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Phase diagram of water
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Deconfinment phase transition

e Spontaneous breaking of Z(3) center symmetry

e SU(3) pure gauge system
exact Z(3)
string does not break at low T

infinitely heavy quarks



The Polyakov loop

In the limit of infinitely heavy quarks
|<L>‘2 _ G—BFQQ[r—mo,T]

T < 1T,
<L> — ()  Confined

1T > 1T,
< L> -+ ( Deconfined
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Polyakov Loop

* Order parameter characterizes the state of the

system

< L>

/N

Operator does not respect
the symmetry

I — L€i2n7r/3

symmetric phase: < L >= 0
broken phase: < L > (




The Polyakov loop

e The effective theory for < L > has a global Z(3)
symmetry

12NT

L—e 3 L OSepf— Setf n=0,1,2

» Confined phase = symmetry restored phase
(L) =0

* Deconfined phase = Z(3) spontaneously broken
phase

(L) # 0
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Polyakov loop susceptibility

 Intensive susceptibility

__ T T 8
X—6V<LL>C 8_

e Sensitive to the transition of p

features peak and width near t|

‘h—>0

1dS€eS

ne transition

» Effective potential: inverse of curvature



1* order phase transition

* Order parameter features a discontinuous jump
e Correlation length remains finite: & — &g

e Competing minima:
the system is “shocked” from one state to another

* Susceptibility has a delta function like behavior at
transition due to phase coexistence
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General Properties of PL
Susceptibilities in SU(3) System



[.attice calculation

* [ is complex-valued for SU(3)
LL) LT

e Fluctuations
xr = V(< LpL;p > — < L >?)
xr = V(< LrLr > — < Lt >?)
x4 = V(< |L||L| > — < |L| >?)

Note: X A # XL T XT
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Lattice Results for SU(3) System
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Gaussian distribution

e For 2D Gaussian distribution:




Gaussian distribution

Yo =V <zt >, =V(<z?> - <z >?)
Xy =V <y’ >.=V(<y?> - <y>?)
Xabs:V<T2>c:V<<7"2>—<7’>2>.

No symmetry breaking

Xz = 0.5
Xy = 0.0 = Xz

T 78
abs = 1. — — =|xz (2. — 5).
Xab 1 X( 2)




The case for SU(2)

e For 2 color, PL is real, the Gaussian result:

Xa/xL=1-2/7
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Implications to effective models
« xr/Xx1 <<1 above T,

e Polynomial potential

xr/xL > 1

* Haar measure -type potential

xr/xr <1
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Sigma model

Uepr = —y2(02 + 7r2) + )\(02 + 7T2)2

L
<0 > = ﬁ
<m>=0.
1
Xo 4—M2
1
Xr =+ >> Xo




Construction of PL effective model

AT

i | i i
Uots[L, L] = -~ L+ BIT]In Mg + 5O[T](L3 + L)+ DIT|(LL)*

Lattice results

P[T]7 < L >3 XLy XT

Z,(3) symmetry, Haar measure...
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Explicit Z(3) Symmetry Breaking by
Heavy Quarks



3-flavour phase diagram
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PL-heavy quark coupling

e Fermionic determinant
Fe / DLDL det[Qg] e #VUcll:L],

* Background field approach

A

Qr = (—0- + p+igAs)y’ +i7 -V — Mg

eiﬁgAZTa

1 ~
= —1r.L
AT

C

L
L



PL-heavy quark coupling

 Fermionic determinant (tree level)

A 3
Indet|Qr| = V2Nf/ (d kg 3BE[k] +1IngT Ing™]

277)
g= =1+3{L, Z_L}e_BEi + 3{L, L}e_zﬁEi 4 o 38E"
ET — E[k] T
Elk] = (k* + M3)"/?

Sasaki, C. et al. Phys.Rev. D75 (2007) 074013



PL-heavy quark coupling

» Effective potential

In det[QF] — —VTSﬁQ [L, E; MQ]

e Tree level result
UglL. L M) ~ ~hes[Mo/T] L,
UG — UG — heffLr

hepp[Mgq/T] oc Ny e~ Ma/T
Mg /T >>1






< L > [T, MQ]
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Critical quark mass

* Phase boundary of deconfinement phase
transition

O
Mg, TN

Pure Gauge

A OO




Critical quark mass

 Critical end point results from effective potential

Np=2

M. = 1.24 GeV Pure Gauge
)
=
M™% = 1.45GeV
/// ) —
M’ ™' = 1.04GeV
Nf — 3/’




Critical quark mass

* N; dependence of critical quark mass

heyf[Mq/T; Ny| = he
herr T Ng T
heff i/ MQ T

Ny=3
C

N =2 Ne=1
M > M7 > MY
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3-flavour phase diagram
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Heavy quark scale

e Typical heavy quarkonium mass scale:

m, = 1.3 GeV my = 4.2 GeV
m ., = 3.097 GeV my = 9.460 GeV
m, = 2.98GeV m,, = 9.391 GeV

mpg/my = 0.96 mpg/my = 0.99
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Another test for PL. model?

