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QCD phase diagram
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Many interesting open questions:

® Existence and location of critical point !
® Details of phase transitions ??
® Consequences for early universe and physics of neutron stars
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QCD phase transitions
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QCD phase transitions
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QCD phase transitions
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QCD phase transitions
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QCD phase transitions
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QCD phase transitions
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QCD phase transitions
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The QCD generating functional

ZQCD:/D[\IJ,A] exp{—/d%(@(m—m)xp

_ i (F )2 + gauge ﬁxing) >

_1+£+&w1+m£w +:§%i>

SQCD — /d4$ (

® Euclidean space cf. talk by Jana
o F, =0,A%—0,A% — gf*" A A

o D,=0,+igt"A}

® Temperature: see talk by Jana

® Landau gauge: 0, A" =0
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Chiral symmetry breaking: dynamical quark mass

Dynamical quark masses
via weak and strong force

Yoichiro Nambu,
Nobel prize 2008

u d S C b t
M [MeV/2] | 3 5 | 80 | 1200|4500 | 176000
Mioe [MeV/c?]| 350 | 350 | 350 | 350 | 350 | 350
Mwa  [MeV/c?] | 350 | 350 | 450 | 1500 | 4800 | 176000

Christian S. Fischer (University of Giel3en)

- m S™Hp) = ip + M(p*)]/Z;(p°)

Motivation to look at propagators !
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Chiral symmetry breaking: dynamical quark mass

Dynamical quark masses
via weak and strong force

Input parameters in Ni=2+| QCD

Yoichiro Nambu,
Nobel prize 2008
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Dynamical mass generation
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QCD phase transitions
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Is this happening ??
Maybe yes, maybe not..

de Forcrand, Philipsen, JHEP 0811 (2008) 012;
NPB 642 (2002) 290
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QCD phase transitions
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® Lattice-QCD

° present: extrapolation Is this happening ??
* future: exact methods ! Maybe yes, maybe not..

de Forcrand, Philipsen, JHEP 0811 (2008) 012;

® DSE/FRG NPB 642 (2002) 290
 can do ! but typical errors 5-30%
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Chiral transition line from analytic continuation

ondorder

|2

Lattice method:

o
o

Temperature (M

® Det. crossover at imaginary U

and extrapolate to real [
® Control systematics

Main result:

® No transition for Ys/T < 2-3

Christian S. Fischer (University of Giel3en)

o)
O

il)
O

Dyson—Schwinger [C, Fischer et.al. 2014]

—o—
a4  freeze—out [quo't{ini et.al., Cleymans et.al. 2005]
Y freeze—o.u.t‘r;c;rometrizotion [Andronic et.al. 2008]
m mo.ciif-iéc.i 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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Derivation of DSEs

Graphical: start with perturbation theory and resum

o - R N i Weii:

G % &%
%05’ %oos

&,

+ ...

Sst=ip+m —  S7'p)=lip + M@)/Z(0?)
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Derivation of DSEs
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Derivation of DSEs

Graphical: start with perturbation theory and resum

o - L £
Y iic W klic
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QCD order parameters from

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

[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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The DSE for the quark propagator

Approximations:

1 1
1) NJL/contact model: ® — _ Q

Buballa, Phys. Rept., 2005, 407, 205-376

: 1 1 Ansatz
1) Rainbow-ladder: o - - &

— valuable for exploratory studies
— not good enough for quantitative
and/or systematic studies at finite T, Y

lll) Solve tower of DSEs: (next slide)

CF.PPNP 105 (2019) [1810.12938]
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3PI-truncation (T=0, p=0)

propagators vertices

iﬁjtgﬁ + perm.
E = E + gé + Q’ \O

’
4 ~ ’ ~ ’ A ’ ~

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

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

Williams, CF, Heupel, PRD 93 (2016) 034026
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3PI-truncation (T=0, p=0)

propagators vertices

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

Williams, CF, Heupel, PRD 93 (2016) 034026

\

Review: Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF, PPNP 91, 1-100 [1606.09602]

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



Quark mass: flavor dependence

Typical solution:

10% T T T TTTT] T T T

Bottom quark

Quark Mass Function: M(pz) [GeV]

—— Charm quark
102 |—— Strange quark .
- |—— Up/Down quark
- |—— Chiral limit
0 i E
10” 10" 10° 10" 10° 10°
p [GeV’]
® M(p%): momentum dependent!
® Dynamical mass: Mstrong=350 MeV
® Flavour dependence because of mweak
® Chiral condensate: - (U0) ~ (250 MeV)3 —() = Z2ZmNCLTTS(p)

Christian S. Fischer (University of Giel3en)
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Quark mass: flavor dependence

Typical solution:

il Up/Down quark
—— Chiral limit

Quark Mass Function: M(pz) [GeV]

10- 1 | IIIIII|

10 10"
® M(p%): momentum dependent!
® Dynamical mass: Mstrong=350 MeV
® Flavour dependence because of mweak

® Chiral condensate: - (TU) ~ (250 MeV)?

— (O = ZyZ,, N.

