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Figure : Phase Diagram of QCD

@ Quantum Chromodynamics (QCD) exhibits a very rich phase structure
at extreme conditions, i.e., high temperature and/or high density.
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-
Tools of studying QCD:

@ Experiments like RHIC @ BNL and LHC @ CERN are exploring this
noble state.

@ New experiments are in the pipeline, as for example FAIR @ GSI,
expected to run from 2018 onwards.

@ Different methods: PQCD, LQCD & Effective QCD Models.

@ Our work is based on Effective QCD Models, namely NJL and its
Polyakov Loop extended version, PNJL.
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N
What we have studied:

@ The vector meson current-current correlation function and its spectral
representation.

o |t has been investigated with and without the isoscalar-vector
interaction. The influence of the isoscalar-vector interaction is
obtained using the ring summation (RPA).

@ From the vector meson spectral function we obtained the dilepton
production rate for a hot and dense medium.

@ We also studied the conserved density fluctuation associated with
temporal correlation function.
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Correlation function and its spectral representation.
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N
Generalities:

@ Mesonic correlation functions are constructed from meson currents
and they can be of different types.

@ Many properties of deconfined, strongly interacting matter are
reflected in the structure of the correlation functions and its spectral
representation.

@ Here we will talk about dilepton rate and quark number susceptibility

(QNS).

@ Remember, the correlation functions and its spectral representation

can be studied through many of the aforementioned methods to study
QCD.
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N
Correlation function:

@ In general the correlation function in coordinate space:

Gap(t,%) = T(A(t,%)B(0,0))
d

@ Momentum space correlation function by FT:

Gap(w,q) / dt / BE e WHIT G op(t, T)
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Euclidean current-current correlation function:

@ Thermal Current-Current Correlator in Eucledean time 7:
(T(Jna (7, 8)J};(0,0)))s

> d3q —i(wnT+q-T
= 1Y [ T G
n=—o00

Grr(r, @)

o Meson currents: Jy = (7, B)Cpp (7, &), Tar=L, 5, Vs Y Vs
@ ( )p: Thermal average.
o Eucledean time: 7 is restricted to the interval [0, 8 = 1/T]

@ Matsubara modes w,, = 27nT, n=0,1,2---
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Spectral function:

@ The momentum space correlator can be expressed as:

GE (@) = —/mdw ou(w,q)

BINS Wy — W

@ The corresponding spectral function can be obtained through the
analytic continution of G& (w, = w + ie):
1 B ,
op(w,q) = ;Im G (w + i€, 7)

o H = (00,1, V') denotes (temporal, spatial, vector).

@ The spectral function is related to various physical quantities in hot
and dense medium.
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Dilepton rate from the spectral function:

@ The differential dilepton production rate in terms of spectral function:

drR  5a* 1 1
dizdiQ ~— 54m2 M2 ew/T — 10V(w’ 7

with, a = %; Q = (g0 = w, q) and ¢ = |q], invariant mass
M = \/w? — ¢2.
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-
Quark number susceptibility:

@ QNS(x4) = Response of quark number with 1.

@ We note that x4 is the density-density correlation i.e., 0 — 0
component of the vector-vector current correlation:

9 )
Xo(T) = £ :/ iz <J0(0,E)J0(0,0)>
= }513)/8/2 1= e=arr mI00(w; )

= —limRe Gyo(0 ,tD
g—0
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Effective QCD models: NJL & PNJL.
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NJL model with vector type interaction:

@ The Lagrangian we work with is the two flavour NJL model with
isoscalar-vector type interaction:

Lror = Blid —my+ S W) + Binsm)?] — ()

0 U = (Yy,¥q); m = diag(my, my) with m,, = mg and 7 — Pauli
matrices.

@ Gg and Gy denote coupling constants of the scalar type four-quark
and vector type four-quark interactions respectively.
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Corresponding thermodynamic potential:

@ The thermodynamic potential for the NJL model:

Gs GV d3p
Q0 — —2——2—2NNC/—E
NJL 27 T " 18 | an)3 P

3
— 2NchT/ (;l—];g [ln(l + e~ (Bp=A)/T) 4 In(1 4 e~ (BptA)/T)
o

o E, = /p? + M} is the energy of a quark with flavor f.

@ My=m—Ggo and i = — Gyn.
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PNJL model with vector type interaction:

@ In PNJL model we have a couple of more mean fields in the form of the
expectation value of the Polyakov Loop fields ® and ®.

