Quarks & gluons fundamental constituents of hadrons
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HiggS Boson 0 The main missing block for the experimental

Francois Englert, Peter W. Higgs validation of the SM is now in place
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QCD

SU_(3) color

Global symmetries

L(q7,0;7, A,

M, — o0

Z(3)

symmetry

Chiral Symmetry:

= Ug xUg xUg

Chiral

m,q —0

SU, (2)xSU_(2)

ébye scree gle?
deconflne v.n-i

Chiral Condensate

<Qq>

restored

m; )

symmetry

~0 <Qg>~-—225MeV?

broken 3



Critical Behaviour in Strongly Interacting Matter

Deconfinement and Chiral Symmetry restoration- expected within
Quantum Chromodynamics (QCD)

cold hadrons gas critical region QGP
T << Tc T >TC
Co® GO g FIariiT
A
confined potential Collective dynamics Debye screened
_ potential
V(I‘) =0l Transition appear for sufficiently v (r) ~ exp (—ugr)
large densﬁty r
chiral condensate g(T L ) ~ e & N 06 GeV chiral condensate
— MBS TTON T — Y 3 _
<y >#0 %ERN3 fm <y >=0
pAN




Particle density and percolation theory

| Vi I Density of particles at a
oV e r - exp
” l - given volume n(T) = N ot
fﬁ_ Ve | Total number of particles in
v, Qe HIC at LHC, ALICE
R PP * g (Ny) =3(m) + 4(p) + 4(K) + (2 + 4 x 0.2175)(Ax)
2 of v B 4 ] +4(Z) 4 2(Q),
1.0 D.'_j -"F: ; I'_a D.I'_? {-'-HI""T'E'.> — 2‘-]:86 T ].EI:G
Percolation theory: 3-dim system of objects of volume V, =4/37zR;
n —g take R,~08fm => n_~0.57 [fm™] => T ~154 [MeV]

C

0
P. Castorina, H. Satz &K.R. Eur.Phys.J. C59 (2009)



QCD Phase diagram: from theory to experiment

Krzysztof Redlich University of Wroclaw

QCD phase boundary in LGT

and In effective models , its O(4)
,scaling” & relation to freezeout

In HIC

Moments and probability
distributions of conserved
charges as probes of the
criticality in QCD

STAR data & expectations

A-A collisions
o )/ fixed s
lf /
/ Quark-Gluon

Plasma

Chiral
symmetry
restored

Hadronic matter

Chiral symmetry X
broken

\

9 —
15t principle calculations:

o, T << AQCD J —perturbation theory

T >> Ao pQCD
1, <T " LGT

Hp




Statistical Physics

Density Matrix
Partition Sum

Free energy &
Thermodynamics

Densities

p— e~ FH-WN)
F=-ThZ,
8(TnZ)
P=—"7",
¢ 9(Th2)
or

9(TnZ)

Net Charge | N; =

I,
E=—pV+TS+ mN;




The partition function of QCD

Z(V,T,; g, Ns,my) = Tr(e~ H-HQ/T) = /DADpre SelAul,—S[P¥.A]

b b Ab
(Fy) = B, A% — 0,A% — g™ AL AL
Action 1/T

SolA, = /d-]dar —Tr Fl (2)F, ().

Ny
0 ¥ j 1

D, = 0, +igT*Af

1 . 1 T n )
Au(r,x) = Aulm + ?,}{}, (7, x) = —¥p(T + ?x) quark number i"‘-.;f = Vyols

Saco = [tz (4 g v M A e




Asymptotic freedom in QCD

QCD becomes perturbative at high energy

@ The Nobel Prize in Physics 2004
David |. Gross, H. David Politzer, Frank Wilczek

0.5 . . o
A The Nobel P Ph
- Theory | © g E e 0 e rlze ln YSICS
ata =
Q) = 2004
Deep Inelastic Scattering A
ete Annihilation o e
0.4 Hadron Collisions <& 7]
Heavy Quarkonia H
v
A{I\Sd_)s as(MZ)\
251 MeV --- 0.1215
0.3 ¢ 213 MeV — 0.1184] -
178 MeV — — 0.1153
w
0.2} .
David J. Gross H. David Politzer Frank Wilczek
The Nobel Prize in Physics 2004 was awarded jointly to David J. Gross, H.
0.1 David Politzer and Frank Wilczek "for the discovery of asymptotic
T ] freedom in the theory of the strong interaction".
1 100 Photos: Copyright © The Nobel Foundation
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Excellent description of the QCD Equation of States by
Hadron Resonance Gas

A. Bazavov et al. HotQCD Coll. July 2014
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“Uncorrelated” Hadron Gas provides an

excellent description of the QCD equation of

states in confined phase

F. Karsch et al. HotOCD Coll.
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= “Uncorrelated” Hadron Gas provides also an
excellent description of net baryon number

fluctuations




Chiral Transformations of QCD-Langrangian

uark

/

=qy,(i0, —9A,A")g—m g

Decompose g= qR+qL

qj/luDluq qu/luDlqu_I_qRyluDluqR <:|qR_ (1+75)q qL_ (1 7/5)q

Chiral transformations:

pl|p,h>=h|p,h>

qR _)e—leR-fIZ

O O.—F€

-0, 712

SU.(2) x SU, (2)

qq = quR T qRqL

In QCD vacuum chira

—

Breaks chiral symmetry:
Invariant under

SU, (2) (6 =6.)

symm. spontaneously broken

< g >~ —(250MeV )’ 11




e origin of hadron masses?

PI 'ofon

15 MeV

940 MeV

e current quark masses (cf. QCD scale ~ 200 MeV)

my < mg < Mg < Me <= My < It
4MeV  TMeV 100 MeV 1.2GeV  4GeV 180 GeV
light quarks heavy quarks

e chiral symmetry in u, d-quark sector (1, 4/ Aqcp < 1)

L=L(qr)+ Llgp) + My d (qrar + drpar) ~ SUp(2) @ SUR(2)
Is it manifest in hadron spectra? ... NO



Order parameter of chiral symmetry restoration

effective quark mass shift

Measurgs dynamically generated ,,constituent” quark mass: T=0 quarks ,,gress” with gluons
%7 _ in hot medium dressing ,,melts
_ 0 < chiral symmetry restored T >T_

<Jq>= .
# 0 < chiral symmetry broken T<T,

Consider chiral susceptibility: <qg>; /<qQg>,
2 Py ¥
_ o0°P(T, ,m,)

2
8mq

— 1\ 2 — 2
=<(0q)" >—-<0qq>
to determine the position of
the chiral phase transition:

A




Z(N) transformation of QCD Lagrangian

SU(N)gauge tr.2 : D, — QDIUQ? .o — )

Qe SUN) = QQ=1anddetQ =1
— a simple gauge tr.

E-Ec — f:iﬁl}l det 5_2{'- —
279

O = T Jg=0.1,- (N —=1):Z(N)symmetry
—Z(N)at T 0 : imaginary time 7 (0- 3 =1/T)
gluon : Ay (3.7) = Ay(0.7) periodic BC
quark : (3, 7) = —1(0, %) anti-periodic BC
(). violates BC:
AR5, @) = Ap(0,@), (3, 7) # —(0,7)

= quark breaks Z(N) symmetry -



Polyakov loop and deconfinemnet

O =TrL(X) = NiTr(P exp[ijoﬂ dz A, (X,7)])

Z(N)- transformation :

—F, /T
<PD>~e °

L. McLerran & B. Svetitsky

C

L

!

Consider fluctuations:
7, =<D°>—< D>

to determine the position of
the phase transition:

CN :eZ7Z'ik/N EZ(N)

—> C\ L

0 < confined phase T <T_

# 0 < deconfined phase T > T,
<O(T,m,) >

o
-~

finite mq/;/



Lattice QCD

P

T

X

O

U ,(x) eSUN)

O

R
JdX+,u

V =N’a’

T"=Na

Se =D (P_+P. +hc)

Z(T,V, ) :jdu e’ > det[M]

M=M U, )

2N

U(x0)=U(xf) ,_2

9
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Polyakov loop on the lattice needs renormalization

Introduce bare Polyakov loop

N, —1

L™ =Tr H Uigr)s
=0
1
Lbare — Jﬂll.rﬂ ZLE’ETE ol
Renormalized ultraviolet 0.6 -
: remn 2 N+ bare
divergence L™"=(Z(g%) L™ _,
Usually one takes (|L™"|) as

0.2

an order parameter

T
1r<|L]>
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o—Fien (r=12,7)/T

Tr— X0 ren
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N. Cardoso* and P. Bicudof
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To probe deconfinement : consider fluctuations

SU(3) pure gauge: LGT data

Fluctuations of modulus of
HotQCD Caoll.

the Polyakov loop "l N S

- XA !

Tng _ % ((lLrenP) _ <‘Lren|>2) 1 1
However, the Polyakov loop | u1
L =L, +il, | :

0.1 ¢ l 085 09 095 1 105 11 1.157

[hus, one can consider fluctuations of * ¢ oxy
kel BT ‘e . J
LI

the real ¥, and the imaginary | ¢
part ¥, of the Polyakov loop. [

TT, |

1 2 3 4 9




0.