J

TrS(p)

Christian S. Fischer (University of Giel3en)
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Quark dressing - comparison with lattice

Beyond rainbow-ladder:

2
S(p) = 2, () L)
- 2 2(m2
p —I_ M (p ) DSE: CF, Nickel, Williams, EP] C 60 (2009) 47
Lattice: P. O. Bowman, et al PRD 71 (2005) 054507
0.4} £ = Lattice: quenched
~N i « Lattice: unquenched (N=2+1)
— - DSE: quenched
_ 0.3r — DSE: unquenched (N =2)
> L
S
@0.2—
s |
0.1
Ly —
‘constituent quark’: ‘current quark’:
large mass; very composite - small mass; nhon-composite
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Extracting spectra from QCD-correlators

. P? = —mipg
functional: G —>

Lattice: G
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Extracting spectra from QCD-correlators

—
functional:
—
Lattice:
——

exact BSE:

Christian S. Fischer (University of Giel3en)
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Bound states and Bethe-Salpeter equations
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Bound states and Bethe-Salpeter equations

T K + K T

—>— > > > > —(O— -

Bound states appear as poles in T:

—— —— —<ﬂ ——
T P2:_—£712BS ) _________ <
1
— — — ] P2+ mg >
— — O
BSE: > ----- = K > -----
—>— —»— —O—
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Bound states and Bethe-Salpeter equations

T K + K T

—>— > > > > —(O— -

Bound states appear as poles in T:

— —— —<ﬁ ——
> 9 BS-wave functions =
P — mBS
T —> | T residue of bound state pole
1
—> > —> P? + mip >
—— —— @,
—» — _O_
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Rainbow-ladder: light meson spectrum

m [GeV] 7,(1600)
p(1450) a,(1450) S
(1300) b:(1235) a;(1260)
1.5 F I I 7T1(1400)
1.0 — CF, Kubrak, Williams, EPJA (2014) 126
[ p —
_ — Bl P0G | Experiment
05 F
T
00 *
o-t 1~ ottt 1t— 1t o-- o+~ 1+ J¥C

® good channels (ground state): 0-*, |-
® acceptable channels (ground state) : 2+*, 3--,...
® clear deficiencies in other channels and excited states
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Rainbow-ladder: light meson spectrum

Glueball: CF, Huber, Sanchis-Alepuz, EPJC 80 (2020) [arXiv:2004.00415]

m [GeV] —— m;(1600)
p(1450) ao(1450) R i
m(1300) b:1(1235) a;(1260) R
1.5 — I I 7T1(1400)
i RXXXR N
| NN -
_ \ :
10 | A\
| p
_ Bl PG Experiment
N 3PI-3L
05 |
_ pra | OUr results
T

Williams, CF, Heupel, PRD93 (2016) 034026

00 *
o-t 1~ ottt 1t— 1t o-- o+~ 1+ J¥C

® good agreement with experiment in most channels
® special channels:
pseudoscalar 0~ :(pseudo-) Goldstone bosons
scalar 0"t : complicated channel...
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Light baryon spectrum:
D-=20-3D-1D-ED

M [GeV]

2.0 -

1.8 1

1.6 1

1.4 -

1.2 -

1.0

N(1710)

@ N(1650)
[ ] 2% N(1535)
N(1440)
N(940)
1t 1~
2 2

M N(19200)

N(1720)

(\S][oV)

R .

][N}

- = 3 parameters + mygds

N(1875)
N(1700)

N(1520)

2.0

1.8

1.6

1.4

1.2 4

1.0

(all fixed in meson sector)

& A(1920
E//////’, A(1 91 0) ] / ( )
] -
7 % A(1700)
A(1620) % A(1600)
1 qqq
. a A(1232)
5 1 3+ -
2 5 : ;

Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]
Eichmann, CF, Few Body Syst. 60 (2019) no.l, 2

® spectrum in one to one agreement with experiment
® correct level ordering (without coupled channel effects...)
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QCD phase transitions
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Is this happening ??
Maybe yes, maybe not..

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

4 PURE . .
Ms GAUGE chemical potential

2rorder 1¢! i
order ondorder

2 order g

O
phySIOa| mu,d,s

¢ m{
Cross over
1st
orde i
Mu d
® Lattice-QCD
° present: extrapolation Is this happening ??
* future: exact methods ! Maybe yes, maybe not..

de Forcrand, Philipsen, JHEP 0811 (2008) 012;

® DSE/FRG NPB 642 (2002) 290
* hardly high precision; typical errors 5-10%
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N=2+1-QCD with DSEs

quenched propagator from lattice

e (.

up/down strange

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

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

® quenched: without quark-loop
® Ni=2: isospin symmetry mu/d fixed by m
® Ni=2+|: coupled system of 2+3+3 equations

® Vertex: ansatz built along STI and known UV/IR behavior
> T,l,m-dependent
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Glue at finite temperature (T+0)

T-dependent gluon propagator from quenched lattice simulations:

2.5 T T T T | T 2,5 T T I I |
.« T=0
2 c| —
. T=09 TC
. T=LIT,
1.5F « T=22T ) A

Z.(p)
Z (p)

p [Gev’]

® 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) FRG: Fister, Pawlowski, arXiv: I | 12.5440

Cucchieri, Mendes, PoS FACESQCD 007 (2010)
Aouane, Bornyakov, ligenfritz, Mitrjushkin, Muller-Preussker and Sternbeck, PRD 85 (2012) 034501
Silva, Oliveira, Bicudo, Cardoso, PRD 89 (2014) 074503
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Approximation for Quark-Gluon interaction

®| attice input for vertex: not yet available...