- - = Gy
Lengu = $(inD" —m)p + %[(W)Q + insTy)] ~ -

— U[D,D,T]

(yuh)?

o DH =0t —igAt\,/2, Ay being the SU(3) background fields and \,'s
are the Gell-Mann matrices.
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Corresponding thermodynamic potential:

@ The thermodynamic potential for the PNJL model:
QpNiL = Z/[(@ o T) aF ﬁ g GZVTL:)
AP 1 [1 +3 (q) + @eprfﬂ)/T) e~ (Bo=i)/T | 6*3(Ep*ﬂ)/T:|

In [1 +3 (@ + q)e—(Ep+ﬁ)/T) e~ (Bpti)/T | 6—3(Ep+ﬁ)/T]

|
[\
=
=
—
| a.
NSNS

—  KT*In[J(®, ®)] — 2N; N, / @n )3E

@ Here we note that My and fi will now also depend on @ and ® through

o and n.
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@ Vector correlation and ring approximation.
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Vector correlation function in one loop:

K=P+Q

Q Y Y, Q

-\-I-\-ﬁ)i-\-\-l\‘l \-II\I)-\I\-\I

@ The current-current correlator in vector channel at one loop level:

4
I,,(Q) = / %Tm,c uS(P + Q) S(P)]

@ Trp . is trace over Dirac and colour indices respectively.
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|
Vector correlation function in one loop (NJL & PNJL):

@ The NJL effective quark propagator is given as:

SnL(L) = [yul* — My + ol ™!
@ The PNJL one:

SpNgL(L) = [yul* — My +yofi — iv0A4] "

@ The four momentum L = (ly,1).

@ The distribution function in NJL can be generalised to PNJL through
the relation:
(I)e—,@(Epiﬂ) + 2@6—2/3(Epil2) L 6_3/8(Epiﬂ)

f(Ep = M) - 1+ 3Pe—B(EpEit) b 3De—28(Ep+tii) b e—3B(EpEi)

[Hansen et al.,, PRD 75 (2007) |
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Ring approximation(RPA):

@ We have studied the properties of the vector meson current-current
correlation function with and without the isoscalar-vector interaction.

@ The influence of isoscalar-vector interaction on the vector meson
correlator is obtained using the ring approximation(RPA).pavidson et a1,

PLB 359 (1995), zero temp.]

(IROXCL)

@ The coupling constant Gy, which is considered to be a free parameter
(as can't be fitted) in our calculation, comes into the picture.
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DSFE for resummed vector correlator at finite T & pu:

@ The DSE for €}, within ring summation:
Cpw =y + Gyl C7,

where II,,,, is one loop vector correlator.

@ The general structure of the resummed vector correlator in medium
reads (The master Eq.)[lslam et al., arXiv:1411.6407 |:

Ur pr U p

CLV — v 2
! 1—G\/HT ( 1—G\/HL (

P,f,,(T) are longitudinal (transverse) projecton operators.
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Imaginary parts of the resummed vector correlator:

@ The temporal component:

Imnoo

[1 — Gv<1 — %)Renoo]Q S [Gv(l — %)Imﬂoo]Q

ImCyy =

@ The spatial component:

ImC’Z-i = ImC’} aF |m0£,

ImH” — “—21m1'[00

! p—
ImCyp = o ) » 5
[1 + SrRell; — Sr ReHOO] + T[Iml’[ii _ q—QImHOO]

2
2}7 ImIIyg w?

ImC} = 3 2= 2
[1 _ Gv(l _ “;—;)Reﬂoo} + [Gv(l _ Z—;)Imﬂoo]

ImCyyg

[Islam et al., arXiv:1411.6407 |
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Resummed vector correlation and spectral function:

@ The resummed vector correlator:
H’l T Hl L
+ 714

Cpw=——-——"A
1 —GyIlp ™™ 1- Gyl ™

@ Corresponding resummed spectral function:

1
0"1; = — [ImC’oo — ImC“} .
s
@ The imaginary parts (temporal & spatial) of one loop vector correlator
are associated with an energy conserving delta function that imposes

s 4M?
a finite limit of the quark loop momentum: p = 51/1 — W{ =4

@ For a given Gy and T', the resummed spectral function picks up
continuous contribution above the threshold, M2 > 4M]%.
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Conserved density fluctuation in ring approximation:

o The real part of the resummed temporal correlation function:

Rellpo(w, ) + Gv (%22— — 1) [(RCHOO(W@'))Q + (ImHoo(W,®)2]

el = 142Gy (% 1) Relloo(w, @) + (Gv (4 - 1))2 [(Relloo (w, )2 + (1mTloo w, 0))2]

o The resummed QNS in the ring approximation becomes:

Xo(T, ji)
1 + GVXq(Ta /1)

X4 (T, 1) = —lim ReCo(0, §) =
q—0

SINP Vector meson spectral function. 26 / 43



@ Introduction.

