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Introduction
QCD-like theories

QCD-like
—-) A theory with dynamical mass generation

=== Confinement and asymptotic freedom
—) A positive fermion determinant

Lattice QCD

Functional Methods
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QCD-like
——) A theory with dynamical mass generation
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Minimal

s> Confinement and asymptotic freedom modification of QCD

===l A positive fermion determinant

Lattice QCD sign-preblem

Functional Methods Truncation

ﬁ Apply the truncation to physical QCD




Motivation for QCD-like theories
SU(2)

> SU(2) for even number of degenerated quark flavors
possesses a positive quark determinant

G2

® Subgroup of SO(7) which satisfies an additional cubic constraint

=== All representations are real, allow lattice simulation at x > 0



Motivation for QCD-like theories

SU(3), SU(2) and G2 have many properties in common

Asymptotically free, chiral symmetry breaking, confinement

Chiral and deconfinement transition coincide in the quenched case

Similar functional equations

Different Casimir operators of the gauge groups



Motivation for QCD-like theories

SU(3), SU(2) and G2 have many properties in common

Asymptotically free, chiral symmetry breaking, confinement

Chiral and deconfinement transition coincide in the quenched case

Similar functional equations

Different Casimir operators of the gauge groups
Similarities of the correlation function : SU(2) vs SU(3)

SU(2) longitudinal gluon propagator below T SU(3) longitudinal gluon propagator below T_
C

w

Temperature

Temperature
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[C.S. Fischer, A. Maas, J.A. Miiller (2010)]
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Quenched QCD and QCD-like study




Dyson-Schwinger Equation
Z = [d[®]Exp|-[S[®] + ®J| — W[®] = Log[Z] — I'[J]

Z : Partition function =& W : Connected Diagrams — [ :irreducible Diagrams

Example : The gap equation

® - : ®

Describe all possible ways of propagation of a quark




Dyson-Schwinger Equation
Z = [d[®]Exp|-[S[®] + ®J| — W[®] = Log[Z] — I'[J]

Z : Partition function =& W : Connected Diagrams — [ :irreducible Diagrams

Example : The gap equation

o— . | @
Describe all possible ways of propagation of a quark

Contains perturbation theory

Contains non-perturbative information

Confinement and dynamical chiral symmetry breaking

Bound state studies

Multi-scale problems feasible

No sign problem



Dyson-Schwinger Equation
Z = [d[®]Exp|-[S[®] + ®J| — W[®] = Log[Z] — I'[J]

Z : Partition function =& W : Connected Diagrams — [ :irreducible Diagrams

System to solve

—1 —1
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The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

=



The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

=

Do(p) = 7(Zx(p)P,y + Z1(p)P,yy)

=3 Spuriously divergent terms

-3 2-loops diagrams
Accessible on lattice



The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

=

br (T) ﬁoa( ) Y
ZT,L(X) = (x+1) x+aT,L(T)) ' T lIl( +1)) )

/ Coefficients are fitted to reproduce lattice data

[A. Maas, J.M Pawlowski, L. von Smekal, D. Spielmann (2012)]
[C.S. Fischer, A. Maas, J.A. Mdiller (2010)]




The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

=

Fq—gl(p - 9l>

24 tensor parts
Difficult to obtain from lattice
Lack of information of the temperature dependence
of this quantity from continuum studies



The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

e - -
A(p)+A(q) > C(p)+C(q)

I'yo(p,q,D) = vV, W(p,q J)

d 2 a( ) 20
W(p.g.l) = — : (O a ln(lz+1))

dr+12 TR
/ [C.S. Fischer (2009)]




The truncation and modeling
System to solve

Truncations are mandatory

We want a realistic temperature dependence of the gluon

S (B, 0a) = A, 0,) 7B + C(F, w,) © 7y, + B(B, ) + 0 V7 BEW,)

=

ZT,L( Pz)

bT,L(T) 0 a( )

(1 2)2 2+aT ,L(T) + p ln(P +1)

ég ; %/ q- gl(p y(,l) = ( A(p)+A(Q) _) C(p)-l_C(Q) )W( q l)

