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Dynamical mass generation |

@ Mproton = 938 MeV
@ proton

Dynamical quark masses via weak force

quarks u d S C b t
Muwea [MeV] 3 5 80 | 1200 | 4500 | 176000
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Dynamical mass generation |

mproton — 938 MeV

Dynamical quark masses via weak force and strong force:

quarks u d S C b t

Muwea [MeV: 3 5 80 | 1200 | 4500 | 176000
Miwong [Mev] | 350 | 350 | 350 | 350 | 350 350
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Dynamical mass generation |

@ Mproton = 938 MeV
@ proton

Dynamical quark masses via weak force and strong force:

Yoichiro Nambu,
Nobel prize 2008
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Dynamical mass generation ||
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Dynamical mass generation ||
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Dynamical mass generation ||
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QCD phase transitions: 3 quark flavors
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QCD phase transitions

Ms | PURE PURE PURE
s GAUGE Ms GAUGE Ms GAUGE

2" order [ 2 order 7 2" order 1st

order order order
2" order 2" order 2" order
[ ] O [ )
physical myds physical myd.s physical mygs
¢ mY'
Cross over Cross over Cross over
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orde ; order )
Mu d Mu.d Mu,d

Ua(l) broken at Tc  UAa(Il) restored at T,

Is there chiral |st order at all?

Cuteri, Philipsen and Sciarra, JHEP 11 (2021), 141
Dini, et al, PRD 105 (2022) no.3,034510
Fejos, PRD 105 (2022) no.7,L071506

Pisarski and Wilczek, PRD 29 (1984), 338-341
Resch, Rennecke and Schaefer, PRD 99 (2019)

and many more...
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Chiral transition line from analytic continuation

ondorder

|2

Temperature (M

Lattice method:

® Det. crossover at imaginary Ll

and extrapolate to real [
® Control systematics

Main result:

® No transition for Up/T < 2-3

Christian S. Fischer (University of Giel3en)
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Dyson—Schwinger [C. Fischer et.al. 2014]

-o—

a4  freeze—out [Becattini et.al., Cleymans et.al. 2005]
44  freeze—out parametrization [Andronic et.al. 2008]
-

modified statistical fit [Becattini et.al. 2012]

m|{ freeze—out from fluctuations [Alba et.al. 2014]

200 400

Baryonic chemical potential (MeV)

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

HOT-QCD: similar results
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QCD with functional methods (T=0, u=0)

propagators vertices

I
_|_
_|_

Q
O

for different BRL approaches see work of
Aguilar, Alkofer, Binosi, Blum, Chang, Cyrol, Eichmann, Fister, _ 4+
Huber, Maas, Mitter, Papavassiliou, Pawlowski, Roberts, Smekal, o +
Strodthoff,Vujinovic,Watson,Williams...

CFAlkofer, PRD67 (2003) 094020
Williams, CF, Heupel, PRD93 (2016) 034026

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602] Huber, PRD 101 (2020) I 14009
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QCD with functional methods (T=0, u=0)

propagators vertices
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Bound states and Bethe-Salpeter equations

Eigenvalue equations: masses and wave functions
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Bound states and Bethe-Salpeter equations

BSEs: N m

A(P)=| } = 1 } «— P2=.mg

Bethe-Salpeter Amplitude

D-.D-XD-ID- ED
D-ID-AD

Eigenvalue equations: masses and wave functions

@)

Christian S. Fischer (University of Giel3en) QCD phase diagram with functional methods



Hadron spectra: mesons, baryons, glueballs
Glueballs:

Mesons:
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p(1450)  a,(1450)
7(1300)
15 [ [
B
1.0 |
[ p
05
Vs
00 *+
JPC v 1 o
Baryons:
[}
M [GeV]
2.0
. N(1880) .
1.8 4 .
) N(1710
o A NOTI0) e N(1650)
| m M. N(1535)
4l T2 N(1440)
1.2 4
1.0
N(940)
1+t 1~
2 2

Christian S. Fischer (University of Giel3en)
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Nf—2+l -QCD with DSEs and meson backcoupling
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2 order 1 GAUGE
order
2" order
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------------------------------------------------------------------------------------------------------------------------

/ /
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QCD order parameters from

. 1 d?
[Chiral order parameter:] (W) = ZeNTrp Z/ (2771)?3 S(p,w)

spatially homogenuous

[Deconﬁnement:]