©

Correlation function and its spectral representation.

©

Effective QCD models: NJL & PNJL.

@ Vector correlation and ring approximation.

Results.

©

Conclusions.

©

SINP Vector meson spectral function. 27 / 43



Variation of scaled quark mass & PL fields:

1.0f—~ Gv/Gs=0 10 Gv/ Gs=05
0.8 0.8
0.6 0.6
0.4fF [—M/Mo(NI) 0.4F [—M/Mo(NI)
M/Mo(PNL) M/Mo(PNL)

—_ @ —_ @
02 |— & 02 |— &
0'%0 0.1 0.2 0.3 0.4 0'%0 0.1 0.2 0.3 0.4

T[GeV] T[GeV]

@ Scaled quark mass decreases, approaches chiral limit at high T. PL
fields increases, approaches unity.

@ As i #0, ® & @ are different for a given T.

@ At large T, PNJL becomes equivalent to NJL; also evident from the
thermal distribution function.
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Variation of number density:

0'%.0 0.1 0.2 0.3 0.4 0'%.0 0.1 0.2 0.3 0.4
T[GeV] T[GeV]

@ For a given T, n is suppressed for PNJL as compared to NJL; due to
the presence of PL fields.

@ Presence of GGy decreases the n for both NJL & PNJL both; evident
from the expression of modified quark chemical potential

(i =p—Gyn).
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Scaled spectral function with Gy = 0:

0.15 _
74
5 010 74
\> ,' T=03GeV, u=0GeV, q=0GeV
> / i
0.05} // A
0.00
0 5 10 15 20
M/T

o At T'= 200 MeV the spectral function in PNJL model has larger
threshold than NJL model because of the larger quark mass.

o At ¢= 0 and p, = 0 the spectral function is proportional to
1 —2f(Ep)], f(Ep) is the fermion distribution function.

@ Presence of Polyakov Loop — suppression in f(E,), hence
enhancement in spectral function.
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Scaled spectral function with Gy = 0:

0.15
=
72
74
N3 0.10 /
\> / T=03GeV, n=01GeV, q=02GeV
5 / — Free
y NL
0.05 —PNL
0.00
0 5 10 15 20
M/T

@ Plots of the scaled spectral function for nonzero q and pu.
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|
Dilepton rate for 7' = 300 MeV (Gy = 0):

3x1078 3x1078
T=0.3GeV, u=0.1GeV
O 1x10-8 NL ] O 1x10-8F~x q=0.2GeV 4
< < N — Born
o) ke \\\ NXL
DN — PNL
< x h
< 3x107°f E < 3x107°f N 1
o T=03GeV, u=0GeV Re] N
e q=0Gev e \~\
T 1x107°F T 1x107°F 1
4x10°% 4x107%
1 2 3 4 5 1 2 3 4 5
M/T M/T
4 .

@ Dilepton rate in PNJL is enhanced as compared to Born or NJL case.

@ This suggests that nonperturbative dilepton production rate is higher
in a semi-QGP than the Born rate in a weakly coupled QGP.
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Dilepton rate for 7' = 240 MeV (Gy = 0):

3x10~8
O 1x10°8
<
©
x
< 3x10°° T
©
x
_ T=024GeV, u=0GeV
T 1x1079F q=0Gev
-10
4x10 1 > 3 4 5
M/T

@ The result is compared with the available quenched QCD resultsiping et

al, PRD 83 (2011) ].
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Scaled spectral function for different T" with Gy # 0:

20 6
NL PNL
_ _ 5 Gv/Gs=05, u=01GeV
15 ewes;zzéé;.lsev ) P
~ — T=01Gev ~
3 1.0 T=016 Gev E 3
g — T=02Gev g
— T=03GeV 2
0.5
WAN i
0.0 0
0 5 10 15 20 0 2 4
M/T
- v

@ The spectral function decreases with the increase of temperature.

@ The spectral function in NJL model acquires a width earlier compared
to PNJL.

