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Take home messages

® Light baryon spectrum:
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® Space- and time-like form factors: pion TFF as test-case
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Overview

| .Introduction - quarks, gluons and mesons
2.Baryon spectrum - light and strange
D-BD-20-3D-ID
B- T2

3.Pion TFF, baryon form factors and decays
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Baryon spectroscopy from QCD

® Underlying QCD forces

° two-body vs. three-body —— A vsY - configuration

* confinement —— Regge trajectories ?!
* spin structure —— (Hyper)-Fine structure
> meson cloud effects —> GB-exchange vs QCD

* heavy/heavy-light systems —— Flavor dependence

® ‘Missing resonances’ —> 3-quark vs. quark-diquark

® Coupled-channel effects

Strategies to deal with this situation:
) 4 )

! Nonperturbative QCD: Effective theories with

Lattice, Functional methods ) . hadronic dof )

Klemt, Richard, Rev.Mod.Phys. 82 (2010) 1095

\_
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Light baryon spectrum - quark model
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® |evel ordering:
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Loring, Metsch, Petry, EPJA 10 (2001) 395

® ‘missing resonances’ - three-body vs. quark-diquark
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Strange baryon spectrum quark model
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® light, strange and heavy spectrum
probe QCD physics at different
scales

® need flavor dependent QCD
forces to explain spectrum

® models: parametrization via
exchange of Goldstone-bosons

Ronniger, Metsch, EPJA 47 (201 1) 162
see also Glozmann, Riska, Plessars et al.

® flavor dependent forces should be determined from QCD
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Extracting spectra from correlators

X3 —a— — V3 5 , X3 —— —— )3
x;—~— G =Yz > X2 “—> """""" <_“ vz DSE/BSE
X1 Vi1 X1 —a— —a— Vg

X G y > x{) ---------- C}y Lattice

BSE for bar'yons (derived from equation of motion for G)
D-20-3D-JD+BD
_ - 4

® exact equation for baryon ‘wave function’
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Diquark-Quark approximation

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

D-20-8D0-0D+BD
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Diquark-Quark approximation

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

D-.D:3D-1D-
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Diquark-Quark approximation

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

D-.D:3D-1D-

Faddeev equation (no three-body forces) Diquark-quark
T T [ O~ | g ] i = ( I I ? :
i — I _ - —0- k —|— — -0 \{ | : ()] = [0)) l
o —>E j —/k : | _>E _ } :

_________________________________________________________________
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Diquark-Quark approximation

BSE for baryons (derived from equation of motion for G)
D-.D XD 1D
4 - 4 ,

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

________________________________________________________________

_________________________________________________________________
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® [nput in both cases: quark propagator and interaction
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The DSE for the quark propagator

1 -1 gﬁﬁ%
= * O—C0O

()
W/

Approximations:

~1 -1
1) NJL/contact model: o - + @

II) Quark-diquark model:  Ansatz for quark prop

(and diquark wave function)

lll) Rainbow-ladder: o— - ,

IV) Beyond rainbow-ladder: e solve DSEs for quarks, gluons
Sanchis-Alepuz, Williams, PLB 749 (2015) 592 an d q ua r'k- gl uon vertex

Williams, CF, Heupel, PRD93 (2016) 034026, and refs. therein
Binosi, Chang, Papavassiliou, Qin, Roberts PRD95 (2017) 031501 and refs. therein
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DSE/Faddeev landscape

Quark-diquark Three-quark
-T2 D-ED-.D-XD-ID
) ) 1) 1 V) V)
Contact QCD-based DSE
RL bRL bRL + 3
interaction model (RL) e
N, A masses V N v v v
N,A em.FFs V v v V
N — Axy 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.
See talk Of Ralf GOthe Eichmann, N*-Workshop, Trento 2015
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DSE/Faddeev landscape

Quark-diquark Three-quark
D -2 D-BE0-20-Y0-7D
) ) 1) 1) V) V)
Contact QCD-based DSE
interaction model (RL) RL PRL bRL +3q
N, A masses V N v v v
N,A em. FFs V V V N|
N — Ay V v V
Roper J v D
N — N*v v V
N*(1535), . . . C >
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.
See talk Of Ralf GOthe Eichmann, N*-Workshop, Trento 2015
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Rainbow-ladder model for quark-gluon interaction
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Combine gluon with quark-gluon vertex:

effective coupling K [Gev?)