® Polyakov loop potential

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 (2013)
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Critical line/surface for heavy quarks

m=320MeV —— '
m =363 MeV ---—----
Polyakov Loop: os} m =400 MeV e -
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2 order 06T
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. \ e 2 0.4
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. 0.2 F
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0
200
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Mud ]
® Deconfinement transition in
agreement with lattice QCD
® Correct tricritical scaling
® Roberge-Weiss-transition seen
Lattice: ,
Fromm, Langelage, Lottini, Philipsen, JHEP 1201 (2012) 042 CF, Luecker, Pawlowski, PRD 91 (2015) |
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Critical line/surface for heavy quarks

Polyakov Loop: *°[ /*__,_---——}—/—;‘f:’,‘;:,',f',:jx,. -
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® Deconfinement transition in
agreement with lattice QCD
® Correct tricritical scaling
® Roberge-Weiss-transition seen
Lattice: ,
Fromm, Langelage, Lottini, Philipsen, JHEP 1201 (2012) 042 CF, Luecker, Pawlowski, PRD 91 (2015) |
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PURE
GAUGE

Ni=2+1, u=0, physical point
b e i)

-1 -1 -1
® =_—m —o
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TooQoo o

> o o
~ @) oe)
I I I

A, (TV/A, (0)

o
)
I

e Lattice QCD

— Quark Condensate
— dressed Polyakov Loop

Lattice:

DSE:

200

T [MeV]

Borsanyi et al. [VWuppertal-Budapest], JHEP 1009(2010) 073
CF Luecker, PLB 718 (2013) 1036,
CF, Luecker, Welzbacher, PRD 90 (2014) 034022
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Ni=2+1, u=0, physical point
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i 0.5
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Lattice: Aouane, et al.PRD D87 (2013), [arXiv:1212.1102]
Lattice: Borsanyi et al. [Wuppertal-Budapest], JHEP 1009(2010) 073 DSE:  CF Luecker, PLB 718 (2013) 1036, [arXiv:1206.5191]
DSE:  CF Luecker,PLB 718 (2013) 1036, CF, Luecker, Welzbacher, PRD 90 (2014) 034022

CF, Luecker, Welzbacher, PRD 90 (2014) 034022

® guantitative agreement: DSE prediction verified by lattice
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N=2+1, u=0
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® guantitative agreement: DSE prediction verified by lattice
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Towards the chiral limit...
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see talk of Julian Bernhardt
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Towards the chiral limit...
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At the chiral limit...
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Ding et al. PRL 123,062002 (2019)
Bornyakov et al. PRD 82,014504 (2010)
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At the chiral limit...
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At the chiral limit...

; 0
$ __ 40.73/2
, PURE
Ms
. \ " GAUGE .
// 77777777777777 2 ;/
\ p
[ 9 /// I/\, = -
physi 1B e N me [MeV]
A // = 1 / mQ X \4 102
o 1 N \ e 107° 4 10
(30 MeV) 17 | 2056 ¢
\
1 - — T
ST T /? N R -1 0
e N g
0 e -
s~ ~
// P
// .7 mS
7~ - -7
—(30 MeV)2 b - /
u/d /,/ S
= -
& | 7
= 150 - R
see talk of Julian Bernhardt R -k
120 - |
reproduce CF and Mueller; PRD 84 (2011) 054013 !
DSE: Bernhardt and CF, arXiv:2309.06737 ~ — — — ) ¢
Lattice:  Dini, et al, PRD 105 (2022) no.3,034510 vk 90 - . = .
Ding et al. PRL 123,062002 (2019) ¥ 103 101 10! 103 10°
Bornyakov et al. PRD 82, 014504 (2010) .

Christian S. Fischer (University of Giel3en) QCD phase diagram with functional methods



Location of CEP
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DSE/Lattice [Fischer et al., 2014] ;§_¢

FRG [Fu et al., 2019]

DSE/FRG [Gao, Pawlowski, 2020]

DSE/FRG [Gao, Pawlowski, 2020]

DSE/Lattice [Gunkel, Fischer, 2021]
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® how stable is this result ??
% crosscheck with FRG v

see talk of Theo Motta
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Location of CEP

ondorder

® how stable is this result ??
* crosscheck with FRG
* N=2+ |+
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Location of CEP
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* Nf=2+ I + I V CF, Luecker, Welzbacher, PRD 90 (2014) 034022
* ba ryo n an d m eson effects V Eichmann, CF, Welzbacher, PRD93 (2016)

