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QCD phase transitions
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QCD phase transitions
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® Lattice-QCD
* present: extrapolation

* future: exact methods !
® DSE/FRG
* not exact, but allow for "1 0%-physics’
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Search for the CEP

1.1
| Critical point estimates:
® Taylor expansion (Nf=2): '
ILGTI Nt=8
Datta, Gavai and Gupta, NPA 904-905 (2013) 883c | ILGTI Nt=6
Gavai, Gupta, PRD 71 (2005) 114014 o -
E 0.9}
® Reweighting (N=2+1):
0.8}
Fodor, Katz, JHEP 0404 (2004) 050
0.7 1 . 3 4
ug/T
Real world
m Heavy quar&s

® Analytic continuation (Nf=3):

de Forcrand, Philipsen, JHEP 0811 (2008) 012;
NPB 642 (2002) 290

QCD critical point DISAPPEARED

crossover
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Chiral transition line from analytic continuation

l2p

Lattice method:

® Calc. boundary at imaginary [

and extrapolate to real U
® Control systematics

Results:

eY)
o

—_—

o
-

O
-

Temperature (M

—~ ®— Dyson—Schwinger [C. Fischer et.al. 2014]

a4 freeze—out [Becottini et.al., Cleymans et.ol. 2005]
A freeze—out parametrization [Andronic et.ol. 2008]
= modified stotistical fit [Becottini et.al. 2012]

o freeze—out from fluctuations [Alba et.al. 2014]

200 400

Baryonic chemical potential (MeV)

Bellwied, Borsanyi, Fodor, Ginther,
Katz, Ratti and Szabo, PLB B 751 (2015) 559

® Larger curvature than previous results
(but: different definitions and error budget)
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QCD in covariant gauge

Imaginary time formulation' Mweak
1/T rd
Zoop = [ DIV, A exp< | / P (T (i +yap —m)

W
- (Fﬁy) + gauge ﬁxmg)}

Landau gauge propagators in momentum space, p = (P, wp)

m Dﬁlyuon o ZT(p) PT (p) | ZL(p) PL (p)

® SQUk (1) = [{ 5 A(p) + i yadn C(p) + B(p)]~?

LThe Goal: gauge invariant information in a gauge fixed approach]
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QCD order parameters from
g% [Chiral order parameter:]
- o

) 1 d’ L
9) = ZNTrog Y [ s S)

[Deconﬁnement:j
27 dgp

® dressed Polyakov loop ) = —/ e (W),
0

27T

Synatschke, Wipf,Wozar, PRD 75, | 14003 (2007)
Bilgici, Bruckmann, Gattringer, Hagen, PRD 77 094007 (2008)
CF, PRL 103 052003 (2009)

1

® Polyakov loop potential L Ty 9840

Braun, Gies, Pawlowski, PLB 684,262 (2010)

Braun, Haas, Marhauser, Pawlowski, PRL 106 (201 I)
Fister, Pawlowski, PRD 88 045010 (2013)

CF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273
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The DSE for the quark propagator

S(p)]~! = [—ip + M(p*)]/Zs(p°)

Input: * dressed Gluon propagator

e dressed Quark-Gluon-Vertex

Two strategies: | use model for gluon and vertex

Qin, Chang, Chen, Liu and Roberts, PRL 106 (2011) 172301

— ok for first insights
— not good enough for systematic study

. determine gluon and vertex explicitly
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Glue at finite temperature (T+0)

T-dependent gluon propagator from quenched lattice simulations:

25 |
e T=0
° T=06T
2 c | 4
° T=099 TC
° T=22T
C
=
=
N

p’ [Gev’]

. T=0

® Nonperturbative gluon is massive

® Crucial difference between magnetic and electric gluon

® Maximum of electric gluon near Tc

Cucchieri, Maas, Mendes, PRD 75 (2007)
CF, Maas, Mueller, EPJC 68 (2010)

Maas, Pawlowski, von Smekal and Spielmann, PRD 85 (2012) 034037
Aouane, Bornyakoyv, ligenfritz, Mitrjushkin, Muller-Preussker and Sternbeck, PRD 85 (2012) 034501

Christian S. Fischer (University of Giel3en)

FRG: Fister, Pawlowski, arXiv: | | 12.5440
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DSEs of QCD

