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Expected QCD Phase Structure & Open Questions:

» Chiral and Deconfinement

early universe Transitions:

uark—gluon plasma
LEC RHIC ! ¢ . > Coincidence at u > 07
% SPS <G> [D > Quarkyonic Phase ?

cosover

FAIR/NICA » Critical Endpoint:

AGS  quark matter > Existence ?
SIS > Location ?

Temperature

<Qy>£0 > Properties ?
ossover > Additional CEPs ?
hadronic fluid o ) — ]

superfluid/superconducti » Additional Phases ?

phases ? ’

ng=0 ng>0 25C <L|7[]J> 0 cpL > Beyond- Mee.m-FieId
vacuum nuclear matte{ neutron star cores Approximation: Impact of

U Fluctuations ?
[picture from Schaefer, Wagner (2008)] >
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FRG Flow for 2-Flavour QCD

Including Fluctuations by the Functional Renormalisation Group

gluons ghosts quarks mesons

4y AR
atrk{Aa Ca wa ¢] = % — ( \’ _ _i_% . :
N . 7/ ‘..'./

[Braun et al., (2011)]
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FRG Flow for 2-Flavour QCD

Including Fluctuations by the Functional Renormalisation Group

gluons ghosts quarks mesons
1 2 \ 1 '®
\ ./ q~'.o

[Braun et al., (2011)]

QCD Glue Potential

fully coupled system !

[Haas, Stiele, Braun, Pawlowski,

Schaffner-Bielich in prep.]
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A Low-Energy Effective Description

Integrate out gluon degrees of freedom a
gluons ghosts quarks mesons
1 D\ 1 '®
atrk[Av Ca wv Qﬂ =2 - = +§ :
\N . 7 q.'.o
Glue Potential Quark-Meson Model
Ugtue (P, ; To) coupled to ®
Polyakov—Quark-Meson Model
_ .l 1 1 .
Legm = §[B(®) + h(o+ivs™) + pyl g + 5(3;40')2 = 5@#”)2

+ U(o, @) + U(P,d; To)
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A Low-Energy Effective Description

Usually: Polyakov-loop potential fitted to Yang-Mills lattice data

[e.g. Ratti, Thaler, Weise (2006)]

gluons ghosts
SSUN
_ ( )

A X4

atrk[Aa C] -

DO —

Polyakov-Loop Potential
Uym (P, D; To)
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A Low-Energy Effective Description

Usually: Polyakov-loop potential fitted to Yang-Mills lattice data
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A Low-Energy Effective Description

Usually: Polyakov-loop potential fitted to Yang-Mills lattice data

[e.g. Ratti, Thaler, Weise (2006)]

gluons ghosts
SCUN
_ ( )

‘o’

8tFk[A, C] -

DO —

Polyakov-Loop Potential
Uym (P, D; To)

Include the Matter Backreaction account for the
. Silver-Blaze Property
To(Nf, T,p) = Tre @obWrTow) I
11N: — 2N w2
b(Nf, T,H) = B - bu ("}\’TT)zeT(M_ mq)

On the Phase Structure and Thermodynamics of QCD Tina K. Herbst (ITP Heidelberg)



R I B BB,
From QCD to Polyakov-Loop Extended Chiral Models Mass Sensitivity of the Phase Structure Thermodynamics Conclusions
' '

Mass Sensitivity
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Physical Masses m, = 138 MeV

w/o To(u)

[TKH, Pawlowski, Schaefer, (2010, 2012)]

incl. To(u)
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Physical Masses m, = 138 MeV

[TKH, Pawlowski, Schaefer, (2010, 2012)]

w/o To(p) incl. To(u)

20

151 ]
E m,=138 MeV E N
L X crossover 1 =100 | e X crossover N 1
_._.- ® crossover —-—-- & crossover O
50 | -—-- & crossover ] 50+ P crossover T
—— x 1st order x(]rst (;;der 1A
---— o(T=0)2 - o(1=0)2 )
I e o Tz
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
1t [MeV] 1t [MeV]
Curvature: k = —0.1434(39) rk = —0.2889(47)
> 2-flavour DSE: K = —0.23 (HTL) [Fischer, Luecker, (2012)]
Kk = —0.37 (w/o HTL)
> (241)-flavour lattice: kK = —0.059(2)(4) [Kaczmarek et al., (2011)]
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Chiral Limit m, = 0 MeV

[TKH, Pawlowski, Schaefer in prep.]

