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Fig. 9. Electron scattering from the proton at an incident energy of 188 MeV. Curve
(a) shows the thy for a spinless point p Curve (b) shows the
theoretical curve for a point proton with a Dirac magnetic moment alone. Curce  (c)
shows the theoretical behavior of a point proton having the anomalous Pauli contribu-
tion in addition to the Dirac value of the magnetic moment. The deviation of the ex-

tal curve from the Curve (c) represents the effect of form factors for the proton
and indicates structure within the proton. The best fitin this figure indicates an rms

radius close to 0.7 - 10”em.

R. Hofstadter (Nobel prize 1961 "for his pioneering studies of electron

scattering in atomic nuclei and for his thereby achieved discoveries

concerning the structure of the nucleons™)




The Eightfold Way and SU(3)r

Around 1964 one found SU(3) as an order system for mesons
and baryons known at that time
(independently by M. Gell-Mann and Y. Ne’eman and G. Zweig):

It implied multiplets of baryon ground states with flavors u, d, s:

octet decuplet

and in addition: singlet A°



Valence-Quark Picture of Hadrons

M. Gell-Mann in 1964*):
"Mesons and baryons can be constructed from quarks":

Mesons {O(_D} Baryons {QQQ}
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Mesons and baryons are formed as colorless objects of
quarks confined inside the hadrons.

*) M. Gell-Mann: Phys. Lett. 8, 2014 (1964)




Success of SU(3) Symmetry of u,d, s

» The 2~ was predicted (independently) by Ne’eman and Gell-Mann
in 1962.

> |t was discovered at Brookhaven Natl. Lab. by Nicholas Samios et
al. in 1964.

The Q~ earned M. Gell-Mann (1929-2019) the Nobel Prize in 1969
"for his contributions and discoveries concerning the classification
of elementary particles and their interactions".



Scaling in e~ Scattering — Partons
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Inelastic scattering from protens
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Jerome |. Friedman Henry W. Kendall Richard E. Taylor

Nobel prize in 1990

"for their pioneering investigations concerning deep
inelastic scattering of electrons on protons and bound
neutrons, which have been of essential importance for
the development of the quark model in particle physics"



Color and Quantum Chromodynamics (QCD)

Already in 1964 the concept of color was introduced
(by O.W. Greenberg),

and by 1972/1973 the basic theory of strong interactions,
quantum chromodynamics / QCD, was formulated
(by M. Gell-Mann, H. Fritzsch, H. Leutwyler).

The color gauge-theory Lagrangian reads:
- 1 , -
Lacp = i (V"0 — mj) i — ZGZ’VGZ’ — 9Gibi T,

where
G2, = 9,G2 — 0,G? — gf**° GG

¥j ... quark fields of SU(6)r
G? ... gluon fields of SU(3)¢
g ... QCD (running) coupling constant



Common methods for dealing with hadronic phenomena on
the basis of QCD nowadays:

» Perturbative QCD (works in the high-energy limit)
» Lattice QCD (works but faces computational limitations)

» Chiral perturbation theory (works at low energies, as a
systematic expansion but is limited to a few terms)

» Effective field theories or functional methods (depend
on assumptions and regularizations)

» Effective models, i.e. constituent-quark models
(depend on assumptions and input parameters)

Here, | will address results, for the spectroscopy and
structure of baryons, from relativistic constituent-quark
models and compare to experiment and results from other
approaches, such as lattice QCD, as far as possible.




Motivation for Quark-Model Approach

To be able to describe/understand
e in a consistent manner
e on the microscopic level
e in accordance with the properties of low-energy QCD
such phenomena like

» hadron spectra: ground states & excitations

» hadron structure: re, i, ga; Ge, Gy, Ga, Gp, ...
i.e. electroweak form factors etc.

» resonance excitations: YN — N*, e N — N*, ...

> resonance decays:
p— nm, w— arm, N* — Nm, A — Nm, A* — KN, ...

» meson-baryon interactions: 7 — N, K — N, ...

» hyperon-hyperon interactions: N— N, N-Y, ...
etc. etc.