10

Fluctuations of the real and imaginary part

of the renormalized Polyakov loop

Real part fluctuations

Thn = 3% [(LF"?) - (L§")7]

Imaginary part fluctuations

3
Txr = w% [((LF")?) — (L))
Pok Man Lo, B. Friman, O. Kaczmalrnek, C. Sasaki & K.R., PRD (2013)

Lr
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To probe deconfinement : consider fluctuations
XA _ _3_ ((lLren| > (‘L_I‘EI]DQ)

‘ Tia, @
i T ?8; . ] the Polyakov loop
T XT — ] .
: : Consider fluctuations of
: ﬁ; 1 real 1= I
_ > _
0.1 3 e 9, o ; _
: y 4 ® o ° o o | modulus  Za= A
001 l A, XT SSXL=XA | imaginary 11 =X
. = A E . .
: - A a A N 1 and take their ratios:
N
XA < XL =XT ]
0.001 ‘ | ] ] ]
0.5 1 1.5 2 2.5 3

Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R., PRD (2013)



Ratios of the Polyakov loop fluctuations as an
excellent probe for deconfinement

1.2

0.8

0.6

0.2

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R., PRD (2013)

L
R, —Zn
AT L
AR e L
’ 8 —o— |
,' 486 e
| 64°x8 A
K Gaussian Limit - |
x
- 4
T A
..... ity
04 r s 7 Ll
T,

In the deconfined phase R, =1
Indeed, in the real sector of Z(3)

L. = L,+oL, with L,=<L; >

L, ~ L, +5L, with L =0, thus

18 =V <(OL)’ > x =V <(SL) >
Expand the modulus,

5Ly (OL,)

|L|:\/LR2+LI2zLO(1+ 2L02

)

get in the leading order

JqLF>-<Lp’= <(5Ly)* >

thus An = Xr



Ratios of the Polyakov loop fluctuations as an
excellent probe for deconfinement

1.2

0.8

0.6

0.2

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R., PRD (2013)

L
_Xa
R, =T
AR e L
’ 8 —o— |
,' 48x6
| 64°x§ A
K Gaussian Limit - |
x
- 4
Tk
..... i 2 j!” .{é
a0 g
T,
0.8 0.9 1 1.1 1.2 1.3

In the confined phase R, =0.43

Indeed, in the Z(3) symmetric phase,
the probability distribution is Gaussian
to the first approximation,

with the partition function

7 — Idl‘ dL e/ e (MR’ +L )]
R™™I

1 1

o n- n
sars % =g and

Thus z, =

1
2aT?

RVO = (2-%) = 0.429

Zn (2-7). consequently

In the SU(2) case Ry"? = (2—%) =0.363
is in agreement with MC resultsS
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0.6

04 -

0.2 r

Ratio Imaginary/Real of Polyakov loop fluctuations

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R., PRD (2013)
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T,
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In the confined phase for
any symmetry breaking
operator its average
vanishes, thus

7, =<L2>—<L>*=0 and

X =Xr—x thus | yg =1,

In deconfined phase the
ratio of %/ xr #0 and
Its value iIs model dependent



Ratio Imaginary/Real of Polyakov loop fluctuations

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R., PRD (2013)

In confined phase
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Due to Z(3) symmetry breaking in confined

4 loop strongly suppressed,

phase, the fluctuations of transverse Polyakov



Ratio Imaginary/Real and gluon screening

WHOT QCD, Coll: -
Y. I\Iaez?ma g Aoki?, S. Ejiri®, T. Hatsuda® In the Conﬁned phase
N. Ishii*, K. Kanaya?, N. Ukita® and T. Umeda® _ 2

Phys Rev. D81 091501 (2010) AR, (1) —47’j dr r'Ce (1)

|-

/T Hﬁ | CR,(,)(I’) =< LR’(,)(I’) LR,(I)(O) >

N % "= "L | = WHOT QCD Coll. (Y. Maezawa et al)
% nigy! | _MR’(I)r

10 | e

16° x4 m, /m, =0.6 | CR,(|)(r)r_>oo _)7R,(|)CF)T

6 i e & ; | and wHoT-coll. identified Mg, as
& : :
| | 1 the magnetic and electric mass:
2-flavors of improved Wilson quarks - 2 2
- y, ocl/ms,  y.ocl/mg

1 15 2 25 3 35 4+ Since
T/ T

mZ >>m, = 7, << ¥n




String tension from the PL susceptibilities

Pok Man Lo, et al. (in preparation)

T<T.= % = xx

3 T T T T T T T 2
Xr(h) :47zfdr r“Cg )(r)
2.5 L . Common mass scale
oTyT2 B o 5 ¢ for CR(I)(r)
2 $ 7] ’ e—M r
® C N ~——
15 | o (0=
(T/T.)° irf;{kljif PML et al. —e— o o .
il e o 1 e _ In confined phase a
. Ukawa =t al. —8—
(1o0) = 018 or? E% natural choose for M
05 r - M — Q/T
0 - string tension

08 082 084 086 088 09 092 094 09 098 1

b(l_)/TCZ ~ (T /T, )2(r3ZR,(|))_1/2




Ratios of the Polyakov loop fluctuations are
excellent probes for deconfinement

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R. . PRD (2013)
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“ - Py m— =|-‘°. . 48:;)‘6 A S
0.4 323x8 —*— . ' 64°x8 ~ 4
i8xg —v 0.6 | T Gaussian Limit - ]
0.4 - 0.3+ 64°x8 —— 4 . iT
¢
ol by
i hd L L L H
I_I 1
0.85 0.9 0.95 1 1.05 1.1 1.15
|:| 1 1 1 T"IIII" 0 2 Tch
! L : 2.5 3 0.8 0.9 1 1.1 1.2 1.3 1.4

How the above properties are modified when including quarks?



Modelling QCD phase diagram

Preserve chiral SU, (N.)xSU,(N,) symmetry
with < > condensate as an order parameter

Preserve center Z(N_) symmetry with Polyakov loop

1 (5 .
L = N—Tr(P exp[ljO dz A, (X,7)]) as an order parameter
R. Pisarski (2000) _
Polyakov loop dynamics Confln?ment
A
: K. Fukushima (2004)
SyntheSIS C. Ratti & W. Weise (07) AN i1
v o Spontaneous
Nambu & Jona-Lasinio Chiral symmetry

Breaking




Effective chiral models and gluon potential

B=1T B | _ )
S= | dr[d*¥ia(,0, —A.0,.)d-V"(0,0) + sa a-U (L, L)]
0 \Y
U(L,L)— the z(3) invariant Polyakov loop potential
- (C. Sasaki et al; J. Pawlowski et al,.)
v (0,q) — the SU(2)xSU(2) ¥ —invariant quark interactions described
through:

Nambu-Jona-Lasinio model PNJL chiral mode
K. Fukushima; C. Ratti & W. Weise; B. Friman, C. Sasaki ., ....

coupling with meson fields > POM chiral model
B.-J. Schaefer, J.M. Pawlowski & J. Wambach: B. Friman, V. Skokov, ...

FRG thermodynamics of POQM model:
B. Friman, V. Skokov, B. Stokic & K.R., .....




Effective QCD-like models

Lowy =0(@iD, —m)q+Gs[(Ga)” + (Tizysa)*1- G (Ty,a)°

~G" (@ @ry,0)* + 1,90+ 14, 7,0 —U (D[ A], D[A], T)
K. Fukushima, C. Ratti & W. Weise, B. Friman & C. Sasaki , ., .....

B.-J. Schaefer, J.M. Pawlowski & J. Wambach B. Frlman et al.
PQM Q(ID _g[G+|7/5T7T])q+ (8 0) + = (5 72')
U ((D[A],(D[A],T)—U(O',ﬂ' )

D,=0,-10,,A, CD—NiTr(Pexp[lj' dz A, (X,7)])

C

Polyakov loop




Extendet PNJL model and its mean field dynamics

Ly =0(iD, —m)q+ G [(Ga)° + (Tizy,a)*1- G (Ty,0)°
-G (qry,0)” + 4,07 d+ 14,0 7,0 U (P[A], O[A], T)

. 1 _ )
D, =0,~15,0A, ®=—Tr(Pexpli | deA (D™

C
GS , G\f , G\\// . Strength of quarks interactions in scalar and vector sector

Thermodynamic potential: mean-field approximation
Q=Q(T,M, 4, fly [, , <D >,< D >)
0 Mu,d ~< (Q >: dynamical (u,d)-quark masses, shifted chemical

potentials ,&i and thermal averages of Polyakov loops < ® >
obtained from the stationary conditions: _,
4 8Q(T, %)/ 0% =0

32




Polyakov IooE parameters, fixed from a pure glue
attice Thermodynamics

U(L,L)=-b,(T) L'L-by(T) In[M(L,L)]

b (T)-fixed to reproduce pure SU(3) lattice results

1 2 3
lattice results: T"'ITI‘:
O. Kaczmarek et al. PLB 543 (2002) 41
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K. Fukushima, C. Ratti & W. Weise




Polyakov IooE parameters, fixed from the pure glue
attice Thermodynamics

—P®IT*=U(® ,®")=-b,(T) D'D-h,(T) (©°+d°)+h,(T) (O D)’

b (T)-fixed to reproduce pure SU(3) lattice results

15— — :
i S H
05 Tp Vs / i
Lo 7 £ 107, |
; 0.75 Tp :
ost  f - / |
0.0 [ e La—
I 125 Ty '-
—ﬂ‘j B S e ' 7
207Tg !
—1.0f ]
] -
1 2 3 ~13ga 0.2 0.4 - 06 0.3 1.0
lattice results: T-"I'Tﬂ
O Kaczmarek et al. FLB 543 (2002) 41 ~ C.Ratti & W. Weise 07

Polynomial potential results in thus is not applicable!