The system can be solved




(Pseudo)-order parameter
Chiral Symmetry Breaking

-1 - — —> —> —> — —> —>
S (B, ) = AP, w,) ¥ P + CB, 0n) 0 v, + B, w,) + 0 T pHBE0,)
AT) = Zy(Z )N T 2 [
Wy P

bare

—>» B # (0, formation of a chiral condensate

Chiral symmetry broken

Pseudo-order parameter

—

d’p —
2m)’ Tr[S(p ,(Dn)]

B (GeV) No dynamical mass generated -@-
0.8 Dynamical mass generated -@-
0.6
0.4
0.2+
0.0

0.1 05 B —r

p* (GeV)



Dressed Polyakov loop

Dual quark condensate
1 N
S (B, 0n) = AP, 0,) ¥ B + C(B, wa) ® v, + BB, w,) + 0 7RI w0,)
AYT) = Zo(ZNe T 2, | S5 THS(E.0u()))

On(P) p
We introduce a phase dependence : o, =xT (Zn + %)

2
> =Je?dp AyT)
0

The dual quark condensate is proportional to the Polyakov Loop

[E. Bilgici, F. Bruckmann, C. Gattringer, and C. Hagen (2008)]
[C.S. Fischer (2009)]

Ay(T)
AJ‘E(O) 1 5 B

1.25¢

1 -

“Deconfined” quark -@-
"Confined” quark @~ 0-7°|

0.5F

0.25F




Dressed Polyakov loop

Dual quark condensate
1 N
S (B, ) = A, ,) P + C(B, wa) ® ¥, + BB, w,) + 0 7 PRI 0,)
AYT) = Zo(ZNe T 2, | S5 THS(E.0u()))

On(P) p
We introduce a phase dependence : o, =xT (Zn + %)

2
> =Je?dp AyT)
0

The dual quark condensate is proportional to the Polyakov Loop

[E. Bilgici, F. Bruckmann, C. Gattringer, and C. Hagen (2008)]
[C.S. Fischer (2009)]

@ Dual quark condensate in NJL model (non-confining theory) ‘mimics’ the chiral transition

[T.K Mukherjee, H. Chen, and M. Huang (2010)]
[S. Benic (2013)]

The dual quark condensate for adjoint QCD is able to distinguish between chiral and
deconfinement transition for light quark mass

[E. Bilgici, C. Gattringer, E.M llgenfritz and A. Maas (2009)]
Can be compared with lattice computations

Gauge invariant
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Chiral Condensate and dual condensate

A(T)
O Chiral condensate =@~
| Dual condensate -@-
0.8_—
Chiral symmetry broken Chiral symmetry
[ «restored»
0.6
0-4¢ ‘Deconfined”
: "Confined” quark quark
0.2r
2,(T)
A0)  p—— ~ Oy T

0.8 0.9 1.0 1.1 Tc
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Chiral condensate

AT)
A0) V6@
SU()-
1.0r G2 @-

0.6

0.4f

0.2k
T
T.

0.80 0.85 0.90 0.95 1.00 1.05 1.10
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Unquenching

Quark loop o
® Systemtosolve: --- @ — - - —— -~ - _ __@662%%_
—1 1
_1 _1
DOCOOMHOTO0D = “0000000000000" 2 2
4 )
m@m@ f oo @ -3
\_ J R + higher equations ...

® Approximation :

‘DO0CCMDOOO0D =

Quenched Input

[C.S Fischer, J. Luecker (2012)]

* Neglect all indirect quark contributions in the gluon dressing



Unquenching

Quark loop

® Adding the quark loop

-1 -1
m@=@%m + N

Qu

enched Input

[C.S Fischer, J. Luecker (2012)]

II(p)p’ p—:)—O) (m )2
th

Debye Screening
of the chromo-electric
charge

11 L(Pz)

1000 |

100|
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T=50MeV

T =141 MeV
T =195 MeV
T =249 MeV

——

10  0.001 0.010 0.100

1

10

100 p? (GeV)?
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@ Adding the quark Ioop

TO000UHOOOTD = @6666(‘6666@+ N;

First computation made by [C.S Fischer, J. Luecker (2012)]

