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Freezeout curve

Thermal model:

= n;(T, 1uB, ft1, 45)

Cleymans and Redlich Phys. Rev. Lett 81 (1998) 5284
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Braun-Munzinger, Redlich and Stachel:

‘Quark Gluon Plasma 3’, R.C. Hwa and X.-N. Wang, ed., (World Scientific) (nucl-th/0304013)
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Phase Diagram
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Rajagopal, Wilczek : The Condensed Matter Physics of QCD
Ch. 35, 'Handbook of QCD’, M. Shifman, ed., (World Scientific) (hep-ph/0011333).
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QCD

Ny
ﬁgcp — ZFZVF5V+qu ( ’YMD T My —Mf%)q
f=1
where,
a a a abc b e
Fo, = 8,G%—0,G% + gf*°GhGe
D, = 0,—1igT*G, a=1,2,..8.

T are SU(3) group generators and f**¢ are SU(3) structure constants
The QCD partition function is,

B 00 E
N /DGSDCJfDCYf e Jo dm JZ Lo
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Running coupling

Coupling constant,oy (E)
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® Asymptotic Freedom of colour charge

® Hadrons p, n, m, p, .... are colour neutral composites.
Bag models, String models ...
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Lattice Formulation

® o o o

U (n+d )
I
Nt n+) ¢ < ¢ n+i+9
}a
.I.
um) vy A U (n+()
n ¢ > ¢ n+ji
Nx —= U,

Quarks sit on the lattice points ¢(n)
Gluons are on the links v,.(n) = Pexp |ig [ dy” Ga.(y) T

V =a’(N; x N, x N,) B = aN;

momentum cutoff ~ % a — 0 = Continuum physics

a
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Confinement

T A
|
B  / A
Cexp[-B-V(R)] = (W(R, 5))
Wilson Loop
> W X=
R

® Pair of g, g sitting a distance R apart, parallel transported in time 7.

9 for weak couplin
9 V(R)={ 3TR PIng

X In(3¢?) for strong coupling

® "Millenium Prize Problem" - Analytically for a — 0.
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De)Confinement

® Finite Temperature A
5=1/T T Pbe

® Free energy of vacuum
Fy=-TlogZ

® Free energy of a single quark
F, — Fy = —Tlog (TrL(¥)/3) = —T log ®

\/

L(Z) = Pexp {— fol/T drGo(Z, 1) X
Wilson Line/Polyakov Loop pbc

, # 0 = I, finite = deconfined
® (X, 7)=
= 0 = F, infinite = confined

® Use ¢ as OP for finite temperature phase transition.
Mc Lerran and Svetitsky '81
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Chiral Symmetry

1 ) - _
Locp = _ZF’?”F# + Z [4Gpy" Dpgy — mypdras]
f=u,d

Symmetries: SU(3): ® SU(2)y @ SUR2)Aa QU (1)p QU(1)4

o b

VO
Fermionic

U(1) o broken by quantum anomalies.

SU (2)y broken explicitly when flavour degeneracy is lifted

e.g. proton and neutron mass splitting.

SU (2) 4 broken explicitly for non-zero quark mass ....
where are the chiral partners !!

SU (2) 4 broken spontaneously; pions are the Goldstone Bosons
— Measure is the chiral condensate (Gq).

# (0 = symmetry broken

(qq) =
= 0 = symmetry restored
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Order parameters
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Variation of OPs Fukugita et.al. PRL 57 503 ’86
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Coincidence
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Variation of susceptibility Karsch et.al. PRD 50 6954 '94

Recent estimates of transition temperature with 2 quark flavours:
T. = (171 +4) MeV for Lattice Wilson fermions CP-PACS, PRD 63 034502 01
T.= (173 +8) MeV for Lattice staggered fermions Bielefeld, NPB 605 579 '02
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Polyakov Loop Model

® Choose some U(®) as a polynomial, parametrized using Lattice:
Lattice EOS: Scavenius et.al. PRC 66 034903 '02.

U(cI>,cI>,T) by (T )M) bs
T4 2 6

> (0% + @%) + %4 (B)”

where, ® = (TrL) ; & = (TrLT)
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NJL Model

Lagrangian:

e o o o

°

LN = ¢ (i’Y“au — mg + H’YO) q % [(qq)Q + (Q_W%HQ)Z}

Symmetries: SU(2)y @ SU(2)4 @ U(1)B.
Introducing auxillary field variables o and @ an L.¢¢ is obtained.
The mean fields (o) = G(qq) and (7) = Ofor u; < m.

Fit emperical values of m, f. and g.nyn (RMP 64 649 '92).
Obtain my = 5.5 MeV, G = 10.08 GeV 2, cutoff A = 0.651 GeV.