Effective Polyakov loop Potential from Y-M Lagrangian
Chihiro Sasaki & K.R.

Deriving partition function from YM Lagrangian
Z = f DA, DCDC exp [1 f d%f:] . L =Ly + Lap + Lpp
1. employ background field method.  (Gross, Pisarski & Yaffe)
Ay = ﬁ” + g}iﬂ_

2. collect terms quadratic in quantum fields.

i ]_ - = (g — (o — )
£? — —54a [aﬂbgﬂﬁa? — fabe (5-JA“=C +Qg*-’*-%;aﬂ-)
3 %é wu.d . v/ - b
+ facﬁfcb{fgﬂ'ijﬁf j/d + 2 fabe 1&'J’C] . 1,5

3. consider a constant uniform background A.
zf_lﬁ = }ISCSH[] ; }_l[} = A%TS + zf_lﬁTg

4. calculate propagator inverse and diagonalize it.




5. from Minkowski to Euclidean space: carry out Matsubara summation.

> indet (D7) = Indet (1 Lye /T

i(d14+209)

1

L= €

1

L1 = diag (]_ 1, el(91—92) 1 e tH@1—02) : gi(2¢1+¢2) : e~ 1(201+02) —f[c:',-]+2¢3~3])

e thermodynamic potential (gluon part)

dgp
) =9T In(1—L,e lP/T
/(Zﬂ) tr n( A€ )

traced Polyakov loops ® = trLp/N,, ® = ’[Ll"i}/f’*ﬂE (gauge invariant)

full thermodynamics potential: 2 = {25 + (jp.0r

d*p
0 =9 —n|p] /T —8|p|/T
() ET/(QW} In (l—l— E C.e + e ) ,

n=1
O = —aoTIn {1 — 6hd + 4 (B + %) — 3 (tT}clr)E] |
Ci = Cr=1-N2dd, Cy=Cs=1-3N00+ N?(D*+ %) ,
Cy = C5 = —2+43N20d — N (0d)” .
2|1+ N2bd — N? (82 + %) + N (b0)°]

Q
||

= energy distributions solely determined by group characters of SU(3)



Character expansion of (2,

e effective action in the strong coupling exp. [Wozar-Kaestner-Wipf-Heinzl-Pozsgay (06)]

L(SCH ; ; y .
S | = A0510 + A20520 + A11511 + A21591

Spq: products of SU(3) characters ~ a series of Z(3)-inv. operators

—171] . |
=7 Ci7=2510. Cop= 521,

M (_‘_ Qe IE:; 1. (_‘ f— 15"}
q 3,5 11 4 2()

e a “minimal’ model: S.g = AS1p ~ ADPD plus SHaar
—- lst-order phase transition

e coefficient A can be deduced from €1;! (g ~ JE[T:HTHI)

e cf. “phenomenological” potentials used in PNJL/PQM

Q= ff('T:}'T4(T><I) + Oy4ap: unknown a(717) fixed by fitting Lattice EoS
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Thermodynamics

e high temperature limit: & — 1 = non-int. gluon gas

. Y L | s
Qd=>=1)= lbe] o) In (l — 1Pl )

e any finite temperature in confined phase: ® = 0 thus (.., =0

] p ..
Q@ =>=10)~2T / om); In (1+e )

wrong sign! = unphysical EoS s.¢ < 0
Gluons are NOT correct dynamical variables below 7!

cf. PNJL/PQM: quarks are suppressed but exist at any T.

e higher representations of Polyakov loop
— non-vanishing in confined phase within mean field approx.
— do not condense when energy distributions are expressed in fund. rep.

= the correct physics restored!

38



The minimal potential needed to incorporate
Polyakov loop fluctuations

U(L,L) _

. —3a(T)LL +b(T)In My (L, L)

+1e(T)(L® + L%) + d(T)(LL)?,

Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.

this work 1Ty this work
1 C TZIL 4831—1- —8— 7 4831-"- ——
: 48°56 —+— ] 48736 ——
64318 —— 64" x8 —a—
Roessner et al. e ] Roessner et al, e
01 ¢
0.1 ¢
0.01
0.01 0.001 0 -




Thermodynamics of PQM model under MF approximation
in the large quark mass limit

Thermodynamic potential has pure gluon and quark-

antiquark contribution
Q=0 +€ +Qa + Q)

Haar

Fermion contribution to thermodynamic potential
QQ, = jd3p(|n[1+ 3(Le ST 4 e BTy g R

Consider a limit of large quark mass
Q,+Q, ~ ijd?’p(L g (Fa T g Re T
Where the Polyakov loops obtained from gap equation
0C2 0Q2

“o0 ZE=o0
oL oL




0.9
0.8
(.7
0.6
0.5
04
0.3
(.2
0.1

Modelling the partition function z :IdeL+e—,3VU(L,L+)+Indet[Qf]
form QCD in background field Indet[Q, ]~ ~h,. L.
approach

Pok Man Lo, B. Friman & KR (14)
| | | |

- <l My < M,

e =N (M, /I T)?K,(M, /T)

< L> [T, M)

Déégnjinement CEP
N the 2nd Edee\r_\transtion

| ]\/N | | )

w08 1 12 14 g T/

JUN
Deconfinement CEP appears in effective QCD at My =15 GeV




PL and heavy quark coupling

Effective potential
Indet[Q, 1=VTU_[L,L";M,]

Critical quark mass

+ Phase boundary of deconfinement phase Tree |eV6| resu It M q >>T
transition
My, My Uq:_h(Mq/T)'LR

Pure Gauge

$ ©°  G.Green & F. Karsch (83) UG —)UG ~h- LR
= ﬂ\\
. h=N;(2N)(M,/T)*K,(M,/T)

Compare with LGT:
Indet[Q-1"°" = (2N, )(2N,)(2x(N )™ N °-L,

| 3 (ﬂm)
Onegets./,(ZK) N, > K,(Bm)

The quantity which should have the continuum limit on the lattice




Susceptibility at the deconfinement critical endpoint

Pok Man Lo, B. Friman & KR (14)

| | | | | 0.7
4~ yr cep 7
XL 0.6
12 - Mo=M, =148 GeV -
| - _ 0.5
08 - . 0.4
0.6 - 0.3
04 - 0.2
02 - 0.1}
0 |
0.6 0.8 1 1.2 14 ﬂ[}.l 0.15 ul.z 025 03 035 04 045 0.5
T,
Divergent longitudinal susceptibility at the critical point
See also LGT results H. Saito, 5. Ejiri, 5. Aoki, T. Hatsuda. K. Kanaya. Y. Maezawa,

for the posstion of CEP H. Ohno. and T. Umeda. Phys. Rev. D 84 (2011) 054502



Critical masses and temperature values

Pok Man Lo, et al.

Ni=2 _ 94y

N,=3/

Different values then in the matrix model by

Ni=3 x2.5CeV

Tde =~ 0.27 GeV

K. Kashiwa, R. Pisarski and V. Skokov,

Phys. Rev. D85 (2012)

0.28
T, (GeV
Pure Gauge 027 | 1ol E%
0.26 -
CEPforN;=1,2,3:
; Mg = 1.10,1.35, 1.48 GeV
0.25 & 5 Ty = 0.261 GeV
0.24 r Ni=1 ——
- 4 N=2 ——
- Ni=3 ——
N¢=1 0.23 | f
N[c — 104 GeV i Mg (GeV)
".22 1 1 1
0.5 1 1.5 2 2.5 3

N, =3
LGT C. Alexandrou et al. (99) M.~ =1.4GeV



Polyakov loop at finite density
Pok Man Lo, et al.

In the leading order in quark mass/T:
U, = h(u =0)(cosh(u/T)L, +sinh(z/T)L,)

=

0.6

Longitudinal and transverse

1 |
Polyakov loops Loy = > (L+xL)

0.2 r

Introduce susceptibilities:

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

1

ZZLL (ZLL )

1" L(T) —

Smoothly connectsto =0 limit since

u—>0 = Xu X



Phase diagram for large quark mass and finite density

Susceptibilities:

0.8 | Ty
I.J:USGEV MQ=35GEIV
06 | Mq = 1.88 GeV
. q=0.5GeV
04 F
02 F
T (GeV)
0 """ | 1 T I
01 015 02 025 03 035 04 04 0.5
0.6 . :
0.5 Mg = 3.5 GeV
Mg = 1.88 GeV
rﬁq = 0.5 GeV
0.4
0.3
0.2
0.1 T(GeV) |
0 I —————|
0.1 035 04 045 05

Pok Man Lo, et al.