@ Peaks get smeared as we increase the temperature.
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Scaled spectral function with diffrent Gy (1" = 200 MeV):

0.6
NL 35 PNL
T=02GeV, u=01GevV T=02GeV, u=01GeV
05 q:OZl-(lSeV 30 q=02GeV
~ 04 —— Gv/Gs=0 ~ 25 —— Gv/Gs=0
3 — Gv/Gs=02 3 — Gv/Gs=02
< 03 v/ Gs=04 < 20 Gv/ Gs=04
> — Gv/Gs=05 > — Gv/Gs=05
S 0.2 5 15 — Gv/Gs=06
N 1.0
01 05
0.0 [0 B = — —— == e
2 4 6 8 10 4 6 8 10
M/T M/T
- v

@ Spectral strength increases with the increase of Gy, .

@ For a given Gy, spectral strength is always larger in PNJL model, due
to the presence of the Polyakov Loop fields.
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Dilepton rate with diffrent Gy (7" = 200 MeV):

NJL PNJL
1077 : 10°° '
NL PNL
-7
o 1078 == T=02 GeV 10 T=02 GeV
< NN q=02 GeV O 108 q=02 GeV
° 1=01 Gev o — 1=01 GeV
& 1070 X 207%F TS
el Gv/Gs=0 o - e
& — Gv/Gs=02 & 1070 |77 SO NN
S 1079} |— Gv/Gs=0.4 S eyl B
— Gv/Gs=05 10~} |— Gv/Gs=05
— Gv/Gs=0.6 — Gv/Gs=0.6
20 b 10-12
1 2 3 4 5 6 7 8 3 4 5 6 7 8
M/T M/T

@ The differential dilepton production rate increases with the increase of
Gy.

@ Dilepton production rate is always larger in PNJL model than NJL for
a given Gy .
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Scaled spectral function with diffrent Gy (1" = 300 MeV):

0.25 PNL
NL 0.35 T=03GeV, u=01GeV
T=03GeV
0.20 1=01GeV 0.30
N L 0>
0.15
3 2o
~ >
£ 010 £ 015
0.10
0.05
0.05
0.00 )
; 0.00
M/T
_J .

@ Spectral strength decreases with the increase of temperature.
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Dilepton rate with diffrent Gy (7" = 300 MeV):

107 3 1077
E NL 3 3
(o4

< & 1078

ko] 3 ° E
C x r—
X F F=6,78.00 < [ [-=-Gv/Gs=00
o [ |—ov/es=02 S o[ |—6v/Gs=02
@ 10°°F | —Gy/Gs=04 E 107°F|—Gy/Gs=04
° F |— Gy/Gs=05 F|— Gv/Gs=05
[ |—o6v/Gs=06 [ — Gv/Gs=06
Gy/Gs=07 i Gy/Gs=07

1071 1010
1 2 3 4 5 1 2

M/T

@ Corresponding differential dilepton production rate.
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]
Quark number susceptibility (QNS):

12 12 PNL
NL p=01GeV
1.0} #=016ev ER
— ~ Gv/Gs=02
‘T_ 0.8 “"_ 0.8 —G\/;GS:OA
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o e
;’ 0.4 ; 0.4
02 — Gv/Gs=06 0.2
Gv/Gs=08 ,
0. 0.
%.O 01 02 03 04 05 06 %.0 01 02 03 04 05 06
T[GeV] T[GeV]

@ The resummed susceptibility gets suppressed as Gy, is increased.

@ Compressibility of the system decreases with the increase of Gy —
Susceptibility gets suppressed.
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Conclusions:

@ Vector meson current-current correlation and spectral function are
investigated in the framework of the mean field models namely, NJL
& PNJL with and without isoscalar-vector interaction extension.

@ The influence of the isoscalar-vector interaction is obtained using ring
approximation (RPA).

@ Then dilepton rate from a hot and dense matter and QNS have been
studied using the resummed vector correlator.

@ It has been observed that the dilepton rate gets enhanced in low
invariant mass region when the vector coulping is nonzero.

@ QNS gets suppressed as the vector coupling is increased.
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Backup Slide No:1

Temporal part:

N;N, [P+ AwE, — AE2 — M? _ _
ImIT — E, — E -1
ol ) = [ pdp S (18— )+ 5B+ ) 1]
Spatial part:
N¢N, [P+ 4wE, — 4p* + M? _ _
Illy(w, ) =~ pdp =2 By = 1)+ £(Byp+ 1)~ 1]
T Jp_ 2E,q
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Dilepton rate for T'= 200 MeV:

-9
5x 3 4
15x10 oo
o NL
<
x 5x107%0 1
<
°
E \u\
_10| T=02Gev, u=0Gev |
S 2x10 q=0Gev

1x1071°
40 45 50 55 60 65 7.0

M/T

SINP Vector meson spectral function. 46 / 43