®Diagrammatics: vertex-DSE (see later...)

explicit solutions at T=0: Mitter, Pawlowski and Strodthoff, PRD 91 (2015) 054035
Williams, CF, Heupel, PRD PRD 93 (2016) 034026

®Slavnov-Taylor identity: T,l4,m-dependent vertex

Mok ) — % (54ﬂ40(k)-2r(1(p) : jij(k)—;A(p)> 9 @
i (dgdﬁ(f ’ AquqQ <Boa(u)lnii2/ﬂ+”>%)

e d; fixed via T
* d; fixed to match scale of lattice gluon input
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Approximation for Quark-Gluon interaction

3_""|""""""""l""_
: T=0 o Lattice 1

. 25+
®| attice input for vertex: not y¢ |
25
e Diagrammatics: vertex-DSE (s 1/

explicit solutiony 1}

0.5F

®Slavnov-Taylor identity: T,h,m-

p [GeV]

> C(k)+C ALK+ AL
ke = <54”4 B ) sy ) ST

(d @ (Boa(wn® /A2 + 1]\
dg—l—(]Q | A2—|—q2 4

e d; fixed via T
* d; fixed to match scale of lattice gluon input
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Critical line/surface for heavy quarks

m PURE
S GAUGE
2" order 0
2" orde 0
~ ﬁ
physical my g s .
iw/T
¢ mY'
Cross over TT /3
1st 7t/3
orde ‘
Mud
A
TRW'
TC TC . ~ N — - - N
— RW-transition — RW-transition
— lst Order - Crossover
— 1st order
® 2nd order
0 w3 T Y wz T
1 H/T 1 M/T CF.PPNP 105 (2019) [1810.12938]
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Critical line/surface for heavy quarks

m =320 MeV ——— '
m =363 MeV ---—----
Polyakov Loop: os} m =400 MeV e -
m P
2 order 06T
o
. 2" orde : 04}
physical my g s
) 0.2 F
¢ m{
Cross over
0
200
1st
orde
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) |

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



Polyakov Loop: o8}

m PURE
> 2 order GAUGE
2" orde
° ﬁ
physical my g s
¢ mY'
Cross over
1st
orde ‘
Mud

® Deconfinement transition in
agreement with lattice QCD

® Correct tricritical scaling

® Roberge-Weiss-transition seen

Lattice:
Fromm, Langelage, Lottini, Philipsen, JHEP 1201 (2012) 042

Christian S. Fischer (University of Giel3en)

Critical line/surface for heavy quarks

m = 320 MeV ———
m =363 MeV ---—----
m = 400 MeV --------

CF, Luecker, Pawlowski, PRD 91 (2015) |

QCD phase diagram with functional methods

0.6 |
04 f
0.2 f
0
200
3 T T | I I : :
25 - X
3 i * X
2 ol i
EO 15 7:// L~
1 Tricr. scaling, N¢=1
0.5 Tricr. scaling, N=2 -
| DSE, Ni=3  x
| Tricr. scaling, NT=3 ........
0 | | | | | I |
-1 05 0 05 1 15 2 25




Ni=2 chiral limit

PURE
PURE
r@ GAUGE Ms GAUGE
d
order
2 order d
2" order
[ ]
. o
physical my g s physical my g.s
¢ mY'
Cross over Cross over

1st < > 1st
orde orde

Mu,d ] UA( I ) Mu,d

see e.g. Resch, Rennecke, Schaefer, PRD 99 (2019) 7

® Ni=2, chiral limit: phase transition dominated by Goldstone
boson physics = (P)-Quark-Meson (QM) model

® Nf=3, chiral limit; don’t know !
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Critical scaling from DSEs: Ni=2, chiral limit
@mr H& 0

St s - — ~0.365 In(t)

e InB(p=0 ,(x)p=nT)

e my
Cross over _1 .
" In<PYV¥>
1st B
orde
U, -

® T=0: meson contributions of order of 10-20 %

CF, Nickel, Williams EPJC 60 1434 (2008); CF,Williams, PRD 78 (2008) 074006

® T=T. meson contributions are dominant - universality !

® Critical scaling: (W) (t) ~ B(t) ~ /2

2~ tY ; T.—T
TS5 b=
CF and Mueller, PRD 84 (2011) 054013 : Tc
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-
~ @) [o’e)

AI’S(T)/ AI,S(O)

=
S

Lattice:

DSE:

GAUGE

-1
TooQoo o

e Lattice QCD
— Quark Condensate
— dressed Polyakov Loop

AL TS

100

150

T [MeV]

Christian S. Fischer (University of Giel3en)