0.28

027 |

0.26

0.25

0.24

0.23

0.22

Phase diagram

C.E.P for Mg = 1.6 GeV (N; = 3)
Ty (GeV) 1= 0.236 GeV
-_E‘-‘O—[-q-.?l‘ T’d = ﬁ.251 G'B"r'.
CEP ..
~..CrOSSOVer
.,
.
Mg=1.6GeV,N,=3 ——
u (GeV) "
0.2 0.4 0.6 0.8 1

Critical temperature at CEP
IS Independent of 4

however (M) is strongly
changing with the quark
mass



Phase diagram for large quark mass and finite density

M dependence of critical Phase diagram

2.6 ' ' ' ' ' ' ' . . 0.28
24 b Mm%, (Gev) o | Ta(GeV) neozsEody o=
15t order Ty = 0.261 GeV
ol 026@ @ Q*EP &
2} Mg =L.416 16 2.0
0.25 _
~grossover
18T linear approx. 024 L o,
1 L (GeV) | 0.23 1 My=16GeV,N;=3 ——
14 . . . . . . . . . u (GeV) ™
0 01 02 03 04 05 06 07 08 09 1 0.22 ' ' ' '
0 0.2 0.4 0.6 0.8 1
In the linear approximation . Critical temperature at CEP
U, >U;—h-cosh(u/T)L, IS Independent of 4 |,
where h, =0.17 and
One gets °

thoe =T, cosh™(h, /h(M_/T,))|  h=N;(2N,)(M,/T)’K,(M,/T)




Ratios of the Polyakov loop fluctuations are
excellent probes for deconfinement

Pok Man Lo, B. Friman, O. Kaczmarek,
C. Sasaki & K.R. . PRD (2013)

I I | I 1.2
Lr<IL> A L
s R, =42
X A L
o " 1 AR BOOODA A A 4@ R
a » ] H
= '
_ g lemd —— ] ,‘
n ¥ 0.6 2431{4 ,,-' 0.8 .’
327x4 —8— S+ 3 i
“ET ! 0.5 a8%a —s— JLE § 48 x4 0
“ - Py m— =|-‘°. . 48:;)‘6 A S
0.4 323x8 —*— . ' 64°x8 ~ 4
i8xg —v 0.6 | T Gaussian Limit - ]
0.4 - 0.3+ 64°x8 —— 4 . iT
¢
ol by
i hd L L L H
I_I 1
0.85 0.9 0.95 1 1.05 1.1 1.15
|:| 1 1 1 T"IIII" 0 2 Tch
! L : 2.5 3 0.8 0.9 1 1.1 1.2 1.3 1.4

How the above properties are modified when including quarks?



Polyakov loop and fluctuations in QCD

Smooth behavior for the Polyakov loop and fluctuations
— difficult to determine where is “deconfinement”

0.9

08

0.7

0.6 |

05 |

04

0.3

0.2

0.1

n=2+1(24°%6) @
<L =241 (32°x8) ¢ ¢
n,=2+'1} (@8x12) 4 @
=0 (contin. -
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e
» 8
¢
l‘ @
¢ @
"i
’ :
]
i 'o’ ]
Y, “' | . T (MeV)
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035
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0.15 |

0.1

0.05 ¢

The inflection point at Ty, =0.22GeV
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The influence of fermions on the Polyakov
loop susceptibility ratio

Z(3) symmetry broken, however ratios still showing deconfinement
Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.

1.2

Change of the slope Iin the
narrow temperature range
signals color deconfinement

S 10 (85 o
nﬁggggiig —— Dynamical quarks imply
06 | this work 1341 (2's8) 8 1 smoothening of the
!'4 susceptibilities ratio, between
04 | - the limiting values as in the
TIT, SU(3) pure gauge theory

0.2




The influence of fermions on ratios of the
Polyakov loop susceptibilities

1.2

0.8 r

0.6

0.4

0.2

Z(3) symmetry broken, however

ratios still showing the transition
Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.

[ |

this work —— -
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Change of the slopes at
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Thermodynamics of PQM model under MF approximation

Fermion contribution to thermodynamic potential

— / * _— —1)/ — / _
Q. zjd3p(ln[1+3(cD e ST L @ e BTy 4 e o

Entanglement of deconfinement
and chiral symmetry

Suppresion of thermodynamics
due to ,.statistical confinement”

— QM
- =. PQM

/ suppresion

_.-—""r‘.

14 =T - 2

- ——o/f, 1 wT=l1
L2r .—. o/f_ QM| ] 2_—

Ir =15
0.8 =

i Il 1
0.6_— o
0.4_ 05_ v
0.2} '

Poo

B I e o

507 100 150 200 250 300 350 400
T (MeV)

150
T [MeV]

{<SB

limit
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Essential Properties: Statistical confinement MF

Q. ~ j d°p(In[L+3(< @ >e & 4

—2(E,—u)IT )+ e—3(Eq +u)IT

<D >e 1+ (q <))

In the low temperature phase leading contribution coming from 3-quark
states :> “ statistical confinement”

Consider asymptotic properties of the quark-antiquark pressure

T<T,=0->0 Sl (Z) me (22 ) cosh

T

P_(T)=
o ToT,=>MIT<1I&D 51 vove [z (4)' + 2 (5)" + 15

Wrong degrees of freedom at low T: no resonances!! —2 5
=4/ P +m (T, 1)

Essential improvements by Renormalization Group (FRG)
=> quantum fluctuations introduce mesons to thermodynamics

B.J. Schaefer, J. M. Pawlowski and J.Wambach: B. Friman, B. Stokic & K.R.
V. Skokov, B. Friman et al.
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Chiral Symmetry Restoration — Order Parameter

Fixed /Jq\ B. Friman, C. Sasaki et al.

I — I I I
L — 2nd order i
M =<qq> TCP  aeneees
..... 1st order «=++++-
#,[MeV]=310 ", 305 300 |
>\ i
i = “ |
= \ Different
e . Slopes
o | /\
O .
B2 |
L U :I _
| . b | | |
0 20 40 60 80 100 120

T [MeV]

140

100 ¢

| [
2nd order

- TCP
st order --------

discontinuity ..

60 80
T [MeV]

100

120

140

Divergence ot the chiral susceptibility at the 2nd order transition and at the TCP

Discontinuity of the chiral susceptibility:

at the 1st order transition
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Effective Thermodynamic Potentials

2145 1st order
: w w | -0.148 1541
broken phase —— o {! ! ! L bmkeimnace
ciitical point ------- i cnﬂca? ot
symmetric phasg v+ - - S 2 - ; '
il p 0.149 at TCP 5415 L 4 E]ITHH'I'EMEFI k11 . |
A5 : y T<T, i
2nd order 015 - Y
et/ N
- T<T o 0151 o N\ / \ i
< ¢ < < - T=T -
1% / 5-0.152 : 4o bEEs — ¢
| T-T 0.153 1 amaf
016 F Y e C.~ . ]
0184 |- T . e T
W T>T - — 09543 -
R e 0155 |- TCP .
-0.165 - ‘ | ‘ ‘ ‘ q 0150 | | | | | 2.4544 _| | | I I | |
80 40 20 0 N0 40 60 0 <0 20 ) w0 a0 o 40 300 200 00 0 00 20 300 4N
M [MeV] M [MeV] M[MeV]

Flattening of the potential at TCP: indeed expanding thermodynamic () nearM =0
Landau — Ginzburg

O(T, i1, M) ~ 2, (T, M +a, (T, M * +a,(T, HM°r) 50

a,(T,u.)=0 a,(T,u)=0 2nd order —

finds: >0

a6
aZ(Tanlc):O a4(Tc’lL_zc):0 TCP/ 55



T [MeV]

Generic Phase diagram for effective chiral Lagrangians

200

B Frlman C Sasakl &KR NJL model

-

1st order transition

S) '
2nd ordertran3|t|on G = 0.6Gs
G(V)- 0
TCP
S Ly
Gy = 03 Gq \

100 200 300
lq [MeV]

G\fs) quantifies repulsive interactions
between quarks

Generic structure of the
phase diagram as expected Iin

QCD and in different chiral

models see eg.:J. Berges &
Rajagopal; M. Alford et al; C.Ratti
& W. Weise; B. J. Schaefer & J.
Wambach; M. Buballa &D.Blaschke;
B. Friman, C. Sasaki at al.,
M.Stephanov et al.,......

Quantitative properties of the
phase diagram and the position of
TCP are strongly model dependent
Large GVS no TCP at finite T
mq # (Qacts as an external magnetic
field and destroys the 2" order
transition to the cross-over and
moves TCP to CEP 56




Susceptibilities of conserved charges

Net quark-number Zq,isovector)(|

C. Sasaki, B. Friman & K.R.

50 T T T I T I T
: ¥ 2nd order
and electric charge AQ i i i
. _ 2 2 q q i i st order --------
fluctuations ~ Za =< A >~ < A>" a TCP; :
0P 0P o
Zq — > X = > sl 1storder I ﬂqTCP — 305MeV
8,uq O, i
1 1 10P h |
A=z g T4 T4 41, =300MeV
36 4 6 auq@M ol H, =310Me\/::; |
o o 2nd order
0.8 - ) '_'_'.';:'_'_'_'ll; ........ |—"' { T
078 ] 0 10 20 50 70 80
e 1 No mixing of isospin density with the
o5 | . sigma field due to isospin conservation
o . ., tsporder po | Hatta & Stephanov -




Scaling properties:  y =a+b|T-T, [’

| C Sasakl B Frlman & K R.