e Current model:
MYT=3 1,45 GeV
Td® ~ 0.26 GeV

e Matrix model:
MYI=3 ~ 2.5GeV
Tde ~ 0.27 GeV
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Recent QCD results
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Summary

 Lattice calculation of PL susceptibilities within
pure gauge system

» General properties of the ratios of PL
susceptibilities

» Construction of effective potential



Summary

e Explicit Z(3) symmetry breaking by heavy
quarks

e Critical end points
M2/ =%~ 1.45 GeV
Tde ~ 0.26 GeV



Thank You!
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Technical Aside

* Continuum quantities from lattice calculation:

~ N3 N3
’L,j (o) (o)

1
=73 < E L;L; >,

1
TSXcontin. — ﬁ Xlat = VTS < LL >,



Technical Aside

» Similar to the case for free energy density

_ InZ
1 4fcontz'n. — N4

- N§NT)
‘v

1
TBXcontin. — m Xlat = VT? < LL >

N




General features

e SU(3) matrix

Polyakov gauge:
A 1 o e P 0 0
L=—Trpedlodrds— [ (o ¢ 0
Ne 0 0 e i(¢1t¢2)
1 5
L =—Tr.L.

Ne



Target region

* Natural restriction on the range of complex
values of L

R{L} =3 (cos(61) + cos(2) + cos(r + 62))

3{L} = 1 L(sin(61) + sin(62) — sin(61 + ¢2))
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String breaking

 In the presence of dynamical quarks...
Bali et. al.

[E(r) - 2 mgla

Q Q) > 08 | |
! state |[1> +—e—
= ,. state |2> —e—
QQ -08 | | | | | | | | |
2 4 6 8 10 12 14 16 18
r/a




Group structure integration
* Order parameter as the effective field
Z|T, V| :/dLP[L;T, V]

P|L;T, V| = o BV UeyylL]

< O[L] >= %/ dL O|L] o BVUers|L]



Matching Lattice data to PQM model

e (Gap equation

aUeff[lv T|

o =0 = <>

 Thermodynamics quantities

Ueff[l =< [ >, T] = —PlT]

* Two PL susceptibilities

52 Ueff)l

=PV < lily >.=
Xrj = rly (8118ZJ



Field theoretical issues



Field theoretical issues

 Composite operators

[z =< Ni Tr Peia Jo dr A ral

=< lzlz >

X =0 / Bz C(r)

o Effective field theory:
expansion in < A*A% >, < APA1AIAY S,



Field theoretical issues

e Perturbation is not sufficient...

[=< NLTT <Ig +igBA* + %igﬂigﬂAﬂx]Aﬂx] + > >
1
zl.—2N69252Tr(T“Tb) < Adlz]Ar[x] > .
< A, [k]Ag:[\O] P
: 8 k? +m?
lP—llNg_laS@







Field theoretical issues

e Ansatz for non-perturbative propagator (Megias
etal.)

< Aqla] A3 [0] >=0""(Dyy[a] + Dy [7])

D1, |] e
£ 6 (2m)3 k2 + m2D
1 d3k m? =
Dﬁp [:E’] — G eth®



Field theoretical issues

e Zero temperature limit

9 2,12 —lef‘
2 (P17 L NPy (9 -mpldl I MG E©
Dy,[#) + Dy []) =T o
9" (Dyyl2) + Dy |7]) <47T‘f‘€ 3T mp )
D—>0->5(T><g__ _|__g e, - Const.)

4 r ST
o Effective string tension

y = I
ST




Field theoretical issues

To leading order...

|~ zjlv PBTr(TTY) < A%z)A%2] >
1 1
T ~= —g*

Xi :5/(133; C(z)

% < Tr(Ajlz]) Tr(45[0]) >



Clr;T) =C*lr;T) + CNF[r; T

N2—-1 ,e 2™  N2_1 5 1 e 2mor

b

Q |
8N? m4, T2

~ 8N2 ¢ (rT)2

xi=xi txi
N2-1 , 2r N2-1 5 1
= o | b —
8N? mpT? 8N? mT



N2—-1 mp 1 N2—1_, T
C 043 = C b/ e
In ! AN, T T2 4N.  mp
0.5 T r T T
1 /
T2 B
o} o9 ®
A&
P
|
& 1 1.5 EI.E .IE 3I.5 :1 4I.5 K
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Field theoretical issues

* Overall consistent description of lattice data in
temperature range 1.17, — 47, with

NP _ g°(N7 = 1)Tmg,

=0.96 GeV* = 13.2T7
STmp

92 < A(Q)ja >

» Similar analysis for trace anomaly



Field theoretica
quantities
correlation...

< A[x] A[0] >
| SAPARA AR >,

L« — TrPe 2 dr A*[r,3] S
N

= < Gls >
% —ﬂ/dng ﬁ

Lattice

Effective potential
order parameter
curvatures




Field theoretica
quantities
correlation...

< A[x] A[0] >
| SAPARA AR >,

L« — TrPe 2 dr A*[r,3] S
N

= < Gls >
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