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Different relativistic approaches
to several hadron observables yield

similar results but not quite the same.

Seems to be true for:

» Hamiltonian vs. Hamiltonian approaches
» Bethe-Salpeter vs. Bethe-Salpeter approaches
» Lattice-QCD vs. lattice-QCD approaches



Framework of the Point-Form Approach

Spectroscopy and Mass-Operator Eigenstates
Ground-state and excitation spectra

Rest-Frame Baryon States in 3D

Relativistic Matrix Elements
Different relativistic approaches

Discussion of Results for Elastic E.m. Nucleon FF’s

Things to Do - A Wish List



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



Baryon Excitation Spectra
and

Mass-Operator Eigenstates



u, d, s Baryon Spectroscopy

Excitation spectra of the GBE RCQM:
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N and A Excitation Spectra

Spectra

N A N
left levels: One-gluon-exchange RCQM
right levels: Goldstone-boson-exchange RCQM
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W. Plessas: Few-Body Syst. Suppl. 15, 139 (2003)



GBE Hyperfine Interaction

Spectra

M [MeV]

Level shifts due to hyperfine interaction:
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L.Ya. Glozman, Z. Papp, W. Plessas, K. Varga, and R.F. Wagenbrunn, Phys. Rev. C 57, 3406 (1998)



Chiral Interaction

GBE CQM Lattice calculation

(Kentucky Group)
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K.F. Liu et al.: "Valence QCD: Connecting QCD to the

quark model’ Phys. Rev. D 59, 112001 (1999)



Chiral Interaction

GBE CQM Lattice calculation

(Graz Group)
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T. Burch et al.: Phys. Rev. D 74, 014504 (2006)



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 OGE CQMm

N GBE CQM

N(1440)

N(1440) GBE CQM N(1440) OGE CQM

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



Spatial Probability Density Distributions

p(&, n) for the %+ octet baryon ground states N(939), A(1116), ¥(1193), =(1318):
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p(&, n) for the %+ octet baryon states N(1440), A(1600), (1660), =(1690):
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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) £(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 05 1 15 2
3 3 3

p(€&, n) for the %+ decuplet baryon states A(1600), >(1690):
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T. Melde, W. Plessas, and B. Sengl: Phys. Rev. D 77, 114002 (2008)




Relativistic

Matrix Elements



N

Matrix Elements of a Transition Operator O

. J&  — electromagnetic FF’s

i _ ,
Al axial FF's
.S — scalar FF

.. 6 gravitational FF’s
ME’s between baryon eigenstates |P,J, X, T, T3, Y)
(P.J T T T, Y0P, J, 2, T, T3, Y)
to be calculated from microscopic three-quark ME’s

RS VR B A ~ . .
<p1ap25p3v0-170-2)o-3rfi1’7fiéaf/é|o‘p1’p2ap3ro-17o-250-3vfl'17fi25fll3>



Forms of Relativistic Dynamics

Invariant hypersurfaces in Minkowski space:

instant

Ji, Pi Ji, Ki P+ PL E' E2 J, K,
P° — H, K; (=T P-.F! F2

are interaction-free and interaction-dependent generators



e~ Scattering and Nucleon e.m. Form Factors

Elastic electron scattering:

Invariant form factors:

FLs(QP) = (P, J, T, T, Ta|J4,|P,J, 2, T, T3)

with QZ — —q2; qV — pv _ pv



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 2 T VML E) =

= D) / FLled ks Kyd K

Roescns el “'“fs
(%,I;Z;) = ?’{RW (ki B (V)] }Vings (Rﬁ/_{é,/?é:u%,u’z,ué)
x{p1, P2, ps-m,az,aéw;; D1, P2, Ps; 01, 02, 33)
(Ziwi

% HDg,u,{HW ki BV s (R, R, Roi 1, iz, i)

*2M V8 (Mv MV - a)

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



Point-Form Spectator Model (PFSM) Currents

Electromagnetic current

(P1, P, P3; 01, 03, 03] JX | Py, P2, Pa; 01, 02, 03) =
BN (P}, 01| Jiec 11, 1) 2P208 (B2 — B3) 20300 (B — B3) Gt Ocrgort
with
(ph, 04| e 1, 01) =

Relativistic

- ~ I ~ v
Approaches el (,04,0’4) f1(Q2),y,u + ﬁfZ(Qz)Uu Q.| u(p1,o1)
Axial current:

(P}, P2, P3; 01, 03, 05| Al |1, P2, Ps; 01, 02, 03) =

BN (P, 01| Al e |1, 1) 20208 (B2 — B5) 2Ps06 (Bs — ) 0050400404
with

(5, 01| Al spec lP1, 04) =

- 2f; ~ 1
u(pi, o) |gar" + (52+m$rgqqﬂqu ’YSETaU(th)




Peculiarities of the PF Spectator Model

Point-like constituent quarks:
@) =1, K& =0; &=-3"a.

= <pllvo'll| :/:‘J]‘aec |p170'i> S eiD (pI/7UII) 'YHU(piin)
with
Hf-pf =@ A QU =PY P g = Q"

Approaches M g MI %
v=(ga) (£7)
Wi 2w

e e
» % » A %

7 P 7 s 7 [

The PFSM current operator ME is manifestly covariant (has the same
form in any reference frame)!

It is an effective many-body operator through the appearance of

g and \V, which are both completely determined, however.



Transition Matrix Elements in Instant Form

Incoming baryon state: |P, J, ¥) =V, M, J, X)
Outgoing baryon state: |P',J', ') =V M ,J, T
Transition operator: O =Jt,

(P,J, 2| b |P,J,E) =

1
: o/EE' ke d’kad®kyd® iy — e —
o VEE'D, Z/ e EtrecEpe
0’,0’ HI/’L/
Z,W,' ® / 7 * oropr g, 1
(H 2w) D ,2 , {HW I:k“ (V )]}\UM/J/):/ (k1,k2; k3;,u‘17.u‘27ﬂ3)
X <p17p2 p3'0'1:0'2:0'5/3| :/fd |p1’p2 p3'o'1,0'2,0'3>
(2w

En HDUZ,H,{RW i B (V) s (Ko, Ko, Ko, iz, )

where p; = Bo(V)ki, p/ = B:(V')ki, and w;= K2+ m?
1 1



Instant-Form Spectator Model (IFSM) Currents

Electromagnetic current

(Pt P, P5; 0%, 0%, %] i Py, P2, p3i 01, 02, 03) =
BN (p1, 01| Fiec |P1, 01) 2P200 (B — P2) 20300 (B3 — B3) Gy, Oy
with
<P4,04 | ‘I]sl‘lpcc |p1,01) =

Relativistic

Approaches e U (pq , O'q) f1 (02)’}/ + fz(oz)a_ qu (l)1 o1 )

Axial current:

(P}, P2, P3; 01, 03, 05| A |1, P2, Ps; 01, 02, 03) =

BN (1, 01| Al cpec |P1, 1) 29200 (Bo — B) 29200 (Bs — B3) Srpers Doy
with

(pt, 01| Al cpec [P1, 01) =

1
Jgq~q" stTaU(m ,01)

=00 0 2f,;
u(pi,o1) 927“"‘027



Relativistic
Approaches

Peculiarities of the IF Spectator Model

Point-like constituent quarks:
RQA) =1, H(@)=0

= {pf,0i| iee Pi, 0i) = €T (P}, 07) v u (pi, 03)

with
B-B=§=0=P-P

but

- =#=P-F; =
Since in the IF the 3-momenta are interaction-free, while the Hamiltonian
P° is dynamical!
The whole 3-momentum Q carried by the photon is transferred to quark 1
but only part of its energy Q°.
3°, however, is uniquely determined by overall momentum conservation.




Peculiarities of the FF Spectator Model




Elastic Sachs Form Factors

Spin-} baryons:

Spin-3 baryons:

1
4M

GH(GP) = = [FY=1(QP) + VBFYT(QP)
5Q" 32 22

GE(Q?) = g [F17°(Q°) + F55°(@P)]



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



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

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)



Comparison of PFSM to IFSM

Point Form vs. Instant Form Calculations
of

Nucleon Electromagnetic Form Factors



omagnetic Form Factors of the Nucleons

Point-Form vs. Instant-Form Spectator Model:
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Comparison of Different RCQM Predictions

GBE RCQM vs. OGE RCQM
VS.

Instanton-Induced RCQM
(Salpeter Equation - Bonn Group)
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Different Quark-Model Predictions:
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DSE/Faddeev Result from Graz (G. Eichmann)

NUCLEON ELECTROMAGNETIC FORM FACTORS FROM THE ...

PHYSICAL REVIEW D 84, 014014 (2011)
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Proton Electric Form Factor
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GBE RCQM prediction: M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
Lattice QCD (FLIC): S. Boinepalli et al.: Phys. Rev. D 74, 093005 (2006)

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



Neutron Electric Form Factor

e

oT 2 55 g @) ®  Herber e Osti
& E ] slrlck.
- —— 13 GE (@) O Becker o Passchier
/.ﬂ — Gt @ A Glazier @ Rohe
/+ X Boinepalli: v Meyerhoff @ Zhu
05 23 G¢ (@) © Bermuth © Madey 1
/ + Boinepalli: ®  Eden & CJRW: 23 GXQ?)
13 GE (@) ® Schiavilla O CJRW: -1/3 GXQ?)
% Boinepalli: 4 lLung
Gg,(Qz) ¥__ Bruins, N
0 1 2 3
Q% [GeV?/c?]
GBE RCQM prediction: M. Rohrmoser, Ki-Seok Choi, and W. Plessas: arXiv:1110.3665
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Proton Magnetic Form Factor
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Neutron Magnetic Form Factor
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Results from different relativistic approaches differ to
a lesser or larger extent.

It is not all completely transparent, how relativity is
included in different approaches.

Certainly, Lorentz invariance is of utmost importance.

Suggestion (at least for Hamiltonian approaches):
Take the same rest frame-wave function (e.g., of the
GBE RCQM) and go ahead with calculating a certain
reaction (e.g., elastic e~ scattering on the nucleon)
along the spectator-model construction of the e.m.
current operator.
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Thank you very much
for

your attention!
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