Introductory Remarks and Setting of RCQMs

» Relativistic (i.e. Poincaré-invariant) framework
» Hamiltonian theory with a finite number of d.o.f.
» based on relativistically invariant mass operator
» solvable with advanced few-body methods
(differential and/ or integral equations)

» Observe low-energy QCD dynamics
» confinement
» spontaneous chiral-symmetry breaking (SBxS)

» The Relativistic Constituent Quark Model (RCQM)

» is a model that should work for a variety of phenomena
is not a (fundamental) dynamical theory

has a limited range of validity

(~ according to the degrees of freedom included)
hopefully a useful framework for low-energy QCD
phenomena

v

v

v



Baryons

Baryons are considered as colorless bound states of
three constituent quarks.

Here the proton: )
0
Q@

» 'Constituent’ quarks are quasiparticles with dynamical
mass, NOT the original QCD d.o.f. (i.e. 'current’
quarks).

» ’Constituent’ quarks are confined and interact via
hyperfine interactions associated with SBx S, i.e.
Goldstone-boson exchange.




Relativistic quantum mechanics (RQM)

i.e. quantum theory respecting Poincaré invariance

(theory on a Hilbert space H corresponding to a finite
number of particles, not a field theory)

Invariant mass operator

AA/’ = Mfree + Mint

Eigenvalue equations

M|P,J,x)=M|P,J,x) ,  MP=Prp,

A A

Pr|P,J,T) = Pr|P,J,T) , Pr=Mu~



Relativistic Constituent-Quark Model (RCQM)

Interacting mass operator
,\A/’ = Mfree + Mint

. - /2o %
Miree = Hfree P free

3 3
{yrest frame __ (7. _ {7conf {(7hf
Mint = Y V=) [V + v
i<f i<f

GBE RCQM

fulfilling the Poincaré algebra

[/Af’i,/:’j]ZO,A [‘:\]h:]zoa X ["::’i,:]=07 X
[Ki, Hl = =iPi  [Ji, Ji] = iejdi [Ji, Kjl = €Kk,
[Ji, P/l [Ki, Ki] = —lejkdk, [Ki, Pj]l = —ioH

H, P; .. time and space translations,
J; ... rotations, K ... Lorentz boosts



= Hiee

GBE RCQM

verf(7y = B+ Cry
24

VIIE) = | Vaa(T) D M + Vo(F)AIAD | 35 - 5
f=1

» i.e., for Ny = 5, we have the exchange of a 24-plet plus
a singlet of Goldstone bosons.
L.Ya. Glozman, W. Plessas, K. Varga, and R.F. Wagenbrunn: Phys. Rev. D 58, 094030 (1998)

J.P. Day, K.-S. Choi, and W. Plessas: arXiv:1205.6918
J.P. Day, K.-S. Choi, and W. Plessas: Few-Body Syst. 54, 329 (2013)



Universal GBE RCQM Parametrization

B+ Crj

2 )
GBE RCQM - g/j 1 2 6_”13”/ o
Va(ry) = — — 47mo(r
5(7i) 4m 12m;m {“ﬁ I m(7;)
_ g5 1 2 eTHsll A2 e Nsli
4r12mim; \"P o

B=—402MeV, C=233fm?2
p=24: % =07, pi2s = pir = 139 MeV, Az = 700.5 MeV
2
B=0: (LO) =15, jo=p,y =958MeV, A, = 1484 MeV

my, = myg = 340 MeV, ms = 480 MeV,
me = 1675 MeV, mp = 5055 MeV



Baryon Excitation Spectra
e and

Mass-Operator Eigenstates

J.P. Day, K.-S. Choi, and W. Plessas: Few-Body Syst. 54, 329 (2013)
W. Plessas: Int. J. Mod. Phys. A30, 1530013 (2015)



Light, strange,
charm, bottom

N

red Universal GBE RCQM

green PDG 2013 (experiment)
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Light, strange,
charm, bottom

N A A )
left levels: One-gluon-exchange RCQM
right levels: Goldstone-boson-exchange RCQM
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L.Ya. Glozman, W. Plessas, K. Varga, and R.F. Wagenbrunn: Phys. Rev. D 58, 094030 (1998)
W. Plessas: Few-Body Syst. Suppl. 15, 139 (2003)



Light, strange,
charm, bottom
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red Universal GBE RCQM prediction

green PDG 2013 (experiment)

Right panel — double charm:
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T our value m(=¢c) = 3642 MeV