Thermodynamic properties studied with the thermodynamic potential

Q[O-a T: Mo, /L[],

Where ,LLO — Mu‘zi‘ﬂd , ,U’I — Mu;,ud
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PNJL Model

Lagrangian:

Lrnse = §("Dy—mo+py’) g+ % [(ciq)2 + (cﬁffﬁzﬂ
_U<(i)7 (I)>

where D, = 0,, — igG,,
and GM — 5M0G0

® |Introducing auxillary field variables ¢ and 7 an L. is obtained, with
the replacement exp [-Go/T| — ®

® The mean fields (o) = G(qq) and (7) = Ofor u; < m.

® Thermodynamic properties studied with ®(7") and o

from the thermodynamic potential Q[®, ®, o, T, 110, 11,

Where ,UO — /vLu"Q}_,ud , ,LLI — Uu;“d
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PNJL Model

) = Z/{(CID o T)—|—2G1( 2+U§)+4G20u0d

—Z/

f=u,d
+ In [1 + 3 (CT) + <I>e_(Ef+“f)/T) o~ (Eftus)/T —|—e_3(Ef‘|‘Mf)/T]}

Sy

f=u,d

(<I>+<I>e (£y- “f)/T) (Ef_“f)/T—|-e_3(Ef_“f)/T]

_ ]5’2)
where,

U (qD? (i)’ T) b2 (T) b3 3 =3 by , = 2
=— 3D — 2 (93 + 83) + 2 (3D
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PNJL Model

Attempt to understand the coincidence of chiral and
deconfinement transition.
Meisinger, Ogilvie '96: (U(®) = 0)

Dynamical understanding of the coincidence
Fukushima ’04: (U(®) from Lattice strong coupling)

Pressure difference at finite 1, number density,
Interaction measure compared with the Lattice data.
Ratti, Thaler, Wiese '05: (U(®) from Lattice EOS )

Susceptibilities, specific heat, speed of sound,
conformal measure compared with the Lattice data.
Ghosh, Mukherjee, Mustafa, Ray '06: (Same model as Ratti et.al.)

PNJL model improved with Van der Monde term
Ghosh, Mukherjee, Mustafa, Ray '08
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Order parameters
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Variation of the OPs and coincidence of transition

{atti et.al. PRD 73 014019 '06, RR et.al. PRD 73 114007 '06.
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EOS

P=-Q/V=({)Inz
PNJL model Ratti et.al.; Lattice CP-PACS PRD 64 074510 '01.
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Number Density

NJL and PNJL model Ratti et.al.; Lattice Bielefeld PRD 68 014507 ’03.
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Taylor Expansion

1 1 non Lo\ U\
71 P(Lspo, i) = ﬁP(T,O,O)‘FZCOI(T) (T) +
no,nNrt
® Number Density:
0P 0P
ClO: 8— :nq CO]': 8— :’]’LI
KO | o=pr=0 PIlpo=pr=0
® Fluctuations:
9220 — 32_P =y 97202 _ 82_P — \;
— D) — Xq — D)
O po=pr=>0 Oy po=pr=>0

® Higher order terms give ;. dependence of Fluctuations
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Fluctuations
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® Fluctuations are different in different phases.

Asakawa, Heinz and Mduller, '02; Jeon and Koch, '02.

’NJL model RR et.al.; Lattice Bielefeld PRD 71 054508 05
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~-luctuations
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® PNJL model works in a large range of temperature.
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sospin Fluctuation - |

0.8Ff

0.6}

04rF

0.2

0.3

T/Tc

0.25¢}

0.2f

0.15

0.1

¢, (Lattice) —o— 1
cé (Lattice) =t 0.05f
. 2 (PNIL) — | .

............ » 02 (PNJL) o |
06 08 1 12 14 16 18 2 -0.05

Ic4 (La‘étice) Heﬂ

cz (Lattice) - ]
g’ (PNIL) — 1
c3” (PNIL) - |

06 08 1 12 14 16 18 2

® Lattice: ¢y ~ b ~ 80% SB limit ; ¢4 ~ ¢} — SB limit

® PNJL:icy #chcqs #ch

c2 and ¢4 away from SB limit ; ¢} and ¢ — SB limit

°’NJL model RR et.al. PRD '07
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PNJL + Van der Monde

where,

u(q><I>T)+zG1<

21 [ G

f=u,d

2 4 03) + 4Go0y 04

(<I>+<I>e (£y- “f)/T) (Ef_“f)/T—|-e_3(Ef_“f)/T]

In [1 + 3 (CT) + <I>e_(Ef+“f)/T) o (Brtug)/T 4 e_3(Ef+uf)/T] }

>/
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U@, e,7)

T4
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= — P — = (% + %) + — (2
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Isospin Fluctuation - |l
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® At low temperatures PNJL coeff. greater than lattice.