Quenched Input

— T =187 MeV
Z; Zy — T =215MeV
T — T =228MeV
i T =235 MeV
1.5 B 1.5 N iI I]'I & e
' I
1.0} 1.0 I
;3
I
X
0.5¢ 0.5t
0.0_. P R T S E S S R ST ST E S S RS N 'p(G€V) 00_ PR U T S S N T T S S E S T SR H S S T S EE S SR p(GeV)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Compared to : [R.Aouane, F. Burger E.-M. lligentritz & al (2012)]

—* Very small quark mass dependence



Order parameters

Chiral condensate

For 2 light flavors and a strange quark, comparison with available lattice results is possible

First computation made by : [C.S Fischer, J. Luecker (2012)]

AAT)
A0) .
i This work -@-
0.8 Lattice 4
_ [S. Borsanyi, Z. Fodor, C. Hoelbling & al (2010)]
0.6
0.4r
0.2F
.. AT (GeV)

011 012 013 014 0.15 0.6 017 0.18
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Chiral condensate .
. ] ¢
—A)TFor 2 light flavors : Chiral «restoration» (MeV)
An(()) quenched 2 flavors
1 On( ) SU(3) 277 174
SU(2) 303 218
08 G2 255 155
i SU(3)-@-
0.6 U)o
I G @
0.4_—
0.2}
T

0.6 0.7 0.8 0.9 1.0 1.1 T,



Unquenching
Order parameters
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Dual condensate
wep For 2 light flavors : . . e
S (T) Chiral «restoration» (MeV)
Al ) quenched 2 flavors
3 SU(3) 277 174
0.14Ff SU(2) 303 218
012k G2 255 155
0'10:' SUQ3)-@- «Deconfinement» (MeV)
0.08} SU(2)-@- quenched 2 flavors
. G: @ SU(3) 277 182
oL SU(2) 303 202
0.04} G2 255 160
0.02}
: T
0.6 0.7 0.8 0.9 1.0 1.1 T,

The employed setup behaves universally
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Cyap 4. = (“‘(”)*A(Q) 7y JWp.ad)
» For 2 light flavors : di Bo olu) 20
A W(p 4 l) — d2+12 + 1472 ( ln(lz-l_l))

— ;=836 (GeV)
d =786 (GeV)
d = 7.60 (GeV)
di =736 (GeV)
d,=7.00 (GeV)
d, =684 (GeV)’

l—l I I | I I I | I I I | I I I | I I I | I I I | I ) T(GeV)
0.14 0.16 0.18 0.20 0.22 0.24

=== Similar results for the QCD-like theories

A large parameter dependence of the quark-gluon vertex
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0.25

S

)]

S
T

0.10-

] 0.05 | I I I I | I I I I | I I I I | I I I I | I I ]
0.00 0.05 0.10 0.15 0.20 0.0 0.05 0.10 0.15 0.20

CEP = (175, 132) MeV CEP = (200, 160) MeV

0.05
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SU(3) G2

0.25
0.20

0.20 -
S ~0.15
S
~0.15+
F | L

i i 0.186 0.10
0.10- i
0.05 ‘ 0.05
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

CEP = (175, 132) MeV CEP = (175, 115) MeV



Finites u
Summary

[The employed setup behaves universallyj
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* The bending of the crossover line does not agree with lattices results for low u

* Enlarging the truncation to assess universality



Outlook

The quark-gluon vertex

New system to solve :

A A 2

-1 -1
—@>— = —— -




Outlook

The quark-gluon vertex

. Relative color factor still negligible ?
New system to solve : Dynamical suppression after Tc ?

i i i ? New correlation function

Follow the approximation used in vacuum study
[R.Williams (2015)]

This approximation is still acceptable : - for QCD-like theory ?
- in medium ?



Outlook

The quark-gluon vertex

. Relative color factor still negligible ?
New system to solve : Dynamical suppression after Tc ?

i R i ? New correlation function

Follow the approximation used in vacuum study
[R.Williams (2015)]

In Landau gauge, 24 dressings functions

~Yhi + U’u")/lhg + Z’?fhg -+ 2’7%]74 + ”7[[; %]h5 + th6 + fifw + f]%ghg + Zf[[; %]hg + 1uthig + u“fhn + u“’/%hlz
Jr’iuu[fa %]hm + iy hig + fv4 his + V[lﬁ, w)hie + ’7[%7 w)hi7 + Zf[[, w)his + @f[%, | hig

+iu’ [f, %] haoo + iu“[ka;, %) ha1 + iﬁf/‘v@%hm + l_f%ﬂh% =+ U“f%z/thm



Conclusion
Outlook

@ The quark-gluon vertex

==l New system to solve :

A AR A

@ Follow the approximation used in vacuum study
[R.Williams (2015)]

© In Landau gauge, 24 dressings functions
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Relative color factor still negligible ?
Dynamical suppression after Tc ?