M. Mattson et al.: Phys. Rev. Lett. 89 (2002) 112001 (SELEX experiment)

New datum from LHCb 2017: m(=c¢)= 3621.4040.72(stat.)£0.27(syst.)££0.14(Ac) MeV

cyan S. Migura, D. Merten, B. Metsch, and H.-R. Petry: Eur. Phys. J. A 28 (2006) 41 (Bonn RCQM)

magenta

L. Liu et al.: Phys. Rev. D 81 (2010) 094505 (Lattice QCD)



Universal GBE RCQM predictions

-

"

J URCQM
= $ 3642
= 3 3683
= 3 3899
= 3 3899
e s 4004
= $* 4032
= 3 4064




Bottom Baryon Spectra
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Left panel — single bottom:
red Universal GBE RCQM prediction

green  PDG 2013 (experiment)

Right panel — double bottom:

green  W. Roberts and M. Pervin: Int. J. Mod. Phys. A 23 (2008) 2817 (nonrel. one-gluon-exchange CQM)
orange D. Ebert, R.N. Faustov, V.O. Galkin, and A.P. Martynenko: Phys. Rev. D 66 (2002) 014008 (RCQM)
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red Universal GBE RCQM
green  W. Roberts and M. Pervin: Int. J. Mod. Phys. A 23 (2008) 2817
(nonrelativistic one-gluon-exchange CQM)
blue S. Migura, D. Merten, B. Metsch, and H.-R. Petry: Eur. Phys. J. A 28 (2006) 41 (Bonn RCQM)
cyan A.P. Martynenko: Phys. Lett. B 663 (2008) 317 (RCQM)

magenta S. Meinel: Phys. Rev. D 82 (2010) 114502 (lattice QCD)



Current- vs. Constituent-Quark Masses

Dynamical mass gain Am = mgq — mgy due to SBxS is
similar for all flavors:

Quark | PDG | RCQM | DSE
ot starge. flavor | Mg | mq Am | Am
T(u+d) | 33-42 | 340 ~336 | ~276
S | 95+5 | 480 ~385 | ~278
c | 1275+25 | 1675 ~400 | ~330
b | 4660+30 | 5055 ~395 | ~400
PDG: Particle Data Group (i.e. current-quark masses)
RCQM: Relativistic Constituent-Quark Model
DSE: Dyson-Schwinger Equation

Is Am a new challenge for flavor physics?



Functions from DSE
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A. Hdll, A. Krassnigg, C.D. Roberts, and S.V. Wright: Int. J. Mod. Phys. A 20 (2005) 1778



Rest-Frame Baryon States

Mass operator eigenstates
M\P,J, %, T,Mr) = M|P,J,%, T, Mr)

represented in configuration space

Light, strange,

Crarl=i <57 ﬁ‘P, J X, T, MT> = W5, (€, 7)
with £ and 77 the usual Jacobi coordinates.

Picture the baryon wave functions through
spatial probability density distributions

plE.) = €22 / d0:dQ,
Vs umy (€ Qe m, Q)Y pus i (€, e, 1, Q2y)




Light, strange,
charm, bottom

N GBE CQM

N(1440) GBE CQM N(1440)

T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77 (2008) 114002



Light, strange,
charm, bottom

p(&, n) for the %+ octet baryon states N(1440), A(1600), (1660), =(1690):

N(1440) A1600) £(1660)
2 2 2 2
15 15 15 15
71 01 a1 01
05 05 05 | J 05
0 0 0 > 0

0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0

& & &

T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77 (2008) 114002

2(1690)



p(&, n) for the %+ decuplet baryon states A(1232), (1385), =(1530), ©2(1672):

A(1232) £(1385) E(1530) 0(1672)

2 2
d 1.5 15
n 1 7 1
! 05 05
0 0 0
0 05 1 15 2 0 05 1 15 2 0
3 3

p(€&, n) for the %+ decuplet baryon states A(1600), >(1690):

Light, strange,
charm, bottom

0.5 1 1.5
3

A(1600) Z(1690)

2 2
15 15
n 1 n 1
05 05
0 0
0 05 1 15 2 0 05 1 15 2
3 3

T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77 (2008) 114002




Root-Mean-Square Radii

Light, strange,
charm, bottom

N
2

1.5

rN =0.304 fm

The root-mean-square radius (in the rest frame):

rrms:\/<r2 (/dsn P OJZ

Is NOT an observable! Is NOT relativistically invariant!
— ldea about the spatial distribution of constituent quarks.

r2=0.905 fm, (r2)?=—0.128 fm?

See: K. Berger, R.F. Wagenbrunn, and W. Plessas:

A2

P = og/z>)1

A(1232)

I5s=0.390 fm
A oA =2 =0.656 fm, rA"=0 fm

Phys. Rev. D 70, 094027 (2004)




Light, strange,
charm, bottom

multiplet  (LS)JP
octet  (01)1T  N(939)1%0 A(1116)100  5(1193)'00  =(1318)%0
octet (07)1 N(1440):22 A(1600)% 2(1660);20 =(1690)'%°
octet  (01) N(1710) ¥(1880)
octet (11)1=  N(1535)'%0  A(1670)72 ¥ (1560)%*
octet (13)1~  N(1650)19°  A(1800)1%° ¥ (1620)'%0
octet  (11)37  N(1520)'°°  A(1690)72 ¥(1670)% =(1820)%7
octet (13)3~  N(1700)'% 5(1940)100
octet (12)2~  N(1675)'%°  A(1830)'%°  x(1775)'%0  =(1950)'%
decuplet (o%)%+ A(1232)190  5(1385)'00  =(1530)'°  ©(1672)'%
decuplet  (03)3F  A(1600)'%°  3(1690)%
decuplet (1)1~ A(1620)19°  5(1750)%
decuplet (11)3~  A(1700)100
singlet  (13)5 = A(1405)""
singlet ~ (13)3~  A(1520)""
singlet  (03)1"  A(1810)%

T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77, 114002 (2008)

See also the PDG: Phys. Rev. D 86, 010001 (2012)



Various Baryon Reactions

Matrix elements of a transition operator O between baryon
eigenstates |P,J, X, T, T3, Y)

(P J, S T, T3, Y|O|P,J,=, T, T3, Y)

O..Jt,  — electromagnetic FF’s

AL — axial FF’s

.8 — scalar FF

.. Gnr — gravitational/tensor FF’s
. D{  — hadronic decays

To be calculated from microscopic three-quark ME’s

(D1, Pa, P3; 07, 05, 0 fir, fiy, ﬁ§|©\P1,P27P3;01702,03; fi, By, fiy)
() ()
boosted 3-body states boosted 3-body states



Extended Structures of the Baryons

Nucleons N



Electromagnetic Nucleon Observables

Covariant predictions for:

» Electromagnetic nucleon form factors
GR(Q@?), Giy(@?); GL(@®), G(@®)

» Electric radii and magnetic moments
o .
rEs //Lp’ rg; /'Ln

— Comparison to experiment



Invariant form factors:

Fes(Q®) = (P, J,2, T,Mr|J%,|P,J,Z, T, Mr)

with @° = —g°; gt = PH— P



f the GBE CQM:

1.0

Nucleon E.m.

Covariant predictions o

Andivahis

- NRIA
PFSA-NRC

Andivahis
Walker

sill
Hoehler
Bartel
PFSA

x  Becker (corr. Golak)
> Passchier

Zhu
—— PFSA

- NRIA
- -~ PFSA-NRC

Lung
Markowitz —

Bruins
Gao
Anklin 98
Anklin 94
n 4

A¥x+x4D>o0OD

u
Kubon
PFSA

- NRIA
PFSANRC

2
Q*[(GeV/c)]

2
Q° [(GeVic)]

3 4

R.F. Wagenbrunn, S. Boffi, W. Klink, W. Plessas, and M. Radici: Phys. Lett. B511 (2001) 33



Nucleon Electric Radii and Magnetic Moments

Electric radii r2 [fm?]
Baryon GBE PFSM Experiment

) 0.82  0.7692 +0.0123"
0.70870 + 0.00113?
n —0.13 —0.1161 £ 0.0022
Nudeon £ ") CODATA value (PDG) 2) Pohl et al.: Nature 466 (2010) 213

Magnetic moments p [n.m.]
Baryon GBE PFSM Experiment

p 270 2.792847356
n —1.70 —1.9130427

K. Berger, R.F. Wagenbrunn, and W. Plessas: Phys. Rev. D 70, 094027 (2004)



Nucleon r2 and p — Nonrelativistic !!!

Electric radii r2 [fm?]
Baryon GBE PFSM GBE NRIA Experiment

D 0.82 0.10 0.7692 +0.0123"
0.70870 =+ 0.00113?
n —-0.13 —0.01 —0.1161 £ 0.0022
Nucleon E.m. 1) CODATA value (PDG) 2) pohl et al.: Nature 466 (2010) 213

Magnetic moments p [n.m.]
Baryon GBE PFSM GBE NRIA Experiment
p 2.70 2.74 2.792847356
n —1.70 —1.82 —1.9130427

K. Berger, R.F. Wagenbrunn, and W. Plessas: Phys. Rev. D 70, 094027 (2004)



Flavor Analysis of Nucleon E.m. FFs

By analyzing the experimental world data base of

e both e —p and e —n elastic scattering data
e under the assumption of charge symmetry

one can extract the contributions of the different quark
flavors inside the nucleons to their electromagnetic form
factors:

» G.D. Cates et al.: Phys. Rev. Lett. 106, 252003 (2011)

> |. A. Qattan and J. Arrington: Phys. Rev. C 86, 065210
(2012)

» M. Diehl and P. Kroll: Eur. Phys. J. C 73, 2397 (2013)



Nucleon E.m.

-——- 23 G‘é (QZ)
—— 13 G (@)

15 — G (@)

Boinepalli: 2/3 GE (Q%)
Boinepalli: -1/3 GZ (Q?)
Boinepalli: G (@)
Andivahis

Bartel

Hoehler

Christy

il

Walker

Qattan

CJRW: 2/3 GY (@?)
CJRW: -1/3 GI (@?)

0.5

> 0O MO bAID XX+

2
Q2 [GeVZ/c?

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: Few-Body Syst. 58, 83 (2017)



Nucleon E.m.

® Herberg @  Ostrick
[J Becker ¢ Passchier
y A Glazier @ Rohe
4 ar X Boinepalli: v Meyerhoff @ Zhu
05/ 2/3 GE (@) © Bermuth © Madey ]
/ +  Boinepalli: B Eden & CJRW: 2/3 GYQ?)
-1/3 GE (@) ® Schiavilla O CJRW: -1/3 GKQ?)
%  Boinepalli: 4  Lung
2 (@) v Bruins, .
0 1 2 3
Q? [GeV3/c?

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: Few-Body Syst. 58, 83 (2017)



Nucleon E.m.

Proton Magnetic Form Factor

Boinepalli: 2/3 G“,a,l (@
Boinepalli: -1/3 Gé\,l @ 1
Boinepalli: Gfy (Q°)
Andivahis

Bartel 1
Hoehler

Christy

sill -
Walker
Qattan
CJRW: 2/3 G”M @ ]
CJRW: -1/3 G (@D

2
Q2 [GeVZ/c?

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: Few-Body Syst. 58, 83 (2017)




Nucleon E.m.

: 4 Boinepalli: v  Gao
——- -1/3 Gy @ Gl (@) ©  Xu 2003
o — Gy (@) O Bartel & Xu 2000
15t X Boinepalli: 4 Anklin 94 ® Llung i
2/3 G¥ (@2 e Ankiin 98 v Bruins
[# +  Boinepalli: A Kubon o CJRW: 2/3 G (@)
-113 Gy (@) B Markowitz O CJRW:-1/3 Gy (@)
0 1 2 3
Q? [GeV3/c?

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: Few-Body Syst. 58, 83 (2017)



Flavor analysis of nucleon e.m. form factors in a
relativistically invariant framework (point form).

The GBE RCQM predicts flavor contributions in
reasonable agreement with experimental data.

The GBE RCQM relies on { QQQ} d.o.f. only;
no explicit { QRQQQQ} etc.

No indication for diquark clustering

No strangeness content in the nucleon for the low
momentum transfers considered here (Q° < 4 GeV?).
Details:

M. Rohrmoser, Ki-Seok Choi, and W. Plessas:
Few-Body Syst. 58, 83 (2017)

W. Plessas: Int. J. Mod. Phys. A30, 1530013 (2015)




Axial (Weak-Interaction) Form Factors
of

the Nucleons



Axial Nucleon Form Factors

Covariant predictions of the GBE RCQM:

15l O Pion world data
: \ O Pion Mainz

] 100
G A Neutrino world data
FSA 1

N NRIA

N -~ RClno boosts

N Axial + Grav.

O Bardin
O Choi
with pion pole G,
— — - without pion pole

I I I
R 01 1

Q' [(GeVEey')

Q? [(GeVicY]

95PF=1.15 vs. 957 = 1.2695:+0.0029

L.Ya. Glozman, M. Radici, R.F. Wagenbrunn, S. Boffi, W. Klink, and W. Plessas: Phys. Lett. B 516, 183 (2001)




Gravitational Form Factors
of

the Nucleons



Invariant ME of energy-momentum tensor 6#*:

(P'JX'|6M|PJT) = U(P) [y(“P”)A(QZ) +

g2+ $T =T o
s o B(QP) + T C(@) | U(P)

A(Q?) ~ (P'JX'|Q%|PJL)



URCQM
AdS/QCD

1 A(Q2) Domokos et al.

0 1 1 1

0 1 2 3
Q?[(GeV/c)?]

J.P. Day: PhD Thesis, Univ. Graz, August 2013




A Electromagnetic Form Factors
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GBE RCQM: Ki-Seok Choi: PhD Thesis, Univ. Graz, 2011

Lattice QCD: C. Alexandrou et al. Phys. Rev. D 79 (2009) 014507
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GBE RCQM: Ki-Seok Choi: PhD Thesis, Univ. Graz, 2011
Lattice QCD: C. Alexandrou et al. Phys. Rev. D 79 (2009) 014507
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Microscopic Description
of

Meson-Baryon Interaction Vertices



B (
B = N’

Fior=@n)* (AL (0 = (V,M,J, 2Dy |V,M,J,5)
where
N, A <P17P27P3 o%,0%,05 | D, P2, Ps; 01702703>
SN — 98501 oY1 Amt(P 1) 2208 (Be—P)2P508 (Ba—F4) 048y
2my (27T)§
and
G (@) — 1 meVer Ex+My F,,
w () = 2Ny B+ My +w Q:
1 3v2 my Fi
G <02) _ m i—f

fona 2 JEL + M2, Qe



0.5

0.5

7NN, TNA

T T
— RCQM — RCQM
- -Lee == Sato-Lee
-+ Polinder-Rijken Polinder-Rijken
Iy A Livetal, 1 § % Alexandrou etal. A
'\ g I % Alexandrou etal. A W i % ® Alexandrou etal. B
Y @  Alexandrou et al. B R =)
3 3 — Erkol etal. & e

Alexandrou et al. C

T. Melde, L. Canton, and W. Plessas: Phys. Rev. Lett. 102, 132002 (2009)




0.0649 0.0481 0.0412
N A 0.451 0.453 0.940 A 0.747 0.614 1.65
A, 0931 0.641 1.102 = = =

NN, TNA 2

ﬁ 0.188 0.334 0.478
A Ay 0594 0458 0.853
A2 0.998 0.648 1.014

T. Melde, L. Canton, and W. Plessas: Phys. Rev. Lett. 102, 132002 (2009)



Constituent-Quark-Model Review

W. Plessas:
Int. J. Mod. Phys. A30, 1530013 (2015)

also in:

T TN "50 Years of Quarks"
ed. by M. Gell-Mann and H. Fritzsch
(World Scientific, Singapore, 2015)



Strong Decays of Baryon Resonances

7, 11, and K Decay Modes
of

N*, A%, N\, 2F, =* Resonances



7w Decay Widths of N* and A*

N*, A Experiment  Relativistic  Nonrel. EEM
— Nr [MeV] GBE OGE GBE OGE
N(1440) (227 + 18)+7° 30 59 7 27
N(1520) (66+6)" 3 21 23 38 37
N(1535)  (67+15)"% 25 39 559 1183
N(1650) (109+26)*% 63 99 157 352
N(1675) (68+8)""Y 84 104 13 16
N(1700) (10+5)"% 10 13 22 27
N(1710) (15+5)*% 19 21 8 6
A(1232)  (119+1)"F 35 31 89 85
A(1600)  (61+26)"% 05 51 93 86
A(1620) (38+8)"% 12 28 76 177
A(1700)  (45+15)"% 38 41 104 91

With theoretical masses

T. Melde, W. Plessas, and R.F. Wagenbrunn: Phys. Rev. C 72, 015207 (2005); ibid. 74, 069901 (2006)



Lesson from { QQQ} Constituent-Quark Model

Baryon spectroscopy of all flavors consistently
described in a universal RCQM based on GBE
dynamics

» The covariant structures of the ground states (N, A,
A, ...) in good agreement with experiment (wherever
such data are available)

» Predictions by the GBE RCQM reasonable consistent
with (reliable) lattice-QCD results.

» Disturbing shortcomings of the { QQQ} quark model
for hadronic decays

» Obviously certain observables require
more than { QQQ} degrees of freedom

Decay Systematics



Coupled-Channels Constituent-Quark Model

Introducing

explicit mesonic degrees of freedom

W. Plessas and R.A. Schmidt: Few-Body Syst.: to appear (2019)



{QQQ} Cluster with Explicit Pions

Coupled-channels mass-operator eigenvalue equation
for w-dressing of a given bare { QQQ} cluster state

Maga Keaaa < [elele; ) 3 m( [Yaqe) )
Ko Moo |\ Yacais) Yaaair) )
where Mébf? is the {6(2\)6} mass operator with confinement.

After Feshbach elimination of the | qgq.~) channel:

M_——

e+ K — M656+7r)_1 "__lWaeq) = mvaaq)-

QQQ( ~QQQ

Vapt

It is an exact eigenvalue equation for |{)gqq), yielding in
general a complex eigenvalue m of the w-dressed { QQQ}
system.



Strong 7NN, 7NA, AN, and #AA FFs

Equating the microscopic optical potential with the hadronic
one (including vertex FF’s)

o M —1 gt
J K gaa(m = Maga, ) Kﬂaba

) K T (R2)

~ f}—wéé(kf)K ga(m — M BB~ BB

v B—Hr
allows to determine the various strong =BB form factors

F z5(k?) at the followingvertices:




Result of the CC RCQM compared to other models

7iNN Form Factor

T T T T
1.0 i

RCQM  ====eee- PR Multipole

0.8 \‘ i

@c

Form Factors

0.0 =

0.0 0.5 1.0 1.5 2.0 285



Pionic (Dressing) Effects on Nucleon Mass

Predictions of the CC RCQM

CC RCQM SL KNLS PR Gauss PR Multipole

2 0.071 0.0691 0.08  0.08 0.013 0.013
my 939 939 939 939 939 939
my 1096 1067 1031 1037 1025 1051
my—my 157 128 92 -98 -86 112

(all values in MeV)

N and A Masses



Result of the CC RCQM compared to other models

riNA Form Factor

1.0

RCQM  ==semess PR Multipole
0.8 “\ — — GL —_— CC

N and A Masses

5> 2 )
Kr [GeV?]




Pionic (Dressing) Effects on A Mass and Width

Predictions of the CC RCQM

CC RCQM SL KNLS PR Gauss PR Multipole
P
Zi 0.239 0.188 0.334 0.126 0.167 0.167
my 939 939 939 939 939 939
Re[ma] 1232 1232 1232 1232 1232 1232
mx 1327 1309 1288 1261 1329 1347
Re[ma] — mx £J5) =77 -56 -29 -96 -115
2 Im[mp] = 67 47 64 27 52 52
rexp(A — 7TN) ~ 117
(all values in MeV)
N and A Masses A decay to physical N: n

- ~.




Mass [GeV]

0.4f — N
0.2
0.0f
0.00 0.02 0.04 0.06 0.08
2
fraqQ
N and A Masses
47t

Blue dotted line: decay threshold my + m, = 1078 MeV
(my = 939 MeV, m, = 139 MeV)



N and A Masses

Predictions of the CC RCQM

with dressed coupling constant fiya = 1.3 x f zx:

CC RCQM  SL KNLS PRGauss PR Multipole
2
Lo 0403 0318 0564 0213 0.282 0.282
my 939 939 939 939 939 939
Re[ma) 1232 1232 1282 1232 1232 1232
my 1381 1356 1319 1279 1387 1418
Relma] —m;  -149 124 87 47 -155 -186
2 Im[mp] =T 118 83 106 45 94 97
Fexp(A — 7N) ~117

A decay to physical N:

- .

(all values in MeV)



Conclusions and Outlook

» A {QQQ} constituent-quark model cannot provide a
comprehensive, simultaneous description of baryon
ground AND resonant states

» A coupled-channels theory taking into account the ,
as the Goldstone boson of spontaneous
chiral-symmetry breaking of low-energy QCD,
immediately offers new degrees of freedom

» A consistent implementation of pionic effects for the
N and the A has now been achieved
(in a relativistically-invariant framework)

» Extensions to further resonances are called for
» Other than just = couplings will presumably be needed
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