—1 —1
' — —

m@% v@m quenched, T-dependent
a
lattice propagator

N —

—|_”ZYU‘¢ Qw

quark gluon vertex

e under study at T=0

Skullerud, Kizilersu, JHEP 0209 (2002) 013

CFEWilliams PRL 103 (2009) 122001
—1 —1 Mitter, Pawlowski and Strodthoff, PRD 91 (2015) 054035
O — - O Williams, Fischer, Heupel, PRD in press, arXiv:1512.00455

Sternbeck et al. in preparation

® T=+0:ansatz,
T,m,J dependent

\ J

C
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Approximation for Quark-Gluon interaction

® T,M,m-dependent vertex: @lan @

F (Q7k p) (541/74 2 I ]I/ ] 2 > X

o, @ (60&(#) Infg? /A? + 1] ) .
do +q2 A2+ ¢2 47
\ /
perturbation theory>

Infrared ansatz: e d2 fixed to match gluon input
e d| fixed via quark condensate (see later)
e correct UV (quant.) and IR-behavior (qual.)

CF, Pawlowski, PRD 80 (2009) 025023
Mitter, Pawlowski and Strodthoff, PRD 91 (2015) 054035
Williams, Fischer, Heupel, PRD in press, arXiv:1512.00455
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QCD phase transition: heavy quark limit/quenched

Quark mass dependence:

L et 1
b4 T @o T = BTV 3
Ms
2" order _ m@m M@W
2" ords o
. + m Qm %m{ii:iimv
physical myd s e
@ m's” + + mr<:>j'm
Cross over
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My d ,

® Expect: Transitions controlled by deconfinement
® SU(2) second order, SU(3) first order
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Critical line/surface for heavy quarks

m=320 MeV —— '
m =363 MeV ---—----
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® Deconfinement transition in K DSE NGt
. . 1 Tricr. scaling: N;=1 i
agreement with lattice QCD UDSEIN=2 -
. o . 0.5 Tricr. scaDllgg, Nf=§ ——————— i
® Correct tricritical scaling  Tiscamg NS
0
Fromm, Langelage, Lottini, Philipsen, JHEP 1201 (2012) 042 1 05 0 05 1 15 2 25 3

u2/T2
CF, Luecker, Pawlowski, PRD 91 (2015) |
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Critical line/surface for heavy quarks
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® Deconfinement transition in oeesses r
agreement with lattice QCD = . :
® Correct tricritical scaling . .- |

Fromm, Langelage, Lottini, Philipsen, JHEP 1201 (2012) 042 =
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QCD phase transitions: Ni=2+|
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® Physical up/down and strange quark masses
® Transition controlled by chiral dynamics

® at U=0: compare to available lattice results
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Ni=2+1, zero chemical potential

zero chemical potential

1 . | . | .
i e Lattice QCD |
— Quark Condensate
0,8+ . — dressed Polyakov Loop|
(]
~ | ) ‘
S 06 . e
4'3 ’ _— Lrossover
6 B _
%04 , _
< ‘ | —
0.2 - < bare quark masses
- [ ] - o ‘ _\
O ! | | | * o0 |
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Lattice: Borsanyi et al. [Wuppertal-Budapest Collaboration], JHEP 1009(2010) 073
DSE:  CF Luecker, PLB 718 (2013) 1036, CF, Luecker, Welzbacher, PRD 90 (2014) 034022
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Ni=2+1, zero chemical potential

zero chemical potential

1 ' | | I | |
e Lattice QCD
I — Quark Condensate |
0.8~ — dressed Polyakov Loop| -
=
=, 0.6 1 _ Crossover
< i ; ]
=
o 04 _/
02 _ /< bare quark masses
O I I | I I
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T [MeV]

Lattice: Borsanyi et al. [Wuppertal-Budapest Collaboration], JHEP 1009(2010) 073
DSE:  CF Luecker, PLB 718 (2013) 1036, CF, Luecker, Welzbacher, PRD 90 (2014) 034022

® quantitative agreement
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Unquenched Gluon DSE vs

Lattice

T =187 MeV Quenched
T =215 MeV Quenched
T =235 MeV Quenched

T =187 MeV Lattice
T =215 MeV Lattice
T =235 MeV Lattice
T =187 MeV DSE
T =215 MeV DSE
T =235 MeV DSE

p [GeV]