The strength of the singularity at TCF 10000

. . . L | - | _ 1storder [
depends on direction in (T, ;) plane T —Tip | 1 2nd order +
% | | | | st order 1000 o@4) -~ _
________ 2nd order -------
,,,,, _ .
... ) - —
150 L A | % o 100 5 |T TTCP | |
—_ " —~—
> 1 O(4) univer. class. = ' aa
L * a o 10 - —1/2 -
2 1% = |T _TTCP |
- =
Z(2) univer. class TE e errrrrm—— :
50 | ‘ . [ T _-I—C(an) |—o
0 ! | ! | | 0010001 IOI.DO1I | EI}.D1I | IG.1 | | I1 | | I1O
0 50 100 150 200 250 300 350 |T _ T(TCP} |/T (TCP)
MeV : :
“q[_le | _ Going beyond the mean field:
A4 oo| T _TTCP | along 1st order line % B.-J. Schaefer & J. Wambach
- ' ] ~0.53
2o T —Tegp | 12 any direction not parallel & o o T —Tiep |
1 | .
o > IT-Toeo [ along 2nd order line m, # 0, MF Ising
-2/3
See also Y. Hatta, T. Ikeda Xq of T —T. | &=0.78s8




The universality class and T-dependence of M

Criticality of y, = 2, +2Gq

D;l = 0°QY/ M ? o= mG2 ~a, oc (T —TC)1

1

S
>

L
>

M=

00000_ T T T TTTTTT T T T T TTTT] T T T T r1rr] T T T 1T 11171

(sz © )2

I\/1 2

oC

1— ZGSZS(O)
directly related with the scalling of M*andm_* with (T —T.)°

10000

-
-

JT Tl

1000 F TCP}_,
| +1
100 F |T _TC |
10 F |
,qu = fixed O(4) line
1 | A BT B ...H.TCP -------
1e-05 1e-04 0.001 0.01

T —Tcl/Tc

ZqOC<

.

1T-T.[

m 2

(o)

Qoca (T)M2+0(M*)

2nd
T-T " TCP

1| The critical exponents of ¥, at TCP
1| are path dependent : Y. Hatta, T. Ikeda (03)




Critical structure of the quark susceptibility

Quark number susceptibility at G, =0 Scalar susceptibility

_ 0<0g>
v o=y (0) +2G (;(VS(O))2 As =7 @m
q q 51— ZGS ZS(O) vector-scalar susc.
_ . o<qq>
Divergence of quark susc. at TCP s s =5
q

directly related with the flattening (a, =0 ) of the

thermodynamic potential Q~mM +a,M?+a,M*+aM°
In the direction of 2" order line:

1-2G, . «« M ?a, 1

Y., oc— =
0 q
sz()OCM a,

finite at 2nd order

oo atTCP
j Change of the universality class «




Quark and isovector fluctuations along critical line

To find CEP surch for a non-monotonic behavior of the net
guark number susceptibility as a function of TC =TC (,uc) orin
heavy ion, A-A collisions as a function of

Js

l I l
from broken phase
from symmetric phase

nd X(crit)/ x(gee)

100 ¢

q

10 1

C. Sasaki, B. Friman & K.R.

X(clzrit)/ X(aree)

0.81

0.7

0 80

Tc [MeV] ~ «/g

100 120 140

CEP

160

80 120 160
Tc [MeV]

40

Xo (T2, 1. (T,)) sensitive probes of CEP

Non-singular behavior at CEP of (T, 4(T.))




Probing CEP with charge fluctuations

Net quark-number fluctuations
op =<(6Ny)* >=VT’x, where
2V =0"(PIT*) o(u, IT)"

2'5{] I I I I I I

200 | —
> 150 2nd order/cross—over .
e : TCP/CEP
=
—, 100+ -

5[] - |

| st order

‘ 0 EI{] 1:[}[] 1‘ISD EIDU 2I5[] 3;2}[] 3:5[] 400
u [MeV]

The CP (m,, #0) and TCP (M, 4 =0) are the

only points where in an equilibrium medium

the (Xq: %) diverge (M. Stephanov et al.)

X —iz +lz . P
2367 47 6ouou
- g/ N

10 £

2nd order/cross—over

[]1 1 1 1 1 1 i 1 1
0 50 100 150 200 250 300 350
1/2

u [MeV] ~ §

111
[uney
]

A non-monotonic behavior of charge
fluctuations (¥q: %o) isan

excellent probe of the CP 62




The nature of the 15t order chiral phase transition

Instability of a system:

pressure

by —sym oP/oV <0 @ stable
oP/oV >0 . unstable
oP/ov =0 . Spinodal
A

A-B: supercooling (symmetric phase)
B-C: non-equilibrium state
C-D: superheating (broken phase)
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T [MeV]

250

200

150

100

50

Phase diagram and spinodals
B. Friman, C. Sasaki & K.R.

m, =0 m, #0
R z critical end point (CEP) :
~Qrder T = 81 MeV, 1 = 330 MeV
TCP 1 =t spinodal lines :
---------- 11 . 0P .
IS ; o — | =0 isothermal
,.v"':‘_‘__..----"""""",? T m Cﬂr T
n“::“:::"'—: 1 | f 1 * Y/ E:JP o '
02 04 06 08 1 12 14 "o m wm ow o m av =0 isentropic
-3 3 g
Ng [fm™] ng [f™
(@), (). )]
mixed phase - Maxwell construction av). \av)s oy |[\ar),
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Net-quark fluctuations on spinodals

CEP B. Friman, C. Sasaki & K.R.
Phys. Rev. Lett. 99, (2007)

Tup / N Phys. Rev. D77, (2008) at any spinodal points:
100
10 oP nS 1
1 _spinodals — |T =—— =
o1 oV Vo z,

Singularity at CEP are

100 the remnant of that along

30 . 2.C .
60 20 7, L6 the spinodals
20 08 _
T [MeV] - 0.4 Nq [fim 31
L=t __rl/2 (0.53) TCP __r2/3 (0.78) CEP
Xq ~| | with 7/mq:0 /2 Ist 7/ my=0 — W2 1st

M
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Quark number susceptibility

e deviation from equilibrium, large fluctuations induced by instabilities

a0 T T T T T 1 AB C D
CEF T ' Ty '

T[MeV]

H 1 H
0 0.2 0.4 0.8 0.5 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4
g Ifm‘-"l Mg [1'n1‘-"]

e at Ist order transition point (A, D) : \4 is finite

e at isothermal spinodal point (B, C) : \ diverges and changes its sign

P aP
a7 < 0 for stable/meta-stable state = v > 0 for unstable state

e in unstable region (B-C) : \4 is finite and negative
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Experimental Evidence for 15t order transition

Specific heat for constant pressure: Low energy nuclear collisions
AL AL L UL I
T T T T |§ 20 -— —
N of -
N; | .‘{ 0 el :
= T o L ..
7L f -10+- S
4 E | -20 _ | I ]
P ! ! ! ! , d AR AR EEEE NN N
0 0.2 0.4 0.6 u.aq 1 1.2 1.4 0 2 4 6 8
Ng [fr] 2 E,/Ao (A,HBV)
0S 25 S
Co=T (G_Tj =TV |:ZTT _n_ZﬂT +qu:|w|. D'Agostino et al., Phys. Lett. B 473, 219 (2000)
P q q

negative heat capacity : anomalously large fluctuations
= an evidence of the 1st order liquid-gas phase transition



Generic Phase diagram from effective chiral Lagrangians

T m =0 then (Pisarski-Wilczek)
| O(4)/O(2) univ.; see LGT, Eijrietal 09

QGP
2"d order, Z(2)
Stephanov et al.)

CPQ

Asakawa-Yazaki 1st order
y—broken X7 <49>7#0
CSC

Hatsuda et al. L) Alfordet al.
- '\ Shuryak et al.

Zhang et al, Kitazawa et al., Hatta, Ikeda; Hg
Fukushima et al., Ratti et al., Sasaki et al.,
Blaschke et al., Hell et al., Roessner et al., ..

Rajagopal et al.

The existence and
position of CP and
transition Is model and
parameter dependent !!