see talk of Theo Motta
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Location of CEP
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/ | /// ,/'// 1
; ]
O /7 z —
E ... Lattice [Bellwied et al., 2015] @}3 L
- ¢ freezeout points [various sources] A
Z/,L @® DSE/Lattice [Fischer et al., 2014] ;§_¢
v 50+t ® FRG|[Fuetal., 2019] ]
©® DSE/FRG [Gao, Pawlowski, 2020]
® DSE/FRG [Gao, Pawlowski, 2020] i
® DSE/Lattice [Gunkel, Fischer, 2021]
v | | | | | | | | | | | | | | |
OO 100 200 300 400 500 600 700 800
ug [MeV]
® how stable is this result ??
% crosscheck with FRG v
* Nf=2+ I + I V CF, Luecker, Welzbacher, PRD 90 (2014) 034022
* ba ryo n an d m eson effects V Eichmann, CF, Welzbacher, PRD93 (2016)
. see talk of Theo Motta
®iIn homogeneous phases Buballa and Carignano, PPNP 81 (2015) 39
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Extrapolation from imaginary chemical potential

0.4

see talk of Julian Bernhardt
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z |
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Lattice: Borsanyi et al. PRL 125 052001 (2020)
DSE:  Bernhardt, CF arXiv:2305.01434
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KDY = 0.0196, K5°Y =0.00015,
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Extrapolation from imaginary chemical potential
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0.4

see talk of Julian Bernhardt

Lattice: Borsanyi et al. PRL 125 052001 (2020)
DSE:  Bernhardt, CF arXiv:2305.01434
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KDY = 0.0196, K5°Y =0.00015,
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Extrapolation from imaginary chemical potential

2ndrder Polynomial
/ 0.08
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O(Wy)(T)
. (T) =
0.04 -+ X a
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v ZM <Q;¢>re M
* see talk of Julian Bernhardt
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— Fit
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=
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100 1 Lattice: Borsanyi et al. PRL 125 052001 (2020)
300i 600i 400; 200i 0 200 400 600 300 DSE:  Bernhardt, CF, arXiv:2305.01434
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® Extrapolation works very well!
KDY = 0.0196, K5°Y =0.00015,
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Contact with experiment: skewness and curtosis
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® DSE: Critical end point
DSE: Chiral first order
¢ STAR freeze-out points
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trend ok !
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# transition line ?!

Isserstedt, Buballa, CF, Gunkel, PRD 100 (2019) no.7, 07401 |
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Overview

| .Introduction: dynamical mass generation

- £
o - - o—O

2.Large T, small J: the quest for the critical end point

200
- Crossover
150 T Tm~ - m
> | RN :
% i Critical Endpoint.
3.Small T, large [: the quest for |
the equation of state o
50
! Nuclear Liquid-Gas Transition§ Phases

1200 #

Neutron star (mergers) & w\

Baryon chemical potential [¥
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Nucleo synthesis via r-process

Bl Big . Dying Exploding Human synthesis
Bang low-mass  massive No stable isotopes
fusion ™ stars stars
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ray ' neutron | white
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e
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00000000
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Wikimedia, CC-BY-SA-3.0, nach Jennifer Johnson, Ohio State University

12 + log (M/H)
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Z:Zahl der Protonen im Atomkern

Christian S. Fischer (University of Giel3en) QCD phase diagram with functional methods




Gefordert durch

- . . DFG Deutsche
¢ C @ @ é J Forschungsgemeinschaft

200
Crossover i
150 ~ T T T _
= L ?
g @
> | Critical Endpoint
5 100
fas]
q;_)‘ -
o L
£
() I
=
50 —
Nuclear Liquid-Gas Transitio
O i 1 | 1 | 1 | 1 | " 1 |
0 200 400 600 800 108Q . 1400

Baryon chemical potential [Me

EoS from microscopic QCD (functional approach):

® chirally broken phase

e quarks, mesons ¢/ our work
® bar)’OnS work in progress (DFG-ind.)
® superconducting phase(s) ¢/ Buballa etal

Muller, Buballa, Wambach, arXiv:1603.02865

@ inhomogenuous broken (‘CriStaIine’) phase(s) work in progress (CRC,A03)
see ta”( OfTh eo MOtta Motta, Bernhardt, Buballa, CF, arXiv:2306.09749
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® Quarks/meson wave functions do change !

| |
1200

1400

Meson propertles at finite chemical potential

Gunkel, CF, Isserstedt, EP] A 55 (2019) no.9, 169
Gunkel, CF, EP] A 57 (2021) no. 4, 147
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Meson propertles at finite chemical potential
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Summary: QCD with functional methods

Main goals:
® one framework for all areas of hadron physics:

mesons, baryons, ‘exotic states’, form factors,
hadronic contributions to precision observables (g-2)

® same framework for QCD phase diagram

Main results:

200

507

. Lattice [Bellwied et al., 2015] 3

freezeout points [various sources]
DSE/Lattice [Fischer et al., 2014]
FRG [Fuetal., 2019]

DSE/FRG [Gao, Pawlowski, 2020]
DSE/FRG [Gao, Pawlowski, 2020]
DSE/Lattice [Gunkel, Fischer, 2021]
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Summary: QCD with functional methods

Main goals:
® one framework for all areas of hadron physics:

mesons, baryons, ‘exotic states’, form factors,
hadronic contributions to precision observables (g-2)

® same framework for QCD phase diagram

Main results:
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Polyakov-Loop and center symmetry

Wilson-Loop:  U(C) = Pexp ig% dxt A, (x)
C

) 1/T
Polyakov-Loop: ® = Pexp |19 / AT A4(T, T)
0

Center of gauge group SU(N.):
zn = exp2min/N.|1, n=0..N.—1

Christian S. Fischer (University of Giel3en) QCD phase diagram with functional methods



Polyakov-Loop and center symmetry

Wilson-Loop:  U(C) = Pexp ig% dxt A, (x)
C

) 1/T
Polyakov-Loop: ® = Pexp |19 / AT A4(T, T)
0

Center of gauge group SU(N.):
z 2, = exp2min/N:]1, n=0.N,—1

Center transformation:

Socp — SQcp
b — 2z, P
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Polyakov-Loop and center symmetry

Wilson-Loop:  U(C) = Pexp ig% dxt A, (x)
C

) 1/T
Polyakov-Loop: ® = Pexp |19 / AT A4(T, T)
0

Center of gauge group SU(N.):
z 2, = exp2min/N:]1, n=0.N,—1

Center transformation:

Socp — SQcp
b — 2z, P

0 unbroken z,, symmetry
non-zero broken  z, symmetry
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Energy of an isolated quark

4 )
(Tr &) = 0 unbroken z,, symmetry
non-zero broken  z, symmetry
\_ /
brok \
= FT _ )] X unbroken z, symmetry
(Ir ) ~e Fq { finite broken  z, symmetry
\_ /

Fq: free energy of heavy quark

1
0.8 |
P Order parameter!
0.6
= o4l ® SU(2): second order
-
/ . .
02 | SU@) SU(3): first order
! SU@B) ——
0 " { . , 1
09 095 1 105 11 115 1.2

T/,
Braun, Gies, Pawlowski, PLB684 (2010)
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Selected results for Green’s functions

Quark
0.5 ' | ' 1.1
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Meson effects at finite T and L

Wadq

Wadq

L /s

Dr(p) = p4 252 + ma (T, 1)%) U = ﬁ Son, Stephanov, PRD 66 (2002) 7
> = K > ----- [(Pyq) = v E(P,q,T, 1) +
B
chiral limit: I’ V5 —
Jt
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Vacuum: Baryons from BSEs

BSE for baryons (derived from equation of motion for G)

D=-2D0-3D-0D+ BD

Faddeev equation (no three-body forces) Diquark-quark
i . 1 \O\i o ’ i : = i
Nt = - ¢ —0o" | ok = dE
: _} >0 T T _} _/21;> :

_________________________________________________________________
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Vacuum: Baryons from BSEs

BSE for baryons (derived from equation of motion for G)
— - 7/ -
D-.D-Y¥D- 1D ED
- - L ’

Faddeev equation (no three-body forces) Diquark-quark

________________________________________________________________

_________________________________________________________________

_______________________________________________________________________
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Vacuum: Baryons from BSEs

BSE for baryons (derived from equation of motion for G)

D=-20-8D-0D+ BD

Faddeev equation (no three-body forces) Diquark-quark
i . 1 \O\i o ’ i : = i
Nt = - ¢ —0o" | ok = dE
: _} >0 T T _} _/21;> :

_________________________________________________________________

_______________________________________________________________________

. . f% a(k?) = ) (i—Z) e () 1 apv(k?)

O
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Hadron effects in quark-gluon interaction

qarkglor F
Aodchokh A

quark: 7,0, dq
1 —1 ﬁ%% ﬂ ﬂ
O = ™ O
NR

Eichmann, CF Welzbacher, PRD93 (2016) [1509.02082]
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quark-gluon
vertex:

AJ L l L) L L) A ‘l A s A L) ] Al s L) A

« Lattice: quenched

« Lattice: unquenched (N=2+1)
- . DSE: quenched

— DSE: unquenched (N f=2)

) [GeV]

quarl

M

CF, D. Nickel and R. Williams, EPJC 60, 1434 (2008)
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