® quantitative agreement: DSE prediction verified by lattice

DSE:
Lattice:

CF, Luecker, PLB 718 (2013) 1036 [arXiv:1206.5191]
Aouane, Burger, ligenfritz, Muller-Preussker and Sternbeck, PRD 87 (2013) || [arXiv:1212.1102]
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Nf=2+1|: Condensate

condensate [a.u.]
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Ni=2+1: Polyakov loop potential at finite [

Polyakov-Loop g
\%
=

1 |
L= —tre9] A
NC T e

>0 100
150

u [MeV] 200

CEF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273

® evaluated from Polyakov-Loop potential
® important input for P-models: PQM, PNJL !

Herbst, Mitter, Pawlowski, Schaefer, Stiele, PLB 731 (2014) 248
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Nf=2+1: Polyakov loop and phase diagram

200 I | T T T
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Nf=2+1: Polyakov loop and phase diagram

200 . | . | . -
’ - o 150 I
U/ T=2 =
/ B /// 8 -
i - 3100 | | =
/’// MB/T=3 g :_ u’:"’[‘;:C [ :::.] 005)
————————— E 50 | e b e e
150 [ — — . — _—— _______ , ] = = freeze—out from fluctuat ions [Alba et .al. 2014]
.§.-"':7/:\§ | 1 |
""" =~ 200 400
; B Ve T= R . Baryonic chemical potential (MeV)
> 0\
> 100~ -
= I --- DSE: chiral crossover |
® DSE: critical end point
50 — DSE: chiral first order
4-— = DSE: deconfinement crossover \
N o [C EP at large uj
0 50 100 150 200

u, [MeV]

CF, Luecker, PLB 718 (2013) 1036,
CEF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273
CF, Luecker,Welzbacher, PRD 90 (2014) 034022

® combined evidence of FRG and DSE: no CEP at pg/T<2
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Nf=2+1: Polyakov loop and phase diagram

| ' |
200 - i ; 7 I ' - =
e u,Bsz /,/’/ \E/
N /T=3 e
- — e s mrEr T rsroc o mm— e /,’// qE_) S50 = i moditied stotistical fit [Becattini eL;:I. 261 ) ]
150 e —— — ~—;-;‘;‘;—;.;___::: ___________________ . :_‘_ — = freeze-out from fluctuations [Albo et ol 2014]
-------- Pl e 1 1 1
e =R Yl % 200 400
— - - = -\.__\;;\\\\ = EXt raPOIated Baryonic chemical potential (MeV)
< 100 4 curvature from lattice
= Lattice: curvature range k=0.0066-0.0180 Kaczmarek at al. PRD 83 (2011) 014504,
- . . Endrodi, Fodor, Katz, Szabo, JHEP 1104 (201 1) 00|
--- DSE: chiral crossover Cea, Cosmai, Papa, PRD 89 (2014) 074512
)
50+ ® DSE: critical end point —~
—— DSE: chiral first order \
- ~.~|-—-= DSE: deconfinement crossover |
N CEP at large [
0 50 100 150 200
i, [MeV] CF, Luecker, PLB 718 (2013) 1036,

CEF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273
CF, Luecker,Welzbacher, PRD 90 (2014) 034022

® combined evidence of FRG and DSE: no CEP at pg/T<2
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Nf=2+1: Polyakov loop and phase diagram
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= Lattice: curvature range k=0.0066-0.0180 Kaczmarek at al. PRD 83 (2011) 014504,
- . . Endrodi, Fodor, Katz, Szabo, JHEP 1104 (201 1) 00|
--- DSE: chiral crossover Cea, Cosmai, Papa, PRD 89 (2014) 074512
50+ ® DSE: critical end point —
/1— DSE: chiral first order
- ~|-—- DSE: deconfinement crossover |
O ”//// | | | | | | |
0] 50 100 150 200
i, [MeV] CF, Luecker, PLB 718 (2013) 1036,

CEF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273
CF, Luecker,Welzbacher, PRD 90 (2014) 034022

® combined evidence of FRG and DSE: no CEP at pg/T<2

Nc=2: Brauner, Fukushima and Hidaka, PRD 80 (2009) 74035

Caveat: baryon effects missing...
y g Strodthoff, Schaefer and Smekal, PRD 85 (2012) 074007
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un/down strange\

