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Motivation for Resorting to Quark Models

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.



Low-Energy QCD / Relevant Degrees of Freedom

Relativistic Constituent-Quark Model (RCQM)
Interacting mass operator with GBE dynamics

Baryon Spectroscopy
Light, strange, charm, bottom

Baryon Structure
Nucleon e.m. form factors - Flavor analysis
Baryon electromagnetic form factors
Nucleon and baryon axial form factors / charges
Nucleon gravitational form factors

Summary and Conclusions



Low-Energy QCD

Low-energy QCD of N flavors is characterized by:
e spontaneous breaking of chiral symmetry (SBxS):
SU(Ns). x SU(Nf)g — SU(Ny)y

— appearance of (N? — 1) Goldstone bosons ¢
— generation of quasiparticles with dynamical mass,
i.e. constituent quarks

e thus (effective) interaction Lagrangian:

—

£int ~ Igh’m/‘:_)/\f : @U

A. Manohar and H. Georgi: Nucl. Phys. B 234 (1984) 189
E.V. Shuryak: Phys. Rep. 115, 151 (1984)

L.Ya. Glozman and D.O. Riska: Phys. Rep. 268, 263 (1996)
see also:

S. Weinberg: Phys. Rev. Lett. 105, 261601 (2010)



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

L~ - [~ %
Miree = Hfree P free

3 3
/\Aﬂ,ﬁSt frame  _ Z ‘A/ij — Z[‘A/I]gonf + \"/I;#
i<j i<j
fulfilling the Poincaré algebra
[P,A]=0,  [JH=0, [P, H =0,
[Ki, Hl = =iPi  [Ji, Ji] = iejdi [Ji, Kjl = €Kk,
[Ji, Pl [Ki, Ki] = —iejdk, [Ki, Pl = —idH

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



= Hiee

GBE RCQM I:1

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 )
- g/j 1 2 e Ml =
GBE RCQM V I = — _4 6 I
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

Light, strange,
charm, bottom

and

Mass-Operator Eigenstates



Light, strange,
charm, bottom

N

red Universal GBE RCQM

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

M M
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Left panel — single charm:

red Universal GBE RCQM prediction

green PDG 2013 (experiment)

Right panel — double charm:
green M. Mattson et al.: Phys. Rev. Lett. 89 (2002) 112001 (SELEX experiment)

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)



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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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)



Light, strange,
charm, bottom

leftmost cyan levels confinement only
middle magenta levels  including only light-light GBE
rightmost red levels including full GBE RCQM



Rest-Frame Baryon States

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

represented in configuration space

<§, 7 ‘ P,J X, T, MT> = WPJZTMT(g’ )

charm, bottom

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)




N GBE CQM

Light, strange,
charm, bottom

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

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

rrms:\/<r2 (/dsn P OJZ

Is NOT an observable! Is NOT relativistically invariant!

A2

P = og/z>)1

i i — ldea about the spatial distribution of constituent quarks.

N
2

1.5

rN =0.304 fm

r2=0.905 fm, (r2)?=—0.128 fm?

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

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



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



Transition Matrix Elements in Point Form

Incoming baryon state: |V, M, J, X)
Outgoing baryon state: |V’ M’ J, T’ =|P,J, T
Transition operator: O=Jx,

(v, M’ J X I VM, I, T =

= 2 >y / Lled kKK

0'1‘7 I—LIN,

3
w!

ucleon E.m. Z * DO
ot (H,'zi)) D4, (R [ B (V)] YW (Ros R R i, )

. / A .
X <P17p2 p3 0-170-270-3|er ‘p11p27p3'0-170-2703>

F H D2, (R U BO W (R R, Ko pn, iz, s

*2M V8 (Mv MV - a)

where p; = Be(V)ki, pi=Bs(V')k/, and w;=/k?+ m?



f the GBE CQM:

1.0

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



Covariant predictions of the GBE CQM:

Nucleon E.m.
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R.F. Wagenbrunn, S. Boffi, W. Klink, W. Plessas, and M. Radici: Phys. Lett. B511 (2001) 33
M. Rohrmoser: Diploma Thesis, Univ. of Graz, 2013
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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
1) CODATA value (PDG) 2) pohl et al.: Nature 466 (2010) 213

Nucleon E.m.

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
1) CODATA value (PDG) 2) pohl et al.: Nature 466 (2010) 213

Nucleon E.m.

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

Nucleons N



Nucleon E.m.
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M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
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M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
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M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665



Neutron Magnetic Form Factor

Nucleon E.m.
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——- 13 Gi\‘,, (@? Gy (@9 ©  Xu 2003
o — Gy (@) O Bartel & Xu 2000
15} X Boinepalli: 4 Anklin 94 * Lung i
2/3 G (@%) ¢ Ankiin 98 v Bruins
[# +  Boinepalli: A Kubon o CJRW: 2/3 G (@2
-1/3 G}y (@) = Markowitz O  CJRW:-1/3 GY (@)
0 1 2 3
Q% [GeV?/c?)

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665



Kelly fit (2004)

—— RCQM - Miller (2005)

Nucleon E.m. ¥ 10

10

05 1.0 15 20 25 3.0 35 4.0
Q@ [GeV?]

e
)

3-Q vs. 5-Q components?

From: G. D. Cates, C. W. de Jager, S. Riordan, B. Wojtsekhowski: Phys. Rev. Lett. 106, 252003 (2011)



to F; and F>

Nucleon E.m.

[ P (@)
4 CJRW: FYFY (@)

————— Kelly: FY/FY (@)
0.3 : : :
0 1

2
Q? [GeVZ/c?]
—————— dashed green line: GBE RCQM -+ dotted line and blue area: Kelly fit with %*error

No indication for 5-Q components in the nucleons!

o = =
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—————— dashed green line: GBE RCQM ++++ dotted line and orange area: Kelly fit with %*error

No indication for 5-Q components in the nucleons!



—— GBE RCQM: 2 FY/FY (@)
. d 2y 1
} ---- GBE RCQM: - FY/F3 (@9
[

Nucleon E.m.

2
Q2 [GeVZ/c?]
Fall-off is no indication for diquark clustering in the nucleons!

GBE RCQM prediction: M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
Phenomenology: e G.D. Cates etal.: Phys. Rev. Lett. 106, 252003 (2011)
1 M. Diehl and P. Kroll: arXiv:1302.4604



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} degrees of freedom
only; no explicit { QRQQQY} etc.

No explicit meson-cloud effects are included.

No strangeness content in the nucleon for the low
momentum transfers considered here.

With respect to F¢/F/ three different
phenomenological analyses give distinct answers.
Details:

M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
W. Plessas: Mod. Phys. Lett. A 28, 136022 (2013)




A and Hyperon E.m. 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



Baryon E.m.
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Baryon E.m.
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Axial Charges and Axial Form Factors

Axial Charges and Axial Form Factors
of

N Ground State and N* Resonances
as well as
ALY = ¥* =F



Axial Nucleon Form Factors

Covariant predictions of the GBE RCQM:

Axial FFs

O  Pion world data
O Pion Mainz

~ - NRIA
== RC/no boosts

4 Neutrino world data ]
FSA 1

Q? [(GeVicY]

100

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

001t L L

0.01 0.1 1
Q' [(GeVEey')

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)




EGBE Lattice QCD GN NR

N©39) 17 115  1.23~1.26 1.66 1.65
N(1440) 1" 1.16 ? 166 161
N(1535) % 0.02 ~0.00 -0.11  -0.20
N(1710) 1° 0.35 ? 0.33 042
N(1650) 1~ 0.51 ~0.55 0.55 0.64

EGBE Extended GBE RCQM covariant result

Lattice Lattice QCD calculations by LHPC Collaboration and
Takahashi-Kunihiro (Kyoto)

GN Glozman-Nefediev SU(6) x O(3) nonrelativistic QM

NR Non-Relativistic EGBE result

K.-S. Choi, W. Plessas, and R.F. Wagenbrunn: Phys. Rev. C 81, 028201 (2010)



Axial Charges of A, 2, =, ", =

J/ Exp EGBE LO EOT JT NR
N 17 12695 115 118 1314 118 1.65
r T - 065 0.636 0686 073 093
= 7 - 021 -0.277 -0299 -0.23 -0.32
A 3. 4.48 - - ~-45 -6.00
> 8 . 1.06 - - S
= 3 . 0.75 - - - -1.00

EGBE Extended GBE RCQM covariant result

LO Lin and Orginos lattice-QCD calculation

EOT Erkol, Oka, and Takahashi lattice-QCD calculation
JT Jiang and Tiburzi xPT calculation

NR Non-Relativistic EGBE result

K.-S. Choi, W. Plessas, and R.F. Wagenbrunn: Phys. Rev. D 82, 014007 (2010)



Gravitational Form Factors
of

the Nucleon



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 ——
2 AdS/QCD -------
! A(Q ) Domokos et al. -------- .

0 L ! i :
0 1 2 3 4 5

Q?[(GeV/c)?]

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



Surprisingly good agreement of predictions by GBE
RCQM with experimental data (wherever such data are
available)

Small deviations left in some observables, such as
electric radii and magnetic moments

Surprisingly good agreement of predictions by GBE
RCQM with lattice-QCD results
Most important symmetries of GBE RCQM:

» SB\S

» Lorentz invariance

» time-reversal invariance

» current conservation
The non-relativistic quark model does not work in
any instance
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