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Introduction




QCD at Zero Temperature
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QCD at Zero Temperature
The QCD Lagrangian:
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QCD at Zero Temperature

1000 MeV

We can trace the origin of 98% of the
luminous matter to QCD interactions.



QCD at Zero Temperature
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QCD at Zero Temperature
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QCD at Zero Temperature

The quark
Pr'Opccl'ga'l'or': S(p*.p) =iy -p A 1*) + B(p*. i) =

Z(p*. 1?)
iy -p+ M(p?)

Enhanced infrared
Effective interaction

1 m,=4.18 GeV
m.=1.18 GeV

1=3.74 MeV




QCD at Zero Temperature

Confinement: Can be inferred from the analytic properties
of the propagator.

Violation of the axiom of reflection positivity
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QCD at Zero Temperature

No. of light quark flavors also determine the extent of
chiral symmetry breaking and confinement.

5 D(q?) ( )

B=5.80 (N =0)

B=4.05 (N =2)

B=4.90 (N=2)

B=1.95 (N=2+1+1)

B=1.90 (N=2+1+1)
o P=2.10(N=4)

M(p?) (GeV)

1071 107 100 100*  0.01
p? (GeV?)

AB, A. Raya, J. Rodrigues-Quintero, Phys. Rev. D88 054003 (2013).



QCD at Zero Temperature

Increasing no. of light quark flavors restores chiral
symmetry and triggers deconfinement.
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Chiral condensate Confinement

AB, A. Raya, J. Rodrigues-Quintero, Phys. Rev. D88 054003 (2013).



QCD at Finite Temperature
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Courtesy: T. Wambach, G. Baym

Fermi: Notes on Statistics and Thermodynamics (1953).



QCD at Finite Temperature

1. Relativistic Heavy-Ilon Collider (RHIC)

at Brookhaven National Laboratory (BNL)
2. Large Hadron Collider (LHC) at CERN
3. Heavy-lon Collider HIC at RHIC

4. Facility for Antiproton and lon Research

(FAIR) at GSI
5. Nuclotron-based lon Collider Facility
(NICA) at JINR

6. Japan Proton Accelerator Research Complex

(J-PARC) at JAERI




QCD at Finite Temperature

Early Universe The Phases of QCD

: Future LHC Experiments

Current RHIC Experiments
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QCD at Finite Temperature
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Facts and Challenges
The theory at the edges is better understood.

Lattice QCD and SDE
find a rapid & smooth

Deconfinement and

cross-over at laf'ge T Lattice, SDE  Chiral Symmetry Restoration
— C
GNd UB- . S Crirical End Point
Various models find a g
strong 1st order Phase . MIT Bag Model, NJL, RM, ...
transi.'.ion a.l. Iar.ge "IB First order phase transition

_ Confinement and
a"d T-O. Broken Chiral Symmetry

1s* order line originating
at T=0 cannot end at
Hg=0 as it is a cross-
over. There must exist
A critical end point.




Facts and Challenges

A sound theoretical prediction for the existence and location
of the critical end point on the QCD phase diagram is a
challenging task.

Are the two phase transitions, corresponding to confinement
and deconfinement & chiral symmetry breaking and its
restoration, coincidental?

As they both owe themselves to the diminishing of the QCD
intferaction strength, one may expect them to chart out the
same curve in the QCD phase diagram.

AB, A. Raya, I.C. Cloet, C.D. Roberts, Phys. Rev. C78 055201 (2008) [QED3, N(]
AB, A. Raya, J. Rodriguez, Phys. Rev. D88 054003 (2013) [QCD, Ni]



Schwinger-Dyson Equations

Charting out the phase diagram from the basic building
blocks of QCD is an outstanding problem.

» Through SDEs, the fundamental equations of QCD, we
can attack the problem through first principles in the
continuum.

Schwinger-Dyson Equations combine the non-perturbative
regime of a theory with its perturbative limit naturally.

Thus they provide an ideal frame-work to study the

the transition region in QCD phase diagram where non
perturbative phenomena of chiral symmetry breaking and
confinement melt away.

S-X Qin, L. Chang, H. Chen, Y-X Liu, C.D. Roberts, Phys. Rev. Lett. 106 172301 (2011)
C.S. Fischer, J. Luecker, Phys. Lett. B 718 1036 (2013)



Schwinger-Dyson Equations

Quark Propagator: At finite T and y, its general form is:
STHP Al ) = 1A(P? W0 )T - P+ iyaws O (52, 02) + B(p~, w;,)
w, = w, +ipand w,, = 2(n + 1)7T

Its solution for the scalar functions A,B and C can be
obtained by solving the SDE:

S~Y(pw,) = ﬁ P+ ?Z’y4'zIJn + 3(, Wy, ) = (Self Energy)

> _), ’lf)n = T Z / 392D;w p Q,in) «— Gluon Propagator

l=—o0

\¢
X 5 A/,u,S(q la p, wn) «— Quark-Gluon Vertex




Schwinger-Dyson Equations

Gluon Propagator:

We follow the lead of Qin et. al.:
S. Qin. L. Chang, C.D. Roberts, Y.X. Liu, Phys. Rev. Lett. 172301 (2011)




Schwinger-Dyson Equations

Gauge Invariance Constraints:

3uafrk-6luon [ (P, Py)=T(P,,P))+T,(P,P,)
ertex. . .
QMI‘Z;(PlaPZ):Oa rf,;(PaP):Oa Q:PI_P2

Lorentz vectors: ¥, ,FP,,,P,, and U,

Lorentz scalars: 1P ,,P, U, P, P,. P, U, P, U, P, P, U
V2,u,:P2,u,P2:v : V4,u,:P2pLPl
V6,LL:7,LL9 VS,U,:PQ;L
VIO,LL:PQ,LLPIPQ:' — Vlz,u: 7,u,Pz
V14M=V2MUJ, ; Viep= V4MUJ
Vigu= wa, - Vaou= VSMU]

Voru= Vm#(//, V24#=V12MU]
Vaeu= U#(//, VQMZU#PI, VQSMZUMPQ
V3OM=UMP2W, V31M=UMP1P2, V32M=UMP1PQU




Schwinger-Dyson Equations

Quark-6Gluon Vertex:

I, L M o a(Py)—a(P,)
FM(_Pl,Pg)—?#.—E[Q(_,Pl)"‘a(__Pz)]Vﬂ.—W(Pm‘FPm)(P 1+ P5)

b(P;)—b(P,) 1
_—(P1M+P3M VU + = [c Py)+ce(P)y)]y,U

(P{—P3)
C-'(:PI)_C(P?)
_|_—

———— (P, ,+ P, )(P +P,)W+
2pi-p3

Perturbative HTL constraints have been calculated in:
A. Ayala, AB, Phys. Rev. D64 025015 (2001)
We make a modest but practical ansatz:

D(T) U'u(q, Wi, pywn) = D(T) v
and fix D(T) to match lattice results along the p=0 axis.




Chiral Symmetry Restoration

9 SDE
B—H [attice data

T, = 0.154 GeV
U= 0GeV

A. Bazavov et. al.,
Phys. Rev. D85
054503 (2012)

006, | v o0
005 0075 0.1 0.125 0.15 0.175 02 0225 025 0275

T[GeV]

D(T)=a-— b13 — ctanh(d — eT?’) :

at 4 = 0 (a = 2.17,b = 343.64,c = 1.76,d = 0.78 and
e = 273.8 with appropriate mass dimensions in GeV).




Chiral Symmetry Restoration

Chiral symmetry restoration also manifests itself in the
function D(T).

A 011 012 013 014 015 016 0.7 70135 014 0145 015 0155 016 0165 0.17
T[GeV] T[GeV]

The critical temperature obtained from the behavior of
D(T) is 0.153 GeV whereas the obtained from the
condensate is 0.154 GeV.



Chiral Symmetry Restoration

Knowing D(T), we can repeat the exercise of computing
the condensate off the pu=0 axis.

@ SDE

o u=0.050 GeV
m=51 1=0.100 GeV
== U=0.150 GeV
&= 1=0.200 GeV
A—a 11=0.205 GeV
s, 1=0.220 GeV
feiy 1=0.230 GeV
== 1=0.240 GeV

=t 11=0.250 GeV
u=0.300 GeV

2

my = (4 2

0.03 006 009 0.12 0.15 0.18 021 024 027
T[GeV]

E. Gutiérrez, A. Ahmad, A. Ayala, AB, A. Raya, J. Phys. 641 075002 (2014)



Chiral Symmetry Restoration

We plot our order parameter -d;<yy>,

and look at the

plot for each y. The maximum gives the pseudo critical
point (T, u.).

u=0.00 GeV
u=0.05 GeV
u=0.10 GeV
u=0.15 GeV
u=0.20 GeV

0.13 0.14
T[GeV]

The height of this
thermodynamic variable
shoots up to infinity for

a sufficiently large pu,
indicating a change in the
order of phase transition.




Chiral Symmetry Restoration

The critical line and the critical end point.
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Chiral Symmetry Restoration

At chemical potential uy~0.22 GeV, the thermodynamic

singularity arisen from disjointed condensate can be

identified with the onslaught of 15' order phase transition.
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Concluding Remarks

Exploiting the lattice results for the temperature
evolution of the quark-anti-quark condensate, we use the
Schwinger-Dyson equations to compute the same along
the ¢ axis.

The temperature derivative of the quark-anti-quark
condensate has a smooth and finite maximum for u~0. As

H increases, this maximum starts growing and shoots up

to infinity for y~0.22 GeV. We identify this thermodynamic
singularity with a change of the nature of phase transition
from a simple cross-over to a 1st order phase transition.

Studying the analytic properties of the quark propagator,
the confinement-deconfinement phase transitions appears
to chart out the similar curve in the QCD phase diagram.