PNJL model RR et.al. PRD 08
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2+1 flavors

Q =U[D, DT +2953 007 — L0uoqos + 383y 4.072)

A d?
+3922f udso-f 62]” udeO (27) p Ef@ o |ﬂ)

(Ef—np) (Ef—p) 3(Ef—u)'

—2T2f2u7d78fooo(;l71)@, In [1 +3(P + Pem T e~ T e 3T

- _(Eptw) o (Eptp) _ (Ef+u)—'
ST oSy ks I 14+ 3(0 + Ge e et

where, gs is the usual four-fermi interaction, gp is the coupling for the
't Hooft determinant and ¢; and ¢g» are the 8q coupling constants needed
to remove an infinite potential well close to the classical vacuum.

Abnhijit Bhattacharya, Paramita Deb, Sanjay Ghosh, Anirban Lahiri, Sarbani Majumder, RR
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EOS - 2+1 flavor
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Phase Diagram....
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M. Stephanov (hep-lat:0701002) (except PNJL10(69), PNJL10(8q))
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Fluctuations - 2+1 flavors
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PNJL model RRet.al. '10  LQCD Cheng et.al.

1.6
1.4
1.2

0.8
0.6
0.4
0.2

0.6
0.5
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

PNJL (Unbound) ——
PNJL (Bound) == = -~ -
Ilattice dataI R E R

0.5 1 15 2
TIT

C

25

PNJL (Unbound) ——
PNJL (Bound) == - ---

TIT,

¢,

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0.4

T T T

®  PNJL (Unbound) ——
L PNJL (Bound) = - = -
lattice data :--o---

TIT,

C

0.2

PNJL (Unbound) ——
PNJL (Bound) == - ---

0.2
0.4
-0.6
0.8

-1.2

CBM PHYSICS. SMIT June 2016 — p. 29/44




orrelations - 2+1 flavors
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Baryon-Ilsospin correlations

Going back to 2 flavors

® Non-degenerate masses for different flavors — SUy (2)
broken explicitly.

# Mass matrix is given as;

. mi1 — mo 0 m, 0O
m Eml]IQXQ—mQTg = 0 M1 4 — 0 my .
1 2

# three different values of my are taken keeping m; fixed
at 5.5 MeV.

Abhijit Bhattacharya, Sanjay Ghosh, Anirban Lahiri, Sarbani Majumder, Sibaji Raha, RR
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Baryon-lsospin correlations
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Baryon-lsospin correlations
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Baryon-lsospin correlations
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# Expected scaling in finite chemical potential
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Baryon-lsospin correlations
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# Setting a baseline for experimental exploration
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Finite Volumes

Oversimplifications:

» Neglecting volume effects on U(®, )
#® Neglecting surface curvature effects

# Replacing discrete momentum sum by integral with IR
cut-off

P =—00/V

Abhijit Bhattacharya, Paramita Deb, Sanjay Ghosh, Kinkar Saha, Subrata Sur,
Sudipa Upadhaya, RR

CBM PHYSICS. SMIT June 2016 — p. 36/44



Finite Volumes
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Finite Volume Fluctuations
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® Volume scaling shaky only close to 7. (PNJL model 2-flavor RR et.al. '14)
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Finite Volume + Finite Density
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® Volume scaling shaky only close to 7. (PNJL model 2+1 flavor RR et.al. '15)
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Setting the scale

o Till now we found qualitative physics information to be
in good agreement with LQCD data where available.
We are now working for quantitative contrast as well as
setting up the transition temperature.

# Changing the scale in Polyakov loop model has limited
control over the chiral transition.

# Time to remodel NJL
s Four quark coupling G = G(®, ®) (entangled PNJL)

Aminul Islam, Munshi Golam Mustafa....

s Four quark coupling G = G(T") = Gexp” /@

Soumitra Maity.....
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Setting the scale
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Setting the scale
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® Temperature dependence of G helps in softening the condensate behaviour: the scale
may now be set

» Quantitative mismatch in the charge sector is mainly due to absence of light hadrons in
our current model.

Lattice data: A. Bazavov et al. [HotQCD Collaboration], Phys. Rev. D 86;
S. Borsanyi et al., JHEP 1201, 138 (2012)
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Summary

® Exploratory study of PNJL model to mimic physics of QCD
» All the qualitative features of LQCD results are captured
® Baryon-isospin correlation offers a unique signature for finite
temperature as well as finite density scenario
» B! changes sign at high density and low temperature.

® Finite volume fluctuation ratios follow system size scaling except very
closetoT. at ug =0

® The higher order fluctuations break the scaling in a wider range of
temperature.

® For up # 0 the region of scaling violation even for lower order
fluctuations is considerable.
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