QM PQM
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Chiral Limit m, = 0 MeV

[TKH, Pawlowski, Schaefer in prep.]
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» 2 CEPsin QM, only 1 in PQM
» Splitting in the chiral transition line
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Chiral Limit m, = 0 MeV

mass [MeV]
T [MeV]

50

250 255 260 265 270 275
1 [MeV]
» 2 CEPsin QM, only 1 in PQM
» Splitting in the chiral transition line

» Splitting also seen in sigma-meson mass

[TKH, Pawlowski, Schaefer in prep.]
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Small Masses m, = 50 MeV

[TKH, Pawlowski, Schaefer in prep.]

QM PQM
200 1 1
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150 | q q
E E """"" x crossoverx\
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» Splitting persists
» only 1 CEP in QM & PQM

» outer transition branch weakened with increasing m;,
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Thermodynamics
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Pressure at the Physical Mass Point

[TKH, Pawlowski, Schaefer in prep. ]

200 200 E.
S— B
150 T 150
%‘ 00 crossover 51 00 % crossover
- o(T=0)2 ) - ® crossover \;\\
50 1st order 50 P crossover Xy
. % 1st order i
. AN . ---- o(T=0)/2 /‘ \
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
1 [MeV] u[Mev]
1 : : : : : 1 : . : : : :
—— u=0MeV —— pu=0MeV =
08 | ---— u=150MeV | 08l u =150 MeV P ]
: —-—-- pu =290 MeV Cl——-pn=290MeV _-— g
,/’ s
006 P o 06 PQM it %
g o7 g m,=138 MeV|,
204t P 1 204 1
,/' ///
02 ¢ // QM, m_=138 MeV 1 0.2 1
/s //
0 N A . . . . .
0 50 100 150 200 250 300 350 0 250 300 350

T [MeV]

T [MeV]

On the Phase Structure and Thermodynamics of QCD

Tina K. Herbst (ITP Heidelberg)



From QCD to Polyakov-Loop Extended Chiral Models Mass Sensitivity of the Phase Structure Thermodynamics Conclusions

Pressure at the Physical Mass Point

[TKH, Pawlowski, Schaefer in prep. ]
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Pressure at Smaller Masses
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[TKH, Pawlowski, Schaefer in prep.]
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Interaction Measure at ;1 =0

T T T T T T T T T T T T T
— tym (tgue)
6l — Upioop=Uwm

[ HotQCD

5+ . HISQN;=12&8

L Bazavov et al.,

arXiv:1210.6312

L Wuppertal-Budapest

= Borsanyi et al.,
JHEP 11,2010

scaled trace anomaly (e-3p) / T#
S
T

1 1 1 1
0.4 0.6 0.8 1 1.2 1.4 1.6
Temperature / chiral critical temperature

solid coloured lines:
(2+1)-flavour PQM in MFA
[Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich in

prep.]

red: standard Polyakov-loop
potential Uynm

green: augmented Polyakov-loop
potential using QCD input:
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Interaction Measure at ;1 =0

T T T T T T T T

[ — tym(tgue)
6l — Upioop=Uwm
r HotQCD
51 . HISQN,=12&8

L Bazavov et al.,
arXiv:1210.6312

L Wuppertal-Budapest
Borsanyi et al.,
JHEP 11,2010

scaled trace anomaly (e-3p) / T#
S

!