New correlation function

x Projection =»» 13 824 terms ...

’7h1 -+ u“fy4h2 + Z’?fhg -+ 2’7%}74 + ﬁ_/’[[}, %]hg, + thG + fih7 + f]ﬁ%hg + Zf[f, %]hg + 1ufhig + U'ufhll + U’u%hlg

+iuu[f, Hslhas + i3y b + 17 has + V[Z: % hie + F ks, W hi7 + Zf[[, | his + il[Ks, %) hig

+iu’ [f, %] haoo + iu“[%, %) ha1 + Z"_Y'ﬁ%%hm + l_f%%h% =+ U”f%z/thm
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@ The quark-gluon vertex

==l Semi-perturbative : Quenched T = 250 MeV

— —
—

vhi H U’u")/lhg + Z’?fhg -+ Z’V%hgl + ’7[[}, %]hf) + tlhg H llh7 + f]ﬁ%hg + Zf[f, %]hg + 1uf hig + U'ufhll + U’u%hlg

+iuu[f, Hslhas + i3y b + 19 has + V[Z: % hie + F ks, W hi7 + Zf[[, | his + il[Ks, % hig

+iut [f, %] hoo + iu“[%, %) ha1 + Wﬁvz;%hm + l_f%%h% =+ U”f%z/thm

h12 4F
3r
hy —— ,f
hg :
It
hll_ .
h 0.010 0.100 100 1000 §o (GeV)?
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@ The quark-gluon vertex

==l Semi-perturbative : Quenched T = 250 MeV

"?hl —+H U’u")/lhg + Z’?fhg -+ 2’7]97;3}74 + ’7[[}, %]hf) + thG + fih7 + f]ﬁ%hg + Zf[f, %]hg + 1uf hig + U'ufhll + U’u%hlg

+iuu[f, Halhis + iy hag 4 1 has V[Z: W hie|+ F ks, W hi7|H Zf[[, | his + il[Ks, % hig

+iut [f, %] hoo + iu“[%, %) ha1 + Z"_Y'ﬁ%%hm + l_f%%hza =+ U”f%z/thm

5t
o4 41
3t
P
h17_1_
hie
hy3 0.010 0.100 100 1000 5, (GeV)>
hs——1t
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@ The quark-gluon vertex
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==l Semi-perturbative : Quenched T = 250 MeV

—

’7h1 -+ u“fy4h2 —+ Z’?fhg + 2’7%}74 + ﬁ_/’[}, %]hg, Hlhg|+ fih7 + f]ﬁ%hg + Zf[f, %]hg H1ut hig H- U'ufhll + U’u%hlg

Hiw [, Hahas| Higy hoa b 7 has + 7L, hlhie + FHs, W hi7 + illl, " his [ il|Hs, | hig

tiut [f, %] haoo H iu“[%, ] hai| + Z"_Y'ﬁ%%hm + l_f%%h% =+ U”f%z/thm

hy 0.10 0.10 g ——
I hy»
- N4
0.05F 0.05 ho
hy —— Mo
hi3 | | | |
Mo e e— ‘ [
3 0.0100.100 100 1000 _ 0.010 0.100 100 1000
9 so (GeV)? | so (GeV)?
h _o0.051 ~0.05}
[ - h
~0.10t —0.10t 21
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* The quenched results show the expected behavior



Summary

The quenched results show the expected behavior

An ungquenching procedure is possible
The qualitative behavior of the order parameters is respected

The qualitative behavior remains the same for different quark-gluon vertex parameters
The (pseudo)-critical temperature for chiral and dual chiral are close to each other

A quantitative comparison for the gluon dressing function and chiral condensate



Summary

The quenched results show the expected behavior

An ungquenching procedure is possible
The qualitative behavior of the order parameters is respected