200

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

e e

—1 -1
— — é:%\/ o

Y
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GAUGE

-1
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

Christian S. Fischer (University of Giel3en)

e e

-1 -1 -1
® =_—m —o

Y
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GAUGE
-1 -1
sTo@voe = oosso o +%7<:>m+mk<:>m

e = m e ¢ :%
= — = —

1 I J [ J 4 T T T T | T | T
e Lattice QCD - TRV —
B L 7 B — T= eV quenche
Quark Condensate 3.5 =215 MoV quenched
0.8 — dressed POlyakOV LOOp i — T =235 MeV quenched
Rl --- T =187 MeV unquenched
B L --- T =215 MeV unquenched
—~ B --- T =235 MeV unquenched
S 06 2.5 O T-=187 MeV Lattice
— B ¢ T =215MeV Lattice
g _ — = A T =235MeV Lattice
= N
=)
< 04+ 1.5
02
] 0.5
O ] | | 1 | 1 | 1
100 150 200 250 0 0.5 1 1.5 2 2.5
T [MeV] p [GeV]
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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— T =187 MeV quenched
— T =215 MeV quenched
— T =235 MeV quenched T
-—-- T =187 MeV unquenched | —
-—-- T=215MeV unquenched
--- T =235 MeV unquenched

O T =187 MeV Lattice
<& T =215 MeV Lattice -
A T =235MeV Lattice

— T =187 MeV quenched
— T =215 MeV quenched
— T =235 MeV quenched
--- T =187 MeV unquenched |
--- T=215MeV unquenched |
--- T =235 MeV unquenched

O T =187 MeV Lattice
¢ T =215 MeV Lattice ]
A T =235 MeV Lattice

pl

|
1.5
GeV]

Lattice: Aouane, et al.PRD D87 (2013), [arXiv:1212.1102]
CF Luecker, PLB 718 (2013) 1036, [arXiv:1206.5191]
CF, Luecker,Welzbacher, PRD 90 (2014) 034022

® guantitative agreement: DSE prediction verified by lattice

Christian S. Fischer (University of Giel3en)
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Nf=2+1: Condensate and dressed Polyakov Loop

0 4 [MeV]

condensate [a.u.]

160 | | | | 15[0
T [MeV]
Quark condensate

Polyakov-Loop

1 |
I, — — tr ot9J Ao
N €

CEF, Fister, Luecker, Pawlowski, PLB 732 (2014) 273
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Nf=2+1: phase diagram

|Mp/T=3

Mo/ T=2
200 . . . — l
150 — === oo S :Mm? W{\ﬁx%\\\ﬁ%’%‘wx\w&@w ol ]
o
,A
— I . —~
> ——— Lattice: curvature range k=0.0120...0.0170 //’ "\
%) 100 | Lattice: Bellwied et al. 1507.07510 —
e == == DSE: chiral crossover
- | @  DSE: critical end point 1
—— DSE: chiral first order
501 -
O ’///// I | I | I | I | | I
0 100 200 300 400 500
Hy [MeV]

(o))
o
I
/ICNE"‘
1
I
P

—@— Dyson—Schwinger [C. Fischer et.al. 2014]

a{ freeze—out [Becattini et.al., Cleymans et.al. 2005]
44 freeze—out parametrization [Andronic et.al. 2008]
=  modified statistical fit [Becattini et.al. 2012]

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

I ! I
200 400

Baryonic chemical potential (MeV)

Extrapolated
curvature from lattice

Bonati et al., PRD 92 (2015) 054503

Bellwied et al. PLB 751 (2015) 559

Cea, Cosmai, Papa, PRD 89 (2014), PRD 93 (2016)
Bonati et al., arXiv:1805.02960

[CEP at large u]

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

(o)
(@)

Temperature (MeV)
o
o
[
|

® what about truncation error ? how stable is this result ??

* N=2+1+1
* baryon and meson effects !

Fu, Pawlowski, Rennecke, PRD 101 (2020) 5
Gao, Pawlowski, PRD 102 (2020) 3,034027, PLB 820 (2021) 136584

and references therein...

* crosscheck with FRG

QCD phase diagram with functional methods
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Ni=2+1|+1: effects of charm

—1
R
UD/dOWI‘l / ¢ 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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Ni=2+1|+1: effects of charm

up/down

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

- -y

------

stran ge\

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

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

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

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

® Physical up/down, strange
and charm quark masses

® Transition controlled by
chiral dynamics

® no lattice or model results
available yet

— Nf=2+1
— Nf=2+1+1

Effects very small ! :

| | | | | | | | | | | | |
50 100 150 200
W, [MeV]

Christian S. Fischer (University of Giel3en)

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

QCD phase diagram with functional methods




dorder

thS|Ca| mu,d,s

order
2" order

CrosSs over

PURE

GAUGE

Christian S. Fischer (University of Giel3en)

200

Temperature [MeV]

Hadron effects in the QCD phase diagram

100

50

® Meson effects: critical chiral physics, ...

® Baryon effects Chiral mirror model: Weyrich, Strodthoff and von Smekal, PRC 92 (2015) no.l, 015214

— truncation of DSEs good enough to include these effects ?

