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loffe current constant of the Roper resonance from a relativistic three quark model
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The loffe current constants for the proton and Roper resonance are evaluated using a linear confining
potential model parametrized to reproduce the proton magnetic moment, spin, and energy. The three-body
Dirac equation, for the (1/2° positive parity configuration, is solved in hypercentral approximation. Quark
masses of the order of 9 MeV are needed to reproduce the proton magnetic moment. When the proton rms
charge radius and magnetic moment are reproduced, the Roper has an loffe coupling constant about 25% larger
than the proton[S0556-28187)00107-9

PACS numbes): 14.20.Dh, 11.10.Ef, 11.464q, 12.39.Ki

In a previous papelrl] the loffe current constant from a ground state wave function. This excited state is identified
relativistic three quark model was studied. The loffe currenthere as the Roper resonance. The orbital quantum numbers
constants for the proton were evaluated using a Poincare imf the three quarks are the same as for the proton ground
variant solution of the three-body Dirac equation for thestate. For the Roper solution, each component of the com-
(1/2%)3 positive parity configuration. The results were com- posite wave function has an additonal node in the hyperradial
parable to the QCD sum rule predictiof and also with  part of the wave function that is not present in the ground
the random instanton liquid modi8,4]. These results stimu- state components.
lated us to a further investigation of the Roper resonance The dipole model has three parameters, the energy, the
state properties of the nucleon. quark mass, and the size paramdteiThe Roper resonance

The proton and Roper resonance are described here atte has the same values for the quark mass and size param-
three quark systems obeying the three-body Dirac equatioater, only the energy is different from the proton ground
dynamics. This approach has no unwanted center of masgate. The size parameter is determined by matching the
motion in the system rest frame. magnetic moment and the rms charge radius of the rest frame

The proton is modeled as the ground state of the threewave function for the proton to experiment.
body Dirac equation solved in hypercentral approximation. The three-body Dirac equation is solved in hypercentral
Harmonic oscillator solutions have been found assumingpproximation. The six space coordinates necessary to
equal mass quarks using quadratic central diagonal potentiaggecify the location of the particles are taken as a hyperra-
[5,6]. Recently a dipole model of the proton was developedliusp and five hyperangleQ. The hyperradius is defined as
[7] that uses a linear confining and an attractive Coulombic
potential. Using small quark masses on the order of 10 MeV, p?=r2+r5+r2=2r?3, &)
this model has a Dirac magnetic moment of 2.763 nm, very
close to the experimental value for the proton. If these quark3he hypercentral approximation utilizes the hyperangular av-
are assumed to possess anomalous Pauli magnetic momeatage of theX;_;V;;(d;;) potential terms. The QCD equa-
as per QED of &/27)(e/m), then this model can reproduce tions for the quark potentials are nonlinear leading one to
the proton magnetic moment. expect a complicated or nonexistant sum rule describing the

The loffe current constant has been previously determinegotential from three interacting quarks in terms of potentials
for the proton using the harmonic oscillator type solution forfrom a lesser number of quarks. Here the average over the
the composite three quark wave function compongfis color potential is taken as the model potential. This is a lin-
One needs the probability amplitude that all three quarks arear confining term proportional to the hyperradius, plus an
at the center of mass of the nucleon simultaneously. attractive, so-called Coulombic term, proportional to the in-

The constant was maximized at 0.14 GeWith a quark  verse of the hyperradius. The hyperangular reduction of
mass of about 80 MeV, and decreases to 0.124 Gwv  these equations has been reported elsewfver@].
massless quarks in that model. Here the loffe constant is The normalization of the wave function is now consid-
determined using linear confining potentials and also estiered. Each configuration is here separately considered nor-
mated for the Roper resonance state of the nucleon. Thi®alized to unity. After the hyperangular integration, the nor-
model is solved here for an excited state containing an addinalization for a configuration is
tonal hyperradial node in the hyperradial dependence of the

composite three quark wave function compared to the 12(2/773/2)N22ifp5dp(Ri)2/F[(A(i,i)+6)/2], @

*Electronic address: gstrobel@hal.physast.uga.edu where A is twice K, andI'(n) is the gamma function of
TPemanent address: Institute of Nuclear Physics, Moscow Staterdern. The sum is over the eight components of the com-
University, Moscow, Russia. posite three quark wave functioiK ranges from zero to
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three and is the single quark orbital angular momentum asfunction has only four unknown componeni;, R, Ry,
sociated with each component. andRg. For the (1/2)2 configuration, including central di-

For three identical particles, and with each particle withagonal interactions along the diagonal, results in the 4 by 4

the same set of quantum numbers, one expects the compgamiltonian matrix that operates on the four unknown com-
nentsR;, Rs, andRs to be equal, and also for the compo- ponents:

nentsR,, Rg, and R; to equal each other. Then the wave

(3M—E+V;) —-D(5) 0 0 R,
D(0) (M—E+V,) -D(6)/2 0 R,
0 2D(—1) (—M—E+V,) —D(7)/5 R, =0. ©
|
This matrix operates on the hyperradial componeris C=(E—M)(E—3M)/24, (5
R,, R4, andRg. Solutions of this equation are found here of
the form: D=—(E+M)(E—M)(E—3M)/48,
Ry=Aexp(—Lr)(1-aLr), a=1/3, b=1/4, c=1/5, d=1/6.
Ro=R3z=Rs=Brexp—Lr)(1-bLr), For the ground state solutioa, b, ¢, andd were zero. The
) system energ¥ is taken here as the Roper resonance en-
Ry=Re=R;=Croexp(—Lr)(1-cLr), ergy. The normalization coefficier? of Eq. (2) differs for

the Roper wave function compared to the proton ground state

—DPr3 _ _
Rg=Drexp(—Lr)(1—dLr), 4 \ave function. This difference follows from both the differ-
where ing energies of the two states, and from the differing hyper-
radial dependences of the composite three quark wave func-
A=1, tion components. The potentials in termsystLr, and the
proton and Roper enerdyp andE, respectively, are found
B=—-(E-3M)/6, to be
|
Normalized potential Proton Roper
Vi/L (Ep—3M)y/6L (E—3M)y/8L
Vy/L (Ep—M)y/8L—6L/y(E,—3M) (E—M)y/10L—8L/y(E—3M)
V,/L (E—M)/y/10L—8L/y(E,—M) (E+M)y/12L—10L/y(E—M)
Vg/L (Ep+3M)/L—6L/y(Ep+M) (E+3M)/L—7.2L/y(E+M)

The potentials are quite similar in shape and magnitude. Thment for each quark. The anomalous magnetic moment of a