1 1
0.4 0.6 0.8 1

! !
1.2 1.4 1.6

Temperature / chiral critical temperature

280 MeV

04

06|

Q€D glue pot.

solid coloured lines:
(2+1)-flavour PQM in MFA
[Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich in

prep.]

red: standard Polyakov-loop
potential Uynm

green: augmented Polyakov-loop
potential using QCD input:

Uglue(T) = Uynm(Tym(T))
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Interaction Measure at ;1 =0
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solid coloured lines:

(2+1)-flavour PQM in MFA

[Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich in

prep.]

dashed lines: 2-flavour PQM with

FRG [(2+1)-flavour: work in progress]
[TKH, Stiele, Pawlowski, Schaefer in prep.]

red: standard Polyakov-loop
potential Uynm

green: augmented Polyakov-loop
potential using QCD input:

Uglue(T) = Uynm(Tym(T))
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Summary & Outlook

QCD Phase Structure and TD via 2-flavour PQM truncation

» Important Feature: Matter Backreaction to Gluonic Sector
To — To(Nr, T, )

» Modifications of the Phase Structure

fluctuations push CEP downwards

no CEP for u/T <1
To(p): chiral and deconfinement transitions coincide
~» quarkyonic phase shrinks

VVVV
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=100 - X crossover
=
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Summary & Outlook

QCD Phase Structure and TD via 2-flavour PQM truncation
» Important Feature: Matter Backreaction to Gluonic Sector
To — T()(Nf7 T, M)
» Modifications of the Phase Structure

> fluctuations push CEP downwards

> no CEP for u/T <1

> To(p): chiral and deconfinement transitions coincide
> ~~ quarkyonic phase shrinks

» Mass Sensitivity

> splitting in chiral transition
at small T weakened for physical mx 200
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Summary & Outlook

QCD Phase Structure and TD via 2-flavour PQM truncation

» Important Feature: Matter Backreaction to Gluonic Sector
To — T()(Nf7 T, M)

» Modifications of the Phase Structure

fluctuations push CEP downwards

no CEP for u/T <1

To(p): chiral and deconfinement transitions coincide

>
>
>
> ~~ quarkyonic phase shrinks
» Mass Sensitivity

> splitting in chiral transition
at small T weakened for physical mx 200

» QCD input to Polyakov-loop potential

> good agreement with lattice results for,
e.g., the interaction measure

T MeV]
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Summary & Outlook

QCD Phase Structure and TD via 2-flavour PQM truncation

» Important Feature: Matter Backreaction to Gluonic Sector
To — T()(Nf7 T, M)

» Modifications of the Phase Structure

> fluctuations push CEP downwards

> no CEP for u/T <1

> To(p): chiral and deconfinement transitions coincide
> ~~ quarkyonic phase shrinks

» Mass Sensitivity

> splitting in chiral transition
at small T weakened for physical mx 200

» QCD input to Polyakov-loop potential

> good agreement with lattice results for, ﬁg ]
e.g., the interaction measure = 100 s ondorder N
) i —— x 1storder
» high ;L/|0W T region 50 | —-—- @ crossover \
i ——-—- P crossover $\
> baryons not included here * CP /
0 50 100 150 200 250 300 350
» Next step: (2+1)-flavours beyond MFA  MeV]
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Backup I: The Polyakov—Quark-Meson Model

Polyakov—Quark-Meson Truncation

= [ @t {a(@+ o + o + ns7R) + 50,07 + ulos 7. 0,81

at initial scale A: Qulo, 7, &, ®] = U(P, d) + U(0, 7) + Q°[0, 7, D, D]
¢ = (o, ) ... meson field (N = 2) g - .. gauge coupling
D(®) = YuOu — i g70Ao(P) h ... Yukawa coupling

» Polynomial Polyakov-Loop Potential
U®, & To) b(T; To) . = b3 3 by , =2
e = -2 ¢¢—6(¢ +¢) 2 (03)

» Qp°: T & u dependent initial condition
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Backup Il: To(Nys, T, 1)

[Schaefer, Pawlowski, Wambach (2007)]
> TO 3 AQCD [TKH, Pawlowski, Schaefer (2011)]
» perturbative 1-loop estimate:
2 3
B(a) = —b(Nr) @ + O(a?)

» 4 #0: HDL/HTL

b(N¢) = b(Nr, 1)

> at T=O0: Silver-Blaze Property
M(T =0,u) ~O(n— mg)

>at T >0 O(p—mg) = Or(p— mg)
> b(Nr,p) = b(Nr, T, 1)

TO(Nf, T,/,L) = TTe_l/(aob(Nf’Tvl"))
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