QCD phase diagram with functional methods

Crossover

150




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)

Christian S. Fischer (University of Giel3en)

Hadron effects in quark-gluon interaction

E S

10

-+ DSE: quenched

» Lattice: quenched
« Lattice: unquenched (N =2+1)

— DSE: unquenched (Nf=2)

—0
p [GeV]

QCD phase diagram with functional methods
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Hadron effects onto quark

® Dependence on T and [ via -propagators
-wave functions
® Baryons: exploratory calculation: use wave functions from T=H=0

M [GeV]
2.0 B 2.0 _ .
B W A(1920
. I( . N(isos) T N(1900) [ N(1875 % A(1910) ‘ (1920)
| | ) ( )
1.8 . i 1.8 [ | __
7/} N(1710) N(1720) =2 N(1700) - - A(1700)
@ N(1650) 16 A(1620) % A(1600)
16 - - : %
H N(1535) 2= N(1520) 2
14 72 N(1440) 14
1.2 1.2 = A(1232)
1.0 1.0
== N(940)
+ - + - + - + -

N

1
2

Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]
Eichmann, CF, Few Body Syst. 60 (2019) no.l,2
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effects on the CEP - results (Nf—2)

b
— 0.6 -
04 —— No Baryons |
--- Baryons included
0.2+ =
O | | | | | | | | | | | | | | | | | | |
0 50 100 150 200

!‘Lq [M@V] Eichmann, CF, Welzbacher, PRD93 (2016) [1509.02082]

® Small chemical potential: no effect
® almost no effect on location of CEP
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effects on the CEP - results (Nf—2)

=
= 0.6 ~

04+ —— No Baryons |

--- Baryons included
02 ----- Baryons included with p-dep. prefactor  _
0 | | | | | | | | | | | | | | | | | | |
0 50 100 150 200
““q [MGV] Eichmann, CF, Welzbacher, PRD93 (2016) [1509.02082]

® Small chemical potential: no effect

® almost no effect on location of CEP

® But: strong JU-dependence of baryon wave function
may change situation...
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Meson effects on the CEP - results (N=2+1)

---- n&o
$ Lattice

T) /[ Aws(0)

100 125 150 175 200
T [MeV]

Gunkel, CF, PRD 104 (2021) [2106.08356]

® Vanishing chemical potential: no effect
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T) /[ Aws(0)

effects on the CEP - results (N=2+1)

m,0,dq dg A
—|_
N

~
~ ~
N~

First-order spinodal

Backcoupling:

— no [6]
\\’\%\:\\\ no
S — T

> SN
S8, —— &
R T&O
NS

100

125

150

175

T [MeV]

NR
160 E:: -----
140 -
%
= 190 -
Chiral transition type:
100 4 ---- Crossover
e CEP
: 30 .
200 0.0 0.2

® Vanishing chemical potential: no effect

® small effects on location of CEP

0.4
pB [GeV]

0.6

Gunkel, CF, PRD 104 (2021) [2106.08356]

® p-dependence of meson wave function taken into account

Christian S. Fischer (University of Giel3en)
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Location of CEP in freece-out landscape

200 I I T T ///| T

>

D)

E - =« « Lattice [Bellwied et al., 2015] 3 ®

- freezeout points [various sources]

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]
| | | | | | | | | | | | |

|
0 100 200 300 400 500 600 700 800
ug [MeV]

- ® ® ®© ®© 0 ¢

50

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



Location of CEP in freece-out landscape

200 — . . — 1 T T T T T T < 2501
J/ =2 ’ MB/ T=3 ) i
i 2 - + Quark-Gluon Plasma
_ = 200
M
> N
O -
E Lattice [Bellwied et al., 2015] g s ° I
- | @ freezeout points [various sources] 1 B
@® DSE/Lattice [Fischer et al., 2014] ;§_¢ -
50 | @ FRG [Fuetal., 2019] _ : Hadron gas J-PARC §SIS18
® DSE/FRG [Gao, Pawlowski, 2020] 50+ W
| ® DSE/FRG [Gao, Pawlowski, 2020] 1 i
@® DSE/Lattice [Gunkel, Fischer, 2021] i | | I | Nuclei, |
or—>r -t . . [ . I . I . [ . 0O 200 400 600 800 1000 12
0 100 200 300 400 500 600 700 800

u, [MeV]

Christian S. Fischer (University of Giel3en)

g eV’

00

Figure adapted from talk of T. Galatyuk, Erice 2016

QCD phase diagram with functional methods



Location of CEP in freece-out landscape

00

200 T T T T ///| T | T /,’| T | T ; 250_
/// =7 . MB/T=3 D i
i 2 i Quark-Gluon Plasma
| — B %
HI
> N
o —
E .+« Lattice [Bellwied et al., 2015] *3*}3 ° I
= | @ freezeout points [various sources] i ~
@® DSE/Lattice [Fischer et al., 2014] ;§_¢ o
504 @ FRG[Fuetal,2019] |  Hadron gas  PARC\VG grang
® DSE/FRG [Gao, Pawlowski, 2020] 50— w
| ® DSE/FRG [Gao, Pawlowski, 2020] 1 -
@® DSE/Lattice [Gunkel, Fischer, 2021] i | | I | Nuclei, |
TV T T T Y M v v v 0 200 400 600 800 1000 12
OO 100 200 300 400 500 600 700 800 U [M o\
Figure adapted from talk of T. Galatyuk, Erice 2016
Caveats:
s |nh0m0geneous Phases Buballa and Carignano, PPNP 81 (2015) 39
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Overview

200

Crossover

| .Introduction

Temperature [MeV]

i o - Color Superconducting |
B Nuclear Liquid-Gas Transition Phases T
b T N
0 200 400 600 800 1000 1200 1400

Baryon chemical potential [MeV]