k* 2 (55) |
2\ 7 —n 5 9 Maris, Roberts, Tandy, PRC 56 (1997), PRC 60 (1999)
a(k®) = <F € £+ apy (k7)

® scale A from f;, masses my=md, ms from mq Mg
® AUV from perturbation theory

® parameter 7) : band of results
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Rainbow-ladder model for quark-gluon interaction
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effective coupling K [Gev?)

k* 2 (55) |
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a(k®) = <F € £+ apy (k7)

® scale A from f;, masses my=md, ms from mq Mg

® AUV from perturbation theory _ P
® parameter 7) : band of results } - }
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Rainbow-ladder model for quark-gluon interaction
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Combine gluon with quark-gluon vertex:

effective coupling K [Gev?)

k* 2 (55) |
2\ 7 —n 5 9 Maris, Roberts, Tandy, PRC 56 (1997), PRC 60 (1999)
a(k®) = <F € £+ apy (k7)

® scale A from f;, masses my=md, ms from mq Mg

® AUV from perturbation theory B
® parameter 7) : band of results } = ’ }
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Quark mass: flavor dependence
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Typical solution:

[Sp)]™" = [—ip + M(p°)]/Z(p

%)
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41 .
0 .\E = Lattice: quenched
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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 LN
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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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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Charmonium spectrum

3 &
4'_ X(3.918) X(K}? X(3.927) o O
3'8_- _________________________ JL <> __________________________________________________________________________ <> ___________________________ Contourborder |
j gi()3[4;(28%368) 1% > & >
_36] (3.
%J h°(3'52)}(c1(3-51x (2,59) <>
S O
3.2
_ JIpg3,09)
3__ Ne(2.98) - PDG
' O o DSE/BSE
O—+ 1—- 0++ 1+- 1++ 24+ 2—— 22—+ 3—— 3+- 3++ 0—— O0+—- 11—+
JPC
@ good channels: |-,27, 3—,... CF. Kubrak, Williams, EPJA 51 (2015)

Hilger et al. PRD 91 (2015)

® acceptable channels: 0
® clear deficiencies in other channels: missing spin-structure
® excited states fine ! (in good channels)
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Charmonium spectrum
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® acceptable channels: 0
® clear deficiencies in other channels: missing spin-structure
® excited states fine ! (in good channels)
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Light meson spectrum

2_
mmo(1800)
: '0(1%) % O 12(1670) ;03(&90)
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Williams, CF, Heupel, PRD93 (2016) 034026
® good channels (ground state): 0%, |~
® acceptable channels (ground state) : 2*%, 3-,...

® clear deficiencies in other channels and excited states
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Light meson spectrum
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Light meson spectrum

m [GeV] ,(1600)
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CF, Kubrak, Williams, EPJA 50 (2014) 126
Williams, CF, Heupel, PRD93 (2016) 034026
® good channels (ground state): 0%, |~
® acceptable channels (ground state) : 2*%, 3-,...
® clear deficiencies in other channels and excited states

® drastic improvement beyond rainbow-ladder !
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Overview

| .Introduction - quarks, gluons and mesons
2.Baryon spectrum - light and strange
D-BD-20-3D-ID
B- T2

3.Pion TFF, baryon form factors and decays
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Faddeev - equation

——0—
Faddeev = 4 lLodN
equation: 4 o

D-B0 203D 1D

® relativistic bound state:
* 64 tensor structures for octett: s, p,d - waves
* |28 tensor structures for decuplett: s, p, d, f - waves

I'(P,p,q ZTZFZ (P, p,q) x (flavour x colour)

D;v5C ® Dj A4 (P), D; ={1,p, ¢, P, [p.P), [g. 7], [p.4], [p.¢. PI},
Y5 Divs C @ v5 Dj A (P), A+(P) =51+
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M [GeV]

T — : A(1920
' I N(1900) N(1875) | W (1920)
18 | :
N(1710) N(1720) B n(1700) A(1700)
6 |- N(1650) O L 77) A(1600)
| 4k N(1535) e N(1520) |
| N(1440) — —
2 L _ . = A(1232)
1.0 F
== N(940)
it 1- 3T 3~ 3T 3~
2 2 2 2 2 2