Introducing di-quarks
and their interactions
with quark condensate
results in CSC phase
and dependently on the
strength of interactions

to new
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Including quantum fluctuations: FRG approach

L¢] 'y 9] Sel k-dependent
R: k — 0 | (V. k— A full propagator
large Iangqt‘h scales amall length acales

start at classical action and include

guantum fluctuations successively by lowering k hIL[0] = %
FRG flow equation (C. Wetterich 93) |

FRG review: J. Berges, N. Tetradis & C. Wetterich. Phvs.Rent.363:223-386. "02

FRG formulation of PQM model B, Stokic, V. Skokov, B. Friman, K.R. . 10
1 O Ry
ﬁaB;cI‘;c — 3tF;i-_ = —Ir ' ‘
2 T3 + R,
2 Regulator function suppresses
2) _ 0T« - o |
[, = 5h3d particle propagation with O: Ry,
PO momentum Lower than k Ry

QT V) =lim(©, =(T /V)I,)




Quark-meson model w/ FRG approach

1 - _,
5(8“6)2 + E(aun)Z —U(o,7)

| L 1
Zom = qlivuo" —g(o+iysT-7T)]g +

Effective potential is obtained by solving the exact flow equation (Wetterich
eg.) with the approximations resulting in the O(4) _critical exponents

B.J. Schaefer & J. Wambach,; B. Stokic, B. Friman & K.R.
Vi d; 2v _
K2 (0) = 12722 [ Z . [1 + Z”B(Ei,k)] - E—q[l —HF (E;:k) - ”F(Eq,k)]

I?I'O'

Enk:\/kz—kgl

; k
Eq,k p \/k2 —+ 2g2p

dQy
Full propagatorswithk < g < A O = K
['A=S classical ‘ d(c?/2)
Integrating from k=A to k=0 gives a full quantum effective potential
Put Qu=o(omin) into the integral formula for P(N)



Solving the flow equation with approximations:

= Employed Taylor expansion around minim
N

(T, p50) = >

m—0

= Get Potential Q(T, 1) =Q, (T, 1)
= Ignhore flow of mesonic field get Mean Field result

_ _ = _m_ _Ya 4 M,
Qup({o);T,n) =U((o), 7 =0) ISWEJMQ 111(Mr)
3
_ T d’p In(1+ e~ Fa=m)/Ty 4 In(1 + = (Fatr)/T)
T (2m)?

Essential to include fermionic vacuum fluctuations: E. Nakano etal.



Renormalization Group equations in PQM model
V. Skokov, B. Friman &K.R.

Flow equation for the thermodynamic potential density in the PQM
model with Quarks Coupled to the Background Gluonic Fields

k* | 3 1 2d, * *
127° | E (1+an(E”))+E_(1+Z”B(Ea))‘E_(l‘”q(L,L)—”a(L,L))

/4 o q

6ka =

highly non-linear equation due to E, (k) ~ E(k,0"Q, / 6p°)
Quark densities modified by the background gluon fields
(LU 1+2L exp(A(E, — ) + Lexp(2(E, ~ 1)
1+3Lexp(28(E, — 1)) +3L exp(2B(E, — 1)) +exp(3B(E, - 1))

with (L, L) fixed such that to minimise quantum potential,

QL LT, 0)=0, (L L:T,u)+U(L L)




O(4) scaling and critical behavior

Near T_ critical properties obtained from the

singular part of the free energy density
F=F_+F h: external field and

reg 2

T-T
with FS (t’ h) — b—d F (bllvt, bﬂ&/v h) t = U

4+ K| —
Phase transition encoded in the “equatiocn of staté’

T T
OF <o>=h"F (z), z=th™?
5 — | .
oh <o >=t)f E (h|t[*)

Resulting in the well known scaling behavior of <o >

<o >=-—

B(-t)”,h=0, t<0 coexistence line
<o>={ N |
Bh , t=0, h>0 pseudo-critical point



FRG-Scaling of an order parameter in QM model

1 — h=0 -
I -- h=1.5x1ﬂj
08 :_ |1=3.ﬂ2l‘!"||:|_E
i h=4.5=10
06 .
0.4 & _
Wb
v,
0.2r '|| ‘H t |
0 s | . | H::'ﬁ'-.:::-?-;:-,_@
-1 05 0 05

0g(c)  log(o)

og®) | | log(h)

-14

L ] 1 L
-12 -10 -15 =i -12 -0

The order parameter shows scaling. From the one slope one gets

B 5
MF 0.5 3
FRG  0.401(1)  4.818(29)

LGT 0.3836(46) 4.851(22)
J. Engels et al., K. Kanaya et al.

However we have neglected field-dependent
wave function renormal. Consequently 77 =0
and O =5 . The 3% difference can be

attributed to truncation of the Taylor expansion
at 3th order when solving FRG flow equation:

see D. Litim analysis for O(4) field Lagrangian




Effective critical exponents

1 . | . . . Approaching TC from the side of
the symmetric phase, t >0, with
small but finite h : from Widom-

Griffiths form of the equation of state

O = Bchw f (X)_w, X=to "’

Fort>0 and h—-0 = o—0

_ ~ V7
oL Vit ~1.48 = X—>0 :>f(X)~X

—e5 0 1e05 — o ~1t"h ,thus

_t\/ t<0
B(-)",h =0, t<0 Define: R = dlog(c) = pots
Bt7h ,h—0, t>0 dlog(t) -y t>0

<o>={



257 — h=6.0x10"
- == h=9.0x10"
20F ' h=1.2x10"
| =" h=15x10"
o 15
N

oI, o)

12r

13k

Fluctuations & susceptibilities

| 1/(y+ ) ~0.49

Two type of susceptibility
related with order parameter

| 1. longitudinal

X, =x,=00ol0oh

2. transverse

Y.=x.=0olh

, Scaling properties

att=0 and h—0
ZO_ 05 = Zﬂ = B h1/5_1

max

ZO (tmax) ~ tmax_y




Extracting delta from chiral susceptibilities

Within the scaling region

and at t=0 the ratio Is

Alt,h)=x, 1 x,
Independent on h

1, t>0
limA(t,h)={ 1/5 t=0
=0 0 t<O

FRG in QM model consitent

.'.l_ i

T A B T
-1e-06  -5e-07 {t} He-07  1e-06

with expected O(4) scaling




QCD phase diagram and the O(4) criticality

TI_\

Pisarki & Wilczek conjecture

2nd order, O(4) In QCD the

1st order quark masses
are finite: the
diagram has to
be modified

Expected phase diagram in the
chiral limit, for massless u and

d quarks:

. Rajagopal, Shuryak, Stephanov
Y. Hatta & Y. lkeda



The phase diagram at finite quark masses

2nd order, O(4)
2nd order, Z(2)
1st order

****** crossover

"N Asakawa-Yazaki
A\Stephanov et al., Hatta & lkeda

At the CP:

Divergence of Fluctuations, Correlation
Length and Specific Heat

The u,d quark
masses are
small

Is there a
remnant of the
O(4) criticality at
the QCD
crossover line?



Deconfinement and chiral symmetry restoration in QCD

The QCD chiral transition is
crossover Y.Aoki, et al Nature (2006)

T4 Critical —— 2nd order, O(4)  and appears in the O(4) critical region
. A region 2nd order, Z(2)
Tc “— . ’\ 1st order O. Kaczmarek et.al. Phys.Rev. D83, 014504 (2011)

crossover
Chiral transition temperature
T, =155(1)(8) MeV
CEP T. Bhattacharya et.al.
= Phys. Rev. Lett. 113, 082001 (2014)

Deconfinement of quarks sets in at

the chiral crossover
A.Bazavov, Phys.Rev. D85 (2012) 054503

The shift of T, with chemical potential

See also: T (145) =T (0)[1-0.0066- (145 / T)°]
Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S. D. Katz, et al.

JHEP, 0906 (2009) Ch. Schmidt Phys.Rev. D83 (2011) 014504




Bulk Thermodynamics and Critical Behavior

Close to the chiral limit, thermodynamics in the vicinity of the
QCD transition(s) Is controlled by a universal scaling function

singular regular

In Z(V, T, i) = —h" T2 7 (t/h'/P?) — £.(V, T, i)

p

T4 \ % A

# critical behavior controlled by two relevant fields: t, h
2 c 2
= () ) ()
tO Tc T T

[ 1 my ] control parameter for amount [

K. G. Wilson,
Nobel prize, 1982

h= = of chiral symmetry breaking

= non-universal scales
ho Mg

Tca KB, th hO

81



O(4) scaling and magnetic equation of state

Phase transition encoded In

QCD chiral crossover transition in the
critical region of the O(4) 2" order

the magnetic equation
of state 150
<qQ>= ok — pseudo-critical line 10
om
A 0.50
<49~>_ R VY%
e f(z), z=tm

universal scaling function common for

0.00 &

200 |

' mym =25 —e— -

1/5 —e—

110 —8—
1720 —e—i
1/40 —e— 7

1/80 —e—

F. Karsch et al

0

T 2 3 4 5

all models belonging to the O(4) universality class: known from spin models

J. Engels & F. Karsch (2012)



The endpoint of QCD in in LGT

Fodor & Katz 04

» Multiparameter reweighting:

Z(u, §) = | DU exp(=S, (5,U)) det M (,U)

—jDU exp(~S, (8,U)) det M (1 =0,U) x

Lee-Yang zeroes:

Finite volume V:

2(pV)=0

f V >0 and:

Im (V> o)=
Im (V> w)=0

0.003 F

0.002

E

—0.001 [

renormalized
physical operator

det M (4, U)M

detM (£ =0U) tgs [T

= 0.001 F
0 E

LT

IIII|IIII|II

phase transition

crossover transition

EJEHHIHHHH ERCYS .
KIH J163F " .
]H : hadromc phase My endpomt

: SN IE
. ]i 162 .‘?
R e e I AN I IRIN IR - lordertran81tlon¢
nl-l nilz {}'14 n'lﬁ D‘lﬂ D'E I |l|l||l|||ll| l|l| |||l|
. 0 100 200 300 400
g (MeV)

T =162(2)MeV , u_=360(40)MeV



QCD Phase diagram: from theory to experiment

QCD phase boundary in LGT
& relation to freezeout in HIC

Moments and probability
distributions of conserved
charges as probes of the
criticality in QCD

STAR data

Quark-Gluon Plasma
T A - symmetric phase

A-A collisions

»® fixed \'s
»®
»
»®
lx
CEPfor m, # 0
HG phase
7 -broken 1st order
 color o
superconductor

Hp

84



Hadron Resonce Gas Reference for critical

fluctuations
© resonance dominance: Rolf Hagedorn partition function
VT Qs Js
InZ (T, de ™ |dss K,(—)F®"(m,s
( IU) 72' |eh§ons | I 2( T ) \)

_ _ Breit-Wigner res.
summing up all experimentally known hadrons

O Measured yilds related with HRG

partlcli yield thellmal density 5R therlmal density of resonances
<N, >=V [n"(T, yB)+ZFK9. (T )]

© Only 2-parameters needed to fIX all particle yield ratios.



Thermal origin of particle yields with respect to HRG

Rolf Hagedorn => the Hadron Resonace Gas (HRG):

Yield dN/dy

“uncorrelated” gas of hadrons and resonances
< N; >=V [n/" (T, z) + ZFK—>i n;" e (T, )]
K

A. Andronic, Peter Braun-Munzinger, & Johanna Stachel,

10°F pr— =
®® PbPb|5,=276TeV
10y e E
o} . B A 4
- Al . ]
e R W i
10 - E
107 E
10°k- m Data, ALICE, 0-10% (fit particles anly) -
- —— Statistical model fit (y*/N,=17:4/ 9) o
m"*E T=156.0 MaV, .= 0 (fxed), V=5330 fm’ '!"*‘a

o KK KKy p B hE:ﬂZTd He SHiH

dN/dy/(2J+1)

10°Eg Pb-Pb \[5,,=2.76 TeV .

10 'K 0-10% centrality (Nm_356} ;

A ]

10 R - .

1 ?"‘i E

10" ~.d E

LR E

102 E

10° 3 .

"-.He a 3

104 t‘#H -
B Data (ALICE)

10°E Thermal model, T=156 MeV (V=5330 fm®

10° total (after decays) Ee_f

------- primordial

10-? 11 1 | I 11 11 I 11 1 1 | 11 11 I 11 1 1 I 11 11 | 11 1 1 | 11 1 1 ]

0 05 1 15 2 25 3 3.5 4

Mass (GeV)

Measured yields are reproduced with HRG at T =156 MeV




Excellent description of the QCD Equation of States by
Hadron Resonance Gas

A. Bazavov et al. HotQCD Coll. July 2014

rrrrrrrrrrrrrr i T T i1 T T 1T T 1T T 1
16 [ .
norrint. limit
121
T
8 apTé I
gT4 0 T
4 3g/4T3 [ .
TMeV] |

0

130 170 210 250 290 330 370

“Uncorrelated” Hadron Gas provides an

excellent description of the QCD equation of

states in confined phase

F. Karsch et al. HotOCD Coll.

0.35 ;
Xs SB
0.3} -
HRG
— 8
e
A A
0.25 | /’. A
A
0.2} :
015 continuum extrap. 1 |
N’E=12 &
0.1} -
6 4
0.05 r .
T [MeV]
0 -. I s 1

120 140 160 180 200 220

240

= “Uncorrelated” Hadron Gas provides also an
excellent description of net baryon number

fluctuations




Properties of fluctuatiosusns in HRG
F. Karsch & K.R.

o"p(T.ji)/T*
Calculate generalized susceptibilities: xf} " = ﬂéﬁ 6’;}/ |

from Hadron Resonance Gas (HRG) partition fu

P 1
1= 3 Z di(mi-/T)QI{g (m;/T") cosh|[(B;pp + Siprs + Qipng) /T
then’(4} (3) Z(Z) Z(s)
Mpo_q Ao Zgcoth(u IT) and o tanh(u /T)
XB XB £ X
2 (2) (3) (4)
T 7 Xq Xgq 2 Xg
resulting in: 4 =2 Soa=cLk kgt =k
M, ,{él) ][5123 q XEIE}

Compare this HRG model predictions with STAR data at RHIC:



Probing chiral criticality with charge fluctuations

Due to expected O(4) scaling in QCD the free energy:

P =Py (T, ty 14,) +07'P (0% (1), b h)

Generalized susceptibilities of net baryon number

a-nl2)/
o O"(PITY) . Cs( |u =0 hleremmarie f ( )
= [

(n) (n)
= == CR +CS with
B 5(#8/1—) C() _d h(2an/ﬂ5 f ( )

(n)

S |y7&0
At 4=0 only Cé”) with N =6 receive contribution from C;
(n)

At u=0 only ¢’ with N>3 receive contribution fromC;

cg-2 = ¥s / T?| Generalized susceptibilities of the net baryon
number non critical with respect to O(4) 89




Quark number fluctuations at finite density

Strong increase of fluctuations with baryon-chemical potential

1 ' ! ' ! ' ' ' 8 ' T ' T
- T 05
= W=
3t 6 i e WT=1.5
02 o 4F
.'\.
N
I o R
et N
. , /-/ e
=T T ST R
T [MeV] T [MeV]

-10r

30

201

— WT=0
- = WI=03|
'—'WT

100

50

0
T[MeV]

%030

In the chiral limit the C; and C, daverge at the O(4) critical line

at finite chemical potential



Ratio of cumulants at finite density

15 ' I ' I ' I ' 20 R4’-2:|C4/-Cz ; - | -
— — WT=0.5 | — WT=0
= WT=1 15+ c —— WT=05 |
ST WIT=L> L T meLs
0p . _.=7\N_ HRG 1 10b..ci—.z L HRG
o : \ \ S I . \ \ ]
Q- \. \\ Y St \ \\ .
Sr VD . I .-l\._....._.‘?_"'."_"."_—.:_
\ \\. 0- RV
. ~., ~ . _
Tt Timr— -Sf - y
0150200 350 300 100 150 200 250 300
T [MeV] T [MeV]

Deviations of the ratios of odd and even order cumulants from
their asymptotic, low T-value, C,/C, =C,/C, =9 are increasing
with /T and the cumulant order

Properties essential in HIC to discriminate the phase change by
measuring baryon number fluctuations !



Higher moments of baryon number fluctuations

B. Friman, K. Morita, V. Skokov & K.R.

— |.1q.-'T=0
- — — u/T=0.14 |
| —. n/T=0.44

0.5F 4/ T=0
| B, B
OF X4 ko
B B
- - = 16’";‘5')
-0.5¢
06 08
2— :
1 e T3
P .
[ — 1 /T=0
1 ——p/T=0.14
| —. 0 /T=0.44
2706 08__

If freeze-out in heavy ion
collisions occurs from a
thermalized system close
to the chiral crossover
temperature, this will lead
to a negative sixth and
eighth order moments of
net baryon number
fluctuations.

These properties are
universal and should be
observed in HIC
experiments at LHC and
RHIC

0.6 0.8

Figures: results of the PNJL model
obtained within the Functional
Renormalisation Group method o,




Kurtosis as an excellent probe of deconfinement

S. Ejiri, F. Karsch & K.R.

R 8_16C
4,2
9c¢,
P . .
RS, n=2+1, m =220 MeV —m—
n=2, m =770 MeV —=a—
15} Resonance gas
D
S |1
=
i 1 1* - open: nt=6 -
S f g
X ' F. Karsch, Ch. Schmidt
05 F i
¥
. SB
ﬂ L i 1 1 i

0.8 0.9 1 1.1 1.2 1.3 1.4

B
The R,, measures the quark
content of particles carrying
baryon number

1.5

HRG factorization of pressure:
PE(T, u4,) = F(T) cosh(3x, /T)

consequently: c,/c, =9 In HRG
In QGP, SB=6/x°
Kurtosis=Ratio of cumulants

<(6N,)" >
<(6N,)* >

c,/c] = —-3<(6N,)* >

excellent probe of deconfinement




Kurtosis of net quark number density in PQM model

V. Skokov, B. Friman &K.R.

For T <T,
the assymptotic value

due to ,confinement” properties

2
4 2 2
T 217 T T T

c,/c,=9

c,/c,=6/x°

] —
e [—PQM |

g = PQMm /10|
c,/c, ——QM

100 150 200 250 300 350 400
T [MeV]
Smooth change with a

very weak dependence
on the pion mass




Probing deconfinement in QCD

16° x4 lattice with p4 fermion action

I I “I I | I I I I | ] ] ] ]

5 ® Pok Man Lo, B. Friman, (013) -

5F 0. Kaczmarek, C. Sasaki & K R The change of the slope of
(A4 . ® S.Ejiri F Karsch & KR (06) | the ratio of the Polyakov
| A2 m, =0.77GeV, u;=0 loop susceptibilities zx / x~
e | T, 200 MeV - appears atthe same T

1 _#? R where the kurtosis drops

! %,. ﬁ . from its HRG asymptotic
L | ] value
- Xal Xw _

=L | | In the presence of quarks
- o . there is “remnant” of Z(N)
I : i _ L L
- OBARYONS | e, GUARKS ] symmetry inthe Xa ! X
B |'"I'"'I"I""I"'f";"'I"'?'"l"i1/9 ratio, indicating deconfi-

0.5 1 1.5 T/T nement of quarks



Probing deconfinement in QCD

Pok Man Lo, B. Friman, O. Kaczmarek, C. Sasaki & K.R.