2.Gluons, quarks and DSEs -1 -1

I I I | T
> :
v 150 —
E 3
~ -
) .
2 100 . , —
e E —@®— Dyson—Schwinger [C. Fischer et.al. 2014]
° [O) a4  freeze—out [Becattini et.al., Cleymans et.al. 2005] \/E [GeV]
E’ 4{ freeze—out parametrization [Andronic et.al. 2008]
[0 50 [ =1 modified statistical fit [Becattini et.al. 2012] 1 18 2?0 62{4 3|9 2|7 19|'6 14;‘5 11I.5 7;7
= m| freeze—out from fluctuations [Alba et.al. 2014] —— DSE: along T, (ug) ,I
=== DSE: along T, (ug) — 3MeV /I
1 | 1 | ] 12 4|~ — DSE: along T, (ug) — 6 MeV U
U
400 DSE: along T, (u) — 9MeV s
200 00 B STAR data (preliminary) ,f/‘
Baryonic chemical potential (MeV) @ ~
N
N

-12 T

4.Fluctuations and large densities N

up [MeV]
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Contact with experiment: fluctuations

X.~Luo and N.~Xu, Nucl. Sci.Tech. 28 (2017) no.8, 112 [arXiv:1701.02105 [nucl-ex]].

Quark chemical potentials related to those of conserved charges:
oy, = MB/3+ 2:“@/3
pa = pB/3 — p1q/3
s = uB/3 — 1Q/3 — 1s

Serve to calculate susceptibilities:

 BSQ _ o't (p/T)
e (s /T)'O(us /T)™ (g /T)™

Related to cumulants, which can be extracted from experiment:

Imn len
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Results for fluctuations

L0 200
DSE R
. - HUB / T=3
®  Lattice [Bazavov et al.] - .
0.8 4| ¢ Lattice [Borsanyi et al.] i3 Fi‘
: ! —1 i %{ .‘.
150 {o % ¥ <5 DL~ 2y
— = .l ~ L
> . x4
é) 100 -|——— DSE: Chiral crossover
— ® DSE: Critical end point
&~ DSE: Chiral first order
— - = Lattice: Chiral crossover [Bellwied et al.]
50 - 4  Freeze-out points [Alba et al.]
B Freeze-out points [Andronic et al.]
Freeze-out points [Becattini et al.]
A Freeze-out points [STAR collaboration]
#  Freeze-out points [ Vovchenko et al.]
0.0 ' ' ' ' ’ 0 150 300 450 600 750
100 120 140 160 180 200
T [MCV] Hp [MGV]
6.5 H 1 .2 . .
ug [MeV] : : ug = 630 MeV
0 1.0 4 : : — Chirally broken
5.2 1 === 240 ) : : = == Chirally restored
. 4 ——— 360 : N Spinodals
- == 480 08 N . :
3. 9 i [ CEPPEY 495
m o ; 3
i
2.6 A 3 |
T Y A
. - 1 - 1 1
. . 90 100 110 120 130
100 120 140 160 180 T [MeV]

Isserstedt, Buballa, CF, Gunkel, PRD 100 (2019) no.7, 07401 |
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Results for fluctuations

Ho DSE 200
T=3
®m  Lattice [Bazavov et al.] - T HB /
0.8 4| ® Lattice [Borsanyi et al.] !I 3
— 150 -

= |7

>
E 100 -|—= = =ADSE: Chiral crossover
— DSE: Critical end point
&~ DSE: Chiral first order

— - = Lattice: Chiral crossover [Bellwied et al.]

4  Freeze-out points [Alba et al.]

O 1 B Freeze-out points [Andronic et al.]
Freeze-out points [Becattini et al.]

A Freeze-out points [STAR collaboration]

#  Freeze-out points [ Vovchenko et al.]

A N

O - | | | |
0.0 I I 1 1
100 120 140 160 180 200 0 150300 450600 750
T [MeV) #y [MeV]
6.5 7 1.2 ; ;
ug [MeV] : : ug = 630 MeV
: 0 — Chirally broken
5.2 - - == 240 1.0 - 5 : = == Chirally restored
' : - = 360 : S CRREE Spinodals
- == 480 08 T : :
3.0 - [ CEPPEY 495
M o ? 3
i
2.6 1 t
:.I.
S -
. ' I 90 100 110 120 130
100 120 140 160 180 T [MeV]

Isserstedt, Buballa, CF, Gunkel, PRD 100 (2019) no.7, 07401 |
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Results for fluctuations

Ho DSE 200
T=3
®  Lattice [Bazavov et al.] - Hg/
0.8 4| ® Lattice [Borsanyi et al.] !I 3
— 150 -

= |7

>
E 100 -|—= = =ADSE: Chiral crossover
— DSE: Critical end point
&~ DSE: Chiral first order

— - = Lattice: Chiral crossover [Bellwied et al.]

4  Freeze-out points [Alba et al.]

O 1 B Freeze-out points [Andronic et al.]
Freeze-out points [Becattini et al.]