® nucleon and delta - channels: good results
® but: severe problems in all other channels
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] A(1620)

N gqdq
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vizzzza PDG e
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M [GeV]
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M [GeV]

2.0 :
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o | o
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® nucleon and delta - channels: good results
® but: severe problems in all other channels
® artifact of rainbow-ladder: ps and v too strongly bound !
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M [GeV]
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w0 | o
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sctav pstv all all

® nucleon and delta - channels: good results
® but: severe problems in all other channels
® artifact of rainbow-ladder: ps and v too strongly bound !

reduce binding in ps and v diquark channels, adjust to p-a,-splitting
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Light baryon spectrum: diquarks i

M [GeV]
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]
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4 L 222 N(1440) :
oL — A(1232) . ade
0 L : o
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sctav pstv
Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]

® spectrum in one to one agreement with experiment
® correct level ordering (without coupled channel effects !)
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Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016) [1607.05748]

® spectrum in one to one agreement with experiment
® correct level ordering (without coupled channel effects !)
® three-body agrees with diquark-quark where applicable

A(1620)
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Properties of the Roper

angular mom. decomposition

Leading amplitude
Several g-values (relative momentum)

e
o

(‘arb. norm. )
(@]

% N N*(1440) A A*(1600)

s wave 66 15 56 10 r

p wave 33 61 40 33 ! 05 ] s 2
d wave 1 24 3 41 p(GeV)

f wave — — < 0.5 16

Eichmann, CF, Sanchis-Alepuz, PRD 94 (2016)
Eichmann, Sanchis-Alepuz, Williams, Alkofer, CF PPNP 91 (2016)

® zero crossing of wave function: 2s-state

® every state is mixture of several partial waves !

® different internal structure of radial excitations

tension with simpler calculations (‘contact interaction’,’QCD based model’):
Wilson, Cloet, Chang and Roberts, PRC 85 (2012) 025205,
Segovia, El-Bennich, Rojas, Cloet, Roberts, Xu and Zong, PRL |15 (2015) 17
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Excited spectrum: Omega

M [GeV]

20 | B
LB

22 | 0(2250)7?
20 F
B aqdq
PDG **
18 | e
ZZ2 PDG "™
= ()(1672)
. Eichmann, unpublished
37 3 1+ 1-
2 5 5 .

® same level ordering as quark model, but larger masses
7 Ronniger, Metsch, EPJA 47 (201 1) 162
® exp. quantum numbers !

assignment according to: Gamermann, Garcia-Recio, Nieves and Salcedo, PRD 84 (201 1) 056017
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Extracting form factors from correlators

x3—<— —<—y3 2 ’ x3—<— z —<—y3
Pi——*—miz
v G |- - +> ---<+yz DSE/BSE

VAR i x§>---5.f-<}y Lattice

FO m factor from BS ES (derived from equation of motion for G and ‘gauging’)

- @D €D - CD - €D

® exact equation for baryon form factors (similar for mesons)
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Quark-photon vertex and pion form factors

b F(Q?) Pion form factor:

timelike: not spacelike:
ete” - NN accessible e N —>e N
charge, Q2

magnetic moment,...

radius
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. Amendolis et &l
) Ackcrmannctal,
0 Braveletal
ludevosysn et al. . -I-l-
Hom ¢t al. ‘rl'

(0 Barkovctal '
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VMD p monopole

excluded region

: - 5
“,\
/ d 3

IF Q)

IO Ll 1 F I T Ll 1 L1l L . T - L4 1 1
ke 3
D . 0s 21 2 13 2 =3 Maris, Tandy NPPS 161, 2006
Q [GeV']

Vector meson poles dynamically generated!
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Pion transition form factor

® Large space-like momenta:

2_0 T T T T T T T T T T T T T T T T T T T 3 mmmm TTIT TTIT TTIT TTIT TTIT
o Belle ﬁ(QQ,Qﬂ) ] e Belle [ DSE (asym)
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15 F v — v CLEO
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| ] 2 - -
g ‘a‘ 4 H I
By =

1.0

> 1 DSE (asym)
- — - DSE (sym)
+ Q2+Q/2 o0 0 IIII 5I o I1|ol Il I1|5I - Izo 010-2 10° 102 104 10° 108 1010
2 N+ [GeV?] N+ [GeV?]
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Nucleon form factors and magnetic moments

1.0

08

06 |

04

02

p 2 Crawford
GE (Q ) $ Ron i
% Zhan .