1

0

®

_
 »

 BARYONS .

n=2+1 (24°x6) HISQ —
Ch. Schmidt e x,/%; |
This paper o ¥,/5

* —
ﬁ.o X SR S Jh -

f)

2 {
¢

QUARKS

150 200  T[MeV]

Change of the slope of the
ratio of the Polyakov loop
susceptibilities xx / ¥z appears
at the same T where the
kurtosis drops from its HRG
asymptotic value

In the presence of quarks
there is “remnant” of Z(N)
symmetry in the Inl xR

ratio, indicating deconfi-

nement

Still the lattice finite size
effects need to be studied



Polyakov loop suscgptibilitY_ ratios still
away from the continuum limit:

- eoen2n (32jx8) HISG 1 = The renormalization
1 5+ een =2+1 (24°x6) HISG

x3/x2 Ch. Schmidt et al : of the Polyakov loop
Tex /X i - ey age s . .
o | susceptibilities is stil
not well described:
s | Still strong dependence
TRy ] on N_ inthe presence
% L of quarks.
0 " -
u X
T
________ B T e




1

Interplay between deconfinement and chiral
transition at finite temperature in LQCD
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= Challenging and pioneering STAR
data on net proton number
fluctuations, eectric chage and
strangeness
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STAR DATA ON MOMENTS of B=p—p FLUCTUATIONS

Phys. Rev. Lett. 105, 022302 (2010)

M "S@atg (b} ]
E-_M g ! J_- O o Auriu 19.6 Gev ]
- u ' CrAu+Au B2 4 GeV '
al a o 1 *AusAu 200 GeV
A L S
2t g o e F = ]
U'ﬁg' T :
e

ﬂ 1DD EDD EDD 4Dﬂ 0

Average Number of Participant cchlm:a

100 200 300 400

ON; =N; —M,
Mean
Mg =<N,>-<Ng>
Variance
o,° =< (6N,)* >
Skewness
S, =< (6N,)’ > /o’

Kurtosis

i, =< (ONy)* > /o,* -3



Coparison of the Hadron Resonance Gas Model
with STAR data

Frithjof Karsch &K.R.

100 1
i RHIC data follow
generic properties
expected within
@), ) HRG model for
*6 18 diff jos of
10 | . | erent ratios O
HRG: 3/2 — the first four
42— - - moments of baryon
_ 211 — L B, ) :
STAR: 3/2 —e- .. KB 'XB number fluctuations
i 4/2 i 19
2/1 sy [GeV
D_1 ] L1 1 11 ] NN[ ] |] L1 1 1 1 ]
) 10 20 20 100 200

Can we also quantify the energy dependence of each moment separately
using thermal parameters along the chemical freezeout curve?




Mean, variance, skewness and kurtosis obtained
by STAR and rescaled HRG

M_ - HRG —

STAR: Au+Au -l

8t i
6 L
4 L
2 L

siR[Gev]
5 1[] 2[] 50 100 200
1_[]0 T T T T 17T T T T T T 1T 11T T
Sp-p HRG —

0.10

STAR: Au+Au -lH

s,L"ﬁ [GeV]
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s;jﬁ [GeV]
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STAR Au-Au /s =200
M _~85

STAR Au-Au +/s =200

I\/I _ ~1 8 these data,
due to restricted
phase space:

Account effectively

for the above in the HRG model
by rescaling the volume
parameter by the factor 1.8/8.5



STAR data on the first four moments of net baryon number
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Data qualitatively consistent
with the change of these
ratios due to the
contribution of the O(4)
singular part to the free
energy




STAR net-proton data (preliminary)

0-5% Au+Au Central Collisions at RHIC
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Challenging and pioneering STAR data
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Moments obtained from probability
distributions

Moments obtained from probability

distribution
<N*>=> N“P(N)
N

Probability quantified by all cumulants

P(N) = [ dyexpliyN - z(iy)]

Cumulants generating function: ¥ (Y) = BVIP(T,y+ 1) — p(T, 1) = Z){k y"
In statistical physics ‘

P(N) =

Z.(N)

GC



e”He”® =H <& [S,H]=0

conservation on the average

exact conservation

2% (T, g V) =Tr [e7"]

Z:(T,V)=TrJe "]

S =400

7 G Z eS#s/Tz S (T, V)_—jd¢e-'3¢zGC(r 5 ip)

S=—o0

P(S) = S_l}zea{p[Z(s + 55)]

o0 S 1 —
>y (5)*/*1x(2\/ 5353)
3

i=m—oc k=—mc

(2)"21;(24/ S255)

Probability quantified by

S,,S,:mean numbers of
charged 1,2 and 3
particles & their
antiparticles




Probability distribution of the net baryon number

P. Braun-Munzinger,
B. Friman, F. Karsch,

V Skokov &K.R.
Phys .Rev. C84 (2011) 064911
Nucl. Phys. A880 (2012) 48)

For the net baryon number P(N) is
described as Skellam distribution

N/2
P(N) = (%) |, (2 BB)exp[~(B + B)]
P(N) for net baryon number N entirely

given by measured mean number of
baryons B and antibaryons B

In Skellam distribution all cummulants
expressed by the net mean M =B-B

and variance o> =B+B




The influence of O(4) criticality on P(N) for =0

Take the ratio ofP™ (N) which contains O(4) dynamics to Skellam

distribution with the same Mean and Variance at different T /T
K. Morita, B. Friman &K.R. (PQM model within renormalization group FRG)

1.1 5 Ratios less than unity
\ j near the chiral
= 1.05 |

FRG, V=50fm>

crossover, indicating
the contribution of
the O(4) criticality to
the thermodynamic
pressure

-
ot

FIG(N),,PSkellam(N

u.n_ 095 | TJ"TPC=D.51 —

: 0.70 —
! 0.79 - '
0.89
0.98 —
0.9 - : : : -
-1 -0.5 0 0.5 1

SN/(ANg%/2)




The influence of O(4) criticality on P(N) for =0

Take the ratio ofP™ (N) which contains O(4) dynamics to Skellam

distribution with the same Mean and Variance at different T /T
K. Morita, B. Friman &K.R. (PQM model within renormalization group FRG)

1.1 5 Ratios less than unity
\ j near the chiral
= 1.05 |

FRG, V=50fm>

crossover, indicating
the contribution of
the O(4) criticality to
the thermodynamic
pressure

-
ot

FIG(N),,PSkellam(N

u.n_ 095 | TJ"TPC=D.51 —

: 0.70 —
! 0.79 - '
0.89
0.98 —
0.9 - : : : -
-1 -0.5 0 0.5 1

SN/(ANg%/2)




The influence of O(4) criticality on P(N) for =0

Take the ratio of P™ (N) which contains O(4) dynamics to Skellam

distribution with the same Mean and Variance at different T /T
K. Morita, B. Friman &K.R. (QM model within renormalization group FRG)

FRG, V=50fm>
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The influence of O(4) criticality on P(N)at x=0

Take the ratio of P™¢(N) which contains O(4) dynamics to Skellam
distribution with the same Mean and Variance near T, (&)

K. Morita, B. Friman et al.
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The influence of O(4) criticality on P(N) for #=0

In central collisions the probability behaves as being
iInfluenced by the chiral traqszition K. Morita, B. Friman & K.R.

1.1 ——
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Centrality dependence of probability ratio

1.2
1.04 — : : _
03 FRG, V=50fm> si2omcey K. Morita et al.
' )
E14} Ny >100 N vy !
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N

For less central collisions, the freezeout appears away
of the pseudocritical line, resulting in an absence of the
O(4) critical structure In the probability ratio.



Summary

O Effective chiral Lagrangians provide a powerful tool to study
the critical consequences of the chiral symmetry restoration
In QCD, however

to quantify the QCD phase diagram and the existence of
the CEP/TCP requires the first principle LGT calculations

O A non-monotonic change of the net-quark susceptibility in
HIC with the collision energy probes the existence of CEP
However in non-equilibrium: due to spinodal instabilities

the charge fluctuations are as well diverging
® Large fluctuations signals 15t order transition

O Particle yields in HIC are of thermal origin

O HIC provide a lower bound for a phase boundary in QCD

) To observe remnants of deconfinement measure higher

order fluctuations !!
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