A Freeze-out points [STAR collaboration]

#  Freeze-out points [ Vovchenko et al.]

A N

O : I I - T
0.0 I 1 1 1
100 120 140 160 180 200 0 150 300 50 600 750
T [MeV] pp JeV]
6.5 : 1.2 : :
ug [MeV] : : ug = 630 MeV
: 0 : : — Chirally broken
5.2 1 EE - == 240 1.0 - 5 : = == Chirally restored
' : --=- 360 5 S Spinodals
- === 480 08 N . :
3.9 - 2 S AL 495
A o i‘l A~
i

2.6 ,

-
f— T e e e e e e e mme e e

. ' . 90 100 110 120 130
100 120 140 160 180 T [MeV]

Isserstedt, Buballa, CF, Gunkel, PRD 100 (2019) no.7, 07401 |
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Ratios: skewness and kurtosis

I I T \ -9.6 1 1 I
100 120 140 160 180 100 120 140 160 180

T [MeV] T [MeV]

Caveats when comparing with experiment:

® so far only flavor-diagonal elements taken into account
® critical regiOn may be too |arge. .. Schaefer and Wambach, PRD 75 (2007) 085015
® experimental extraction not without problems
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Ratios: skewness and curtosis
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Dense QCD

200 T T T T T T T
i Crossover i
150~ " T TT==a ]
> | ~«_ ! |
§ i o i
o B Critical Endpoint First Order Phase Transition 7]
2 100 — _
<
s - —
Q. i i
=
() - _
H
50 — —
I o olor Superconducting |
i Nuclear Liquid-Gas Trans Phases }
ol 1 N
0 200 400 600 800 W0 1200 1400
Baryon chemical potenttsffileV]

® Relevant for physics of neutron stars/mergers
® Second CEP ?
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Meson properties at finite chemical potential

-I-A = 1.00 ‘T—"" l-quark (f = £):
o ' S Nambu
2/3 ” g ---- Wigner
CEP 2 07 : i
“?/ _% ;’; - s-quark (f =5s)
= 0.50 - * g~ Nambu
g % N T Wigner
o =0
= = 0.25 .
2 e
>~ 0.00 A S S
> U o1z 5 i
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Lo 250 A
j | | _ = 2004
1.00 - _________________________? ___________________ Meson kind: ﬁ 00 oo I I T oI [ Meson kind:
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> : = 1 1 T N S Ps
CICACE R B o e 10° | o
o, ] s - VSN —————— 1 R
s 1 - 0o < 3 —
E O 50 et I % E\Q 100 —- \ K
] : : : - 7
E . . —_— T - - 4
0.25 1 light spinodals » 50) - : :
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0.00 — 0 —————————T———
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IS Silver’ blaze satisﬁed T. D. Cohen, PRL 91 ,222001 (2003)

® But quarks/meson wave functions do change ! il crisersiect £ 455 2019) nos, 165

Gunkel, CF EPJ A 57 (2021) no. 4, 147

pB [GeV]
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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 challenge:

® systematic control over error budget:
intrinsic, cp with FRG, cp with lattice QCD

Main results:
® not high precision physics
but competitive contributions in many areas

® QCD-based tool to explore phase diagram at large U
at physical quark masses
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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
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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
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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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Order parameter: the dressed Polyakov-loop

1/T
ordinary Polyakov-loop: d = Pexp @'g/ dr A4 (T, T)
0

20

sensitive to center transformation

2, = exp|2min/N.|1, n=0..N.—1

L

X

Now consider general U(Il)-valued boundary conditions in
temporal direction for quark fields:

" Y(,1/T) = ' (. 0)
w(ng) = (2nT)(ny + ¢/ 2m)
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Order parameter: the dressed Polyakov-loop I

m :explicit quark mass
a :lattice spacing

V' volume

| :Loop length

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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Order parameter: the dressed Polyakov-loop I

H >

— closed loops

m :explicit quark mass
a :lattice spacing

V' volume

| :Loop length

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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Order parameter: the dressed Polyakov-loop I

m :explicit quark mass
a :lattice spacing

V' volume

| :Loop length

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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Order parameter: the dressed Polyakov-loop I

winding number

/

_ 1 eten(l)

" Vm l (2am)!t

Tr.U(l)

m :explicit quark mass
a :lattice spacing

V' volume

| :Loop length

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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Order parameter: the dressed Polyakov-loop I

winding number

1 P
B /
_ 1 eten(l) T U]
m :explicit quark mass
m —o00: n(l)=1 a :lattice spacing
are ordinary Polyakov-loops V -volume

| :Loop length

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
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Order parameter: the dressed Polyakov-loop Il

Define dual condensate:

® n=| projects out all loops winding once around the torus: dressed
Polyakov-loop

® 2 transforms under center transformations exactly like ordinary
Polyakov-loop:

27
dgp . _
Zzn — —1pn -
/0 o € <¢¢>gp+2 k/N,

27
— _/ d_SD e~ HpF2mk/Ne)n @wgp
0o 27

27 d ' o
= [ SE e ),

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



Order parameter: the dressed Polyakov-loop Il

Define dual condensate:

® n=| projects out all loops winding once around the torus: dressed
Polyakov-loop

® 2 is order parameter for center symmetry breaking

® 2, is accessible with Dyson-Schwinger equations or the functional
renormalization group

C. Gattringer, PRL 97,032002 (2006)

F. Synatschke, A.Wipf and C.Wozar, PRD 75, 114003 (2007)

E. Bilgici, F Bruckmann, C. Gattringer and C. Hagen, PRD 77 094007 (2008)
F. Synatschke, A.Wipf and K. Langfeld, PRD 77, 114018 (2008)

CFE PRL 103 052003 (2009)

CF, J.A.Mueller, PRD 80 (2009) 074029

J- Braun, L. Haas, F. Marhauser, |.M. Pawlowski, PRL 106 022002 (201 I)
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3Pl-truncation

propagators vertices

Ao
foha

+ perm.