--------------------------------------------------------------------------------------------------------

------------------------------------------------------------------------------------------------------

----------------------------------------------------

----------------------------------------------------

® Physical up/down, strange
and charm quark masses

® Transition controlled by
chiral dynamics

® no lattice or model results
available yet
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un/down strange\

--------------------------------------------------------------------------------------------------------

R RRRCEEDEELEEED 200
: 1
o
Temmmmmmmmmmmmmmmnees 150 g
® Physical up/down, strange §100'_ \
and charm quark masses |2 | TN :
® Transition controlled by ol _
chiral dynamics
® no Igttlce or model results o ———
available yet o B

CF, Luecker,Welzbacher, PRD 90 (2014) 034022
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QCD phase transitions |

Fukushima, Hatsuda, Rept. Prog. Phys. 74 (2011) 014001

>

. Quark-Gluon Plasma

Temperature T
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S N CFL-KY, Cryg#lline CSC
Nuclear Superflui@sweptasenssifpercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

® Low temperatures, large chemical potential:
baryons are important degrees of freedom
® How do baryons affect the quark condensate ??
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Baryon effects onto quark |

® ‘Off-shell baryons’ do affect quark conde
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Baryon effects onto quark |

® Dependence on T and [ via -propagators
-wave functions

® Exploratory calculation: use wave functions from T=u=0
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DSE/Faddeev landscape (T=u=0)

Quark-diquark Three-quark
-T2 D-ED-.D-XD-ID
Contact QCD-based DSE
RL bRL bRL + 3
interaction model (RL) e
N, A masses N N v v v
N,A em.FFs V v V V
N — Ay V v V
Roper N V
N — N*y N N
N*(1535), . . .
N — N*y
Roberts et al Oettel, Alkofer Eichmann, Alkofer Eichmann, Alkofer  Sanchis-Alepuz, CF
Roberts, Bloch Nicmorus, Krassnigg  Sanchis-Alepuz, CF Williams
Segovia et al.

Eichmann, N*-Workshop, Trento 2015
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DSE/Faddeev landscape (T=u=0)

Contact
interaction

Quark-diquark
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N*(1535), . . .
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Segovia et al.

Nicmorus, Krassnigg  Sanchis-Alepuz, CF

Sanchis-Alepuz, CF
Williams

Eichmann, N*-Workshop, Trento 2015
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DSE/Faddeev landscape (T=u=0)
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Contact QCD-based DSE
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DSE/Faddeev landscape (T=u=0)
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Baryon effects - results (N=2)

1 ] — T
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® Zero chemical potential: no effects after rescaling

Eichmann, CF Welzbacher, PRD in press, arXiv:1509.02082
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Baryon effects - results (N=2)
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® Zero chemical potential: no effects after rescaling
® CEP: almost no effects

Eichmann, CF Welzbacher, PRD in press, arXiv:1509.02082
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Baryon effects - results (N=2)
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® Zero chemical potential: no effects after rescaling
® CEP: almost no effects

® But: strong U-dependence of baryon wave function
may change things...

Eichmann, CF Welzbacher, PRD in press, arXiv:1509.02082
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® Temperature dependent gluon propagator

* characteristic behaviour of electric gluon

* ‘melting’ of magnetic gluon with temperature
®Deconf. Ty from dressed Polyakov-loop/Polyakov-loop potential
® QCD with finite chemical potential (beyond mean field)

* back-reaction of quarks onto gluons important

e Ni=2+1| and N¢=2+1+1: CEP at Y/T.> 3

® charm quark does not influence CEP

* Baryon effects may or may not be significant for CEP...

Work in progress: - mesons and baryons at finite T and U
- quark-gluon vertex at finite T and [

Christian S. Fischer (University of Giel3en) Locating QCD’s critical end point



Back-up slides
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Landau gauge gluon propagator

' | ' . | Lo [ ! [ '
gOOd greement with I Sternbeck et. al. (2006)

e = o m' fully essecingtion iS NGTTassTess i

-

) =
® recent improvement: 3g-vertex )
(g\| =z
o =

v

N

0.5 |

p [GeV]

Eichmann, Williams, Alkofer, Vujinovic PRD 89, (2014) 10
CF, Maas, Pawlowski, Annals Phys. 324 (2009) 2408.
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Landau gauge gluon propagator

Gluon Propagator - Imaginary Part

600 MeV < m, < 700 MeV

Cornwall, Papavassiliou,...