The qualitative behavior remains the same for different quark-gluon vertex parameters
The (pseudo)-critical temperature for chiral and dual chiral are close to each other

A quantitative comparison for the gluon dressing function and chiral condensate
At finite u

The qualitative behavior of the order parameters is respected

Calculated CEPs remain close for different gauge groups



Contant Romain

CO”C'US'O” Kopaonik : 12.03.2018
Summary 21/22

* The quenched results show the expected behavior

An ungquenching procedure is possible

© The qualitative behavior of the order parameters is respected
@ The qualitative behavior remains the same for different quark-gluon vertex parameters

© The (pseudo)-critical temperature for chiral and dual chiral are close to each other

@ A quantitative comparison for the gluon dressing function and chiral condensate

» At finite u

@ The qualitative behavior of the order parameters is respected

@ Calculated CEPs remain close for different gauge groups

* Quark gluon vertex computation in progress



The employed setup behaves universally

Qualitative and quantitative comparison with lattice results at vanishing u

® Sensitivity to the model parameters

Improvement of the truncation in progress

Thank you
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0.001

Back up
Effects of the D function
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S"(p, wo) = A(p, wp) Y p + C(p, 0o) WoYa4 + B(p, o) + weYs p ¥ D(p, o)

1¢

B (GeV)
Without D
With D
1 5 10 50 100 p*(GeV)?
2 2 .72
T=07 Te p” = (o) +p
— T =097 Tc Relative contribution :
——— T =1.00Tec

7=171 7. =» <0.01 % tothe Bdressing

50

100 p2 (GeV)2



Back up

Computation on-going

0 0.2 04 0.6 0g M
I T T T I I T I |
0--0 <qq>
OO <>
200 % A <L>,a=023fm
: . QGP
> 0 4 —8
= 100 T
- BCS
: —3) —16
S0~ |—$+ = o —24
i ! BEC? Quarkyonic
ol . | M . | . | . |
0 200 400 600 800 1000
u, MeV)

0.25

0.10

0.05
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0.0 0.05

Diquark condensate : [S. Cotter et al. Phys.rev., vol. D87, pp. 034507, (2013)]
- [S. Hands et al. Eur.phys.j., vol. C48, pp. 193, (2006)]

Polyakov loop

‘0.10‘ o ‘0.15‘
w(GeV)
CEP = (200, 160) MeV

» Scale fixing procedure ?

0.90

0.72

— 0.54

— 0.36

0.18
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Computation on-going

AYT) =Zo(ZIN. T X [ TS 00u())]

» Chemical potential effects on the dual condensate o)
w, =T (2n + %)

O Follow the line T = 159 MeV for selected u

Real part

u=0MeV

0.8

0.6

0.4

Ay(T)
A0)
0.2 "70.00 0.05 0.10 0.15 0.20
0.4} u(GeV)
| | ¢ 0.3

Imaginary part

0

SEF

oIy

® u= 0MeV
® 4= 100MeV
® =200 MeV




Contant Romain

Back up Kopaonik : 12.03.2018

Computation on-going

-1 —> —> —> —> —> —> - —>
S (P, 0n) = AP, ®,) ¥ P+ C(P, w,) ® v, + B, w,) +® v, pY D@, w,)
n = Z, Z f Q) T”[V4 S(P w )]

- 0.25
Nsp I
1.2}
1.0;_ S 0.20

: V
0.8} 3

I ~—

: ~
0.6: = T =49 MeV 0.15
0.4 —— T=86 MeV ~

: T =122 MeV
e —— T=250MeV
ool 0.10

0.00 0.05 0.10 0.15 0.20 w(GeV)

0.00 0.05 0.10 0.15 0.20
w(GevV)
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Computation on-going

0.25 Require an additional “ingredient”

0.930

® Nambu-Gorkov off-diagonal terms

0.20 -
Oi7dd - 23C, CFL, ....

/\

% 0.958 [D. Miiller, M. Buballa and J. Wambach (2013)]

Lois-

- > @ Inhomogeneous phases

0186 [D. Mtiller, M. Buballa and J. Wambach (2013)]

0.10 -

0.05
0.00 0.05 0.10 0.15 0.20

w(GeV)