A
g

for different BRL approaches see work of

- /i + % +
Aguilar, Alkofer, Binosi, Blum, Chang, Cyrol, Eichmann, Fister,

Huber, Maas, Mitter, Papavassiliou, Pawlowski, Roberts, Smekal, Williams, CF, Heupel, PRD 93 (2016) 034026
Strodthoff, Vujinovic, Watson, Williams. .. CEWilliams, PRL 103 (2009) 122001
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Light meson spectrum

Experiment
our results

JPC
Williams, CF, Heupel, PRD93 (2016) 034026
® good agreement with experiment in most channels
® special channels:
pseudoscalar )Tt :(pseudo-) Goldstone bosons
scalar 0~ : complicated channel... tetraquarks !
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Light meson spectrum

m[GeV]

1.5 |
1.0 [

05 |

00 =

7,(1600)
p(1450) ao(1450) R i
m(1300) b:(1235) a,(1260) —
7,(1400)
I
N
| N8 -
Q N\
N
P
Bl PG Experiment
Y 3PI-3L
pra | OUr results
VA
o-t 1—— oft 1t— 1tt 0-— ot~ 1~* JPC

Williams, CF, Heupel, PRD93 (2016) 034026

® good agreement with experiment in most channels
® special channels:
pseudoscalar )Tt :(pseudo-) Goldstone bosons

scalar

0~ * : complicated channel... tetraquarks !
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Selected results for Green’s functions

Quark
0.5 ' | ' 1.1
i o lattice, NF =0 T
0.4+ o lattice, N, =2+1 - 1
LN DSE, NF =0 |
— ‘% — __ DSE,N_=2
2 0.3 " s 0.9
@) —
— &
o N
o
S 02r 0.8
0.1+ 0.7
0.6
OO
Gluon
| | ' | | '
s o N=0, Sternbeck et al (2005)
A Nf=2, Sternbeck (2015)
ko3 — Ny~
£ _
3k . — N .
L 2 _|
2 . Z(p)
A
2
1+ G(p) =
0 1 | 1 | 1 | 1 | 1
0 3 4 5 6 7
p [GeV]

Williams, CF, Heupel, PRD 93 (2016) 034026

g

o lattice, NF =0 1
- lattice, NF =2+1 i

DSE,N_=0
——-DSE,N_=2 ]
1 | 1 | 1 | 1
I 2 3 4
p [GeV]
Quark-gluon-vertex
T T T T TT II| T T T T TTT I| T T T T TTTT T T T T TTTT
[ hl |
] S rrr— - = 'hz_
2r o BT
1_
O | m
1 1 | II| 1 1 11111 I| 1 1 1 111 II| 1 1 1111 II|
107 10" 10’ 10' 107

p [GeV]
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Gluon electric screening mass: SU(2) vs. SU(3)

m, [GeV]
)
~
I
e
H@BH
I
m_ [GeV]
H@H

0.2

| | | | | | | |
-0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
t

Maas, Pawlowski, Smekal, Spielmann, PRD 85 (2012) 034037 £ = (T—Tc)/Tc
CF, Maas, Mueller, EPJC 68 (2010)

® phase transition of second and first order visible
in electric screening mass
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Meson effects at finite T and [

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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Vacuum: DSE/Faddeev landscape

Quark-diquark Three-quark
D- <P D-ED-.0-XD- 1D
Contact QCD-based DSE
RL bRL bRL
interaction model (RL) +39
N, A masses N N, N, N, N,
N,A em.FFs N v v V
N — Ay v v v
Roper N N
N — N*y vV vV
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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Vacuum: DSE/Faddeev landscape

Quark-diquark Three-quark
) -E29) D - ED .20 XD- 1D
Contact QCD-based DSE
RL bRL bRL
interaction model (RL) +39
N, A masses J v v v v
N,A em.FFs N v v V
N — Ay V N N e
— ‘\
G
/
N — N*y J N s
v | | | e
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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Baryons: Quark model

2500 Lt =
B4 exp. —= |[E= |[== |3 2 — _ = |F_
U = || T ——I =l e (= = _l
) — || - - =
2000 —| | == o8| | — L 19% e ——
— 1.3 :EM == o P =E _:}_?_9_2 ........
~E N TR S 1 I S I [ B R o S S
é 1710 [—— 1720 —
” I H _ — = 1680 1650 @ 1675
é » . _E R T e
1520
1500 — 150 - =] 520
RO ouol -
resonance
1000 —
99
In 172+ 3/2+ 5/2+ T2+ 9/2+ 1/2- 3/2- 5/2- 7/2- 9/2-

Loring, Metsch, Petry, EPJA 10 (2001) 395

® ‘missing resonances’ - three-body vs. quark-diquark

® level ordering: E E
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