Gluon cannot appear in detector!

Christian S. Fischer (University of Giel3en)
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30 — ghost: p. d
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Strauss, CF, Kellermann, Phys. Rev. Lett. 109, (2012) 252001
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Quark mass: flavor dependence
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Typical solution:

[Sp)]™" = [—ip + M(p°)]/Z(p

%)

T T T T T T T T T T T
41 .
0 .\E = Lattice: quenched
~ o Lattice: unquenched (N .=2+1)
i — - DSE: quenched
_ 0.3 — DSE: unquenched (N=2)
> L
v L
oL
@ 0.2 -
> L
0.1+~
000 1.0 20 30

CF, Nickel,Williams, EP] C 60 (2009) 47

10°F Bottom quark 3
- |—— Charm quark
103 E|— Strange quark .
- |—— Up/Down quark
I Chiral limit
10 E o v vl vl L L NG
107 10" 10" 10" 10° 10°
p’ [GeV’]

® M(p?): momentum dependent!

® Dynamical mass: Mstrong=350 MeV
® Flavour dependence because of myeak

® Chiral condensate; (VU) ~ (250 MeV)?
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Quark mass: flavor dependence
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Typical solution:

(S = [—ip + M(p*)]/Zs(p*)
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0 .\E = Lattice: quenched
~ o Lattice: unquenched (N .=2+1)
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CF, Nickel,Williams, EP] C 60 (2009) 47

W Strange quark

- |—— Up/Down quark
- |—— Chiral limit
N T LN LT
107 10" 10" 10" 10° 10°
p’ [GeV’]

® M(p?): momentum dependent!

® Dynamical mass: Mstrong=350 MeV
® Flavour dependence because of myeak

® Chiral condensate; (VU) ~ (250 MeV)?
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Faddeev - equation

pa— ._o_
Faddeev = 4 |—o—N
equation: 4 o

D-B0-.0+8D1

® irreducible three-body forces
® two-body interactions:
* non-perturbative gluon exchange

0

Sanchis-Alepuz,Williams, work in progress...

Eichmann, Alkofer, Krassnigg, Nicmorus, PRL 104 (2010)

® m es O n eXC h a’ nge Sanchis-Alepuz, CF, Kubrak, PLB 733 (2014)

* two-body forces beyond one-particle exchange

Sanchis-Alepuz,Williams, PLB 749 (2015) 592

® numerically expensive but manageable !

Christian Fischer (University of Giel3en) Glueballs, tetraquarks and excited baryons from DSEs


http://file://localhost/users/chfi/downloads/baryonbse3body.svg

Faddeev - equation
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equation: 4 o
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® irreducible three-body forces

Sanchis-Alepuz,Williams, work in progress...
® two-body interactions:
* non-perturbative gluon exchange

Eichmann, Alkofer, Krassnigg, Nicmorus, PRL 104 (2010)

® m es O n eXC h a’ nge Sanchis-Alepuz, CF, Kubrak, PLB 733 (2014)

* two-body forces beyond one-particle exchange

Sanchis-Alepuz,Williams, PLB 749 (2015) 592

® numerically expensive but manageable !
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Faddeev - equation
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Faddeev = 4 |—o—N
equation: 4 o
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® irreducible three-body forces

Sanchis-Alepuz,Williams, work in progress...

® two-body interactions:
® non-perturbative gluon exchange e Aot Kemss Nimoro L 106 200
Ichimann, orer, Krassnigg, INIcmorus,

® m es O n eXC h a’ nge Sanchis-Alepuz, CF, Kubrak, PLB 733 (2014)

* two-body forces beyond one-particle exchange

Sanchis-Alepuz,Williams, PLB 749 (2015) 592

® numerically expensive but manageable !
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Nf=2+1:thermal electric gluon mass
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o
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th. HTL

S

2

Im
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CF, Luecker, PLB 718 (2013) 1036

200

® |arge temperatures: behaviour as expected from HTL
® first order transition at large chemical potential
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