\\\ % Paolone
\\ Punjabi |
\ ! |

B
&
0 1 2 3
Q*/M?

Q*/M*

0.10

0.08

0.06

0.04

0.02 -

® missing pion cloud effects

® similar for axial form factors
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A-form factors
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® may serve to distinguish between qqq and g-dq !

Sanchis-Alepuz, Williams, Alkofer, PRD87 (201 3)
Nicmorus, Eichmann, Alkofer, PRD82 (2010)
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Strange form factors: octet and decuplet
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Transition form factor: NAy
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® Rem highly dominated by p-waves !

Eichmann, Nicmorus, PRD 87 (2012)
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Decays: pTTTT and ANTT
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® Decay constants can be calculated in rainbow-ladder
(although bound states have no width)

® Good agreement with lattice and experiment
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Decays: pTTTT and ANTT
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® Decay constants can be calculated in rainbow-ladder
(although bound states have no width)

® Good agreement with lattice and experiment
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Summary and outlook

® Goal: get control over microscopic QCD forces
® Light baryon spectrum in good agreement with experiment
* No tightly bound diquarks, correct level ordering
® Baryon form factors determined in rainbow-ladder
* missing pion cloud effects, good results at intermediate Q"2

® pion-TFF: connecting space- and time-like FF

Outlook
® QCD forces beyond rainbow ladder

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

® Details of strange spectrum

® Transition form factors of strange baryons
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Partial wave content

M [GeV]
20 I —ull
» - -l N(1900) _gll.. N(1875) ~sll actozo) al. A(1910) L.
18
=l N(1710) _ull N(1720) g Ne1700 -l A(1700)
6 | -l= Neteso) 1700 aw. age00) =lln A(1620)
| al_ N(1535) s N(1520)
o L EE_ N(1440)
2| L. a(1232)
10 ¢
L= noao)
1+ 1~ 3 3~ 3+ 3~ 1+ 1~
2 2 2 2 2 2 2 2

Partial-wave content: e N and A ground states dominated by s waves,

negative-parity states typically by p waves (as expected)

e But ‘quark-model forbidden’ contributions are always present,
e.g. Roper: dominated by p waves = relativity is important!
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Mass evolution
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Mass evolution
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® Mass evolution as expected for three-body state...
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pion TFF - general idea

ldea:
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calculate FF inside cone

interpolate to physical plane
using VM pole as constraint

can be done for arbitrary Q*
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Diquarks with modified rainbow-ladder
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rainbow-ladder beyond rainbow-ladder
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mesons diquarks mesons diquarks

® & multiplied with 0.35 in ‘bad’ channels
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3Pl-truncation

propagators vertices
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Pion cloud effects

® Hadron level: TTN-contributions to nucleon self-energy
® Quark-level: TT-contributions to quark self-energy and interactions
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Pion cloud effects

® Hadron level: TTN-contributions to nucleon self-energy
® Quark-level: TT-contributions to quark self-energy and interactions

Pion not an elementary field!
Derived from DSE for quark-gluon interaction!

CF, Nickel and Wambach, PRD 76 (2007) 094009
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Baryon masses- including pion cloud
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o ﬁX /\ b)’ fT[, Var)’ n S.t. le' still ok a(k?) = )" (i_z) e—nz(i—z) + apy (k)
® effects of the order of 50-100 MeV
® missing: gluon self-interaction effects
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Pion cloud effects in baryons: structure

Nucleon Delta
s-wave p-wave d-wave s-wave p-wave d-wave f-wave
k
PR 75 24 | 6l 31 7 0.2
quark core
plus 75 24 | 60 31 8 0.2
pion cloud |
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orn = 30(3) MeV (quark core only)
oxn = 31(3) MeV (quark core 4 pion cloud)

Sanchis-Alepuz, CF, Kubrak, PLB 733 (2014) [1401.3183]
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® pion cloud does not change shape of nucleon: uniform skin
® sigma-term small...




