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Relativistic Constituent Quark Model (RCQM)

Low-energy hadrons governed by valence-quark d.o.f.
Conventionally, mesons as Q2 and baryons as QQQ),
with proper Q-Q and Q-Q dynamics, respectively.

» Has a limited range of validity.

» Set up in a relativistic (i.e. Poincaré-invariant)
quantum theory.

» Perform high-accuracy microscopic calculations (of
relativistic two- and three-quark systems), including all
possible spatial, spin, and flavor dependencies, by
advanced few-body methods.



Formalism

Relativistic quantum mechanics

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
M = Mfree + Mint

Eigenvalue equations

MmP,Jx)=M|P,Jx) , M =Prp,
Pr|P,J,T)=Pr|P,J,X) , Pr=Mbn

P* ... 4-momentum, J ... baryon spin, X ... spin projection



Invariant Mass Operator

Interacting mass operator

A

M = Mfree + Mint
> _ JJEe _ B
Miree = Hfree P free

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

fulfilling the Poincaré algebra

g

,P; ... time and space translations,

A~

J; ... rotations, K ... Lorentz boosts



Baryons

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

Here the proton:
G o
Q@

» 'Constituent’ quarks are quasiparticles with dynamical
mass, NOT the original QCD degrees of freedom (i.e.
the ‘current’ quarks).

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




Q-Q Dynamics from (Low-Energy) QCD

e Confinement according to the string tension of QCD
(linearly rising potential as in lattice QCD)

e Low-energy QCD of three flavors u, d, s:
spontaneous breaking of chiral symmetry (SBy S):

SU(3). x SU(3)a — SU(3)y

— appearance of (N? — 1) Goldstone bosons é

— generation of quasiparticles with dynamical mass,
i.e. constituent quarks

— effective Lagrangian: L. ~ igiys\ - ou

A. Manohar and H. Georgi: Nucl. Phys. B 234 (1984) 189
E.V. Shuryak: Phys. Rep. 115, 152 (1984)

L.Ya. Glozman and D.O. Riska: Phys. Rep. 268, 263 (1996)
S. Weinberg: Phys. Rev. Lett. 105, 261601 (2010)

L.Ya. Glozman, W. Plessas, K. Varga, and R.F. Wagenbrunn: Phys. Rev. D 58, 094030 (1998)



GBE RCQM

Goldstone-Boson-Exchange (GBE)
Relativistic Constituent Quark Model (RCQM)

i=1
Vconf(Fl/) = Vo + Crj
3 7
Vir(Fy) = | D VaFAFAS + D Vk(FAT AL
F=1 F=4

o RV e
+ \/77(1’,'1')/\?/\;5 = 3 Vn’(rij)} G- dj

L.Ya. Glozman, W. Plessas, K. Varga, and R.F. Wagenbrunn: Phys. Rev. D 58, 094030 (1998)

Extended version (EGBE RCQM):
K. Glantschnig, R. Kainhofer, W. Plessas, B. Sengl, and R.F. Wagenbrunn: Eur. Phys. J. A 23, 507 (2005)




GBE RCQM Parametrization

Veont (FU) =W+ C"ij
Vo = —416 MeV, C=2.33 fm—2

y=mK,nn'"
. g A p € Fi .
Vi) = 5 g {1 — 4O}
2 —H Tjj —Ay T
- %12[:’7;”7] {'use I‘,'j : _Age I‘,'j ]}’
Ay = No + Kpiy

% —0.67, m, = mg =340 MeV, m; =500 MeV,

1~ as measured (taken from PDG)

2
(g:) =1.34, \y=2.87 fm~', ,=0.81



Baryon Spectroscopy
and

Mass-Operator Eigenstates



Spectra

Excitation spectra of the GBE RCQM:
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Excitation spectra of the GBE RCQM:
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Rest-Frame Baryon States

Mass operator eigenstates
M|P,J, =, T,Mr)=M|P,J,x, T, Mr)
represented in configuration space
<57 ﬁ‘P, J, X, T, MT> = VeyrTuy (&, 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)




Pictures of Baryons (rest frame)

N GBE CQM

Eigenstates

N(1440) GBE CQM NEE0)

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



p(&, n) for the %+ octet baryon ground states N(939), A(1116), ¥(1193), =(1318):

N

A 5
2 2 2
15 15 15
n n 1 n 1
0.5 0.5 0.5
Eigenstates 0 0
0 i 15 2 0 05 1 15 2 0 05 1 15 2
3 3

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

N(1440) A(1600) 2(1660)

£(1690)

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



Spatial Probability Density Distributions

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

A(1232) 2(1385) £(1530)

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

p(&, n) forthe g " decuplet baryon states A(1600), X(1690):
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T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77, 114002 (2008)
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Hadronic Decays

of Baryon Resonances

m, 11, and K decay widths
of

N, A, A, >, = resonances



Decay Widths and Transition Amplitude

Hadronic decay widths for a particular decay mode m
™ = 2mps |F(i — f)?
pf -... relativistic phase-space factor
Transition amplitude = ME of decay operator D'
F(i—f)=(P,J, 2, T T3, Y|D"|P,J,Z, T, T3, Y)
to be calculated from microscopic three-quark ME’s

APV SV B B Aym . .
<p1)p2)p310-170-270-31fi1’7fié7fié|D |p1)p2)p310-170-270-31fI‘17fI'27fi3>

f ()
boosted 3-body states boosted 3-body states



, P+ PL E' E2 J, K,
PO — H, K; pr P-.F! F2

are interaction-free and interaction-dependent generators



Transition Matrix Element in Point Form

Incoming baryon state: |V, M, J, X) =|P,J,X)
') 2|P,J, 1)

Outgoing baryon state: |V, M, J',
(V.M J T |D"|V,M,J, %) =

F(i—>f =
= 2/ direaiicaiedit
U'yU HIH/
N3
w / , * DA A
(%121)1 D 12 , {HW [k (V )] }\I’M/le/ (k1,k27k3;/1/1nu’27)u’3)
1

I
/ / / ! m
x (P, P2, ps'm,az,asl D% |p1, P2, psi 01, 02, 03)

(X

H D3 {w [k B (V)] Wne: (i, e o,z

(VK and wi = \/l?,? +m?

I 2w,
x2MVps® (Mv —MV - a)

where p; = Bo(V)ki, pj=B



Point-Form Spectator-Model (PFSM) Operator

Hadronic decay operator in the point-form spectator model

/ / /. ! / Il A_m 5 _
<p1)p23p3v0-170-270-3‘ Drd |p17p25p3y01702503> =

_ iQggm 1 -, W =m
3/\/2m1 —@U(pum)m Fu(pr,01) Qu

X 2p205 (ﬁz - ﬁé) 2p305 (53 - ﬁé) 60'2¢7é60'3aé

with
pr-pi=g£Q =P*- P § = Q"

v=(va) (Za)

(=)




Decay Widihs

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)"", 84 104 13 16
N(1700) (10+5"3 10 13 22 27
N(1710) (15+5)7% 19 21 8 6
A(1232)  (119+1)'3 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

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

Similar results in a Bethe-Salpeter approach by Bonn group, see B. Metsch: EPJA 35, 275 (2008)



n Decay Widths of N*

Experiment  Relativistic  Nonrel. EEM

N — Np [MeV] GBE OGE GBE OGE
N(1520) (0.28+0.05)'%% 01 01 004 004
N(1535) (64+19)" 25 27 35 127 236
N(1650) (10+£5)" ‘1‘ 50 74 283 623
N(1675) 0+15"9% 15 24 11 18
N(1700) 0+1)" 93 B 05 09 02 03
N(1710) 6+1)" ‘1 002 006 29 93

With theoretical masses

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



Decay Systematics

0 100 0 100 0 100 0 100 0 100 0 100

N1440 N1710 N1535 N1650 N1520 N1700 N1675

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



Decay Systematics

0

100 0 100 0100 0 100
A1232 A1600 A1620 A1700

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



Decay Systematics

0

100 0 100 0 100
A1405 A1520 A1810

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



New Quark-Model Classification

J. Phys. G 37, 075021 (2010)
Phys. Rev. D 86, 010001 (2012)

Particle Data Group:

multiplet ~ (LS)J”

octet  (01)FF  N(939)'% A(1116)100  5(1193)190  =(1318)'00
octet  (05)1F  N(1440)°  A(1600)% ¥(1660)190  =(1690)'%°
octet  (01)LT  N(1710)1%0 ¥(1880)%°
octet (11)1=  N(1535)1°0  A(1670)72 ¥(1560)%*
octet (13)17  N(1650)'°°  A(1800)'%° s (1620)'%°
bonmy Syt octet (13)27  N(1520)1%°  A(1690)72 ¥(1670)% =(1820)%7
octet (13)3~  N(1700)'% ¥(1940)'00
octet (12)3~  N(1675)190  A(1830)1%°  x(1775)'%0  =(1950)'%0
decuplet  (03)2F  A(1232)'%°  x(1385)'0  =(1530)'%°  (1672)'%°
decuplet  (03)2F  A(1600)'%°  x(1690)%
decuplet (1)1~ A(1620)'%°  5(1750)%
decuplet (11)3~  A(1700)'%°
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)



Coupled-Channels Constituent-Quark Model

Coupled-channels mass operator for / + 1 d.o.f.:

(85 () +(02)
K Mi |it1) |it1)
» i=QQ —:Meson dressing of bare QQ states

> = QQQ —: Meson dressing of bare QQQ states

Feshbach reduction:
— non-Hermitian mass operator

(M; — Kt (m — M) K) ) = mai)

-~

Vopt

— complex eigenvalue problem
» real eigenvalues m: bound states

» complex eigenvalues m: finite-width resonances



Transition Interaction at Quark Level

Interaction Lagrangian, consistent with GBE dynamics:
Liny = igpy°XF - g9

— Transition ME:

(Vi Kt 14; K, iz Kacson| K|V K7, 15 Kb, 1) ~

~ U(ke, n2)7°u(ky, o) + (ki pa )y u(ki, 1)

with anti/quark Dirac spinors

XH
5K )
w6+mxu

U(k,p) = Vo +m [x”, —x“”—';] :

ulk,p) =vw+m

w-+m



lterative solution:

Self consistent solution method

e
=

I
N

MassEigenvalue(Gev)

=
o

o
®

10
Iterations

15

Decay Width ~26Mev

1st Exc. State ~1449Mev

Ground State ~799Mev




CC Effects on Ground State and Resonance

Toy model without spin and flavor d.o.f. for

i=QQ, i+1=QQmeson:

1.8

—
N

N
IS

1.2

Mass Eigenvalue [GeV]

\

0.0 0.5 1.0 1.5 2.0
g%/4n

Strength of Q-meson coupling



Summary and Conclusions

» RCQM with { QQQ} configurations only:
» Covariant benchmark results established for hadronic
baryon decays
» Decay widths systematically too small

» RCQM with coupling to { QQQm} channels:
» Realistic description of bound states and resonances
possible
» Resonances do get finite widths

» Presently under way: Construct full-fledged CC RCQM
with all spin and flavor d.o.f.



Thank you very much
for

your attention!



Microscopic Description
of

Meson-Baryon Interaction Vertices



B (
B = N’

Fior = (@0)"{(flL(0) ) = (VM J.T| D5y |V. M. J,%)

where

P2, P3; 01702,03>

<p17P27P3 04,039,095 D

3NS ngqm 3 D(Pq ) O'; )’Y5’Y}L>‘mu(p1 5 01 )a”2P205(ﬁ2 _5é)2p305(ﬁ3 _ﬁé)(so‘goé 60‘30':;
2my (27T)§
and
!
G (@) — 1 meVer EN+My F,
o (@) = foww /2My Ely+ My +w Q:
1 3V2r Me Fiss
Genn (@) = - -

fona 2 JEL + My v2Mn Qe



— RCQM

—— Sato-Lee

- = Polinder-Rijken

A Livetal

*  Alexandrou et al. A
® Alexandrou et al. B
— Erkol et al.

T. Melde, L. Canton, and W. Plessas: Phys. Rev. Lett. 102,

132002 (2009)




— RCQM

— Sato-Lee

- Polinder-Rijken
Alexandrou et al. A
Alexandrou et al. B
Alexandrou et al. C

0.5+

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 = = =

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)
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