@Ew —mxr) = (1;7# — m%ﬁ)

- Az order parameter, no leading order additive renormalization

Use: M = hl/‘sf(;(t/hl/ﬂ‘s) (parametrization in:

J.Engels and F.Karsch, Phys. Rev. D 85, (2012)

To get EoS for A3
A3z =m0 fo(t/m B) — 1/6m 07 fo(t/m/B%) 4 mM/ B+ fL((t/m1/P?)
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Derivatives:
give scaling
of pseudo
critical
temperature
Ic
with mass

0.5
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03

0.25
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T, =T.(0) + ksmfr/ﬂ‘s

7

0.59

:d'A?, /dx

diyn) /dx

0.74

Observable

X

Uy

A3

Ks

1.35(3)

0.74(4)

0.59(1)

0 0.5
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Asymptotic behavior - high T expansion

fG(x) =z Z dnx_znA -
n=0 |

2 T
X o
~

18F + 7~

16 |

again, linear term
drops in (A3

1 k
08
06
04
02 |

0}

-0.2




Numerical results for physical pion mass
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Scaling of the pseudo critical temperatures

220 -
200 -
~ 180 -
=
~
160 -
1401
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0 100 200 300 400 500
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Observable X P Az

k 1.35(3) | 0.74(4) | 0.59(1)
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Searching for the scaling window in mass I, s
o . Mean field
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Searching for the scaling window in temperature
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Topology, scaling, and a threshold in hot QCD

Topology: We observe a behaviour consistent with DIGA above T = 300 MeV

Scaling: We observe O(4) scaling for T < 300 MeV, and leading mass scaling T > 300 MeV

|s this a coincidence or does it point to a threshold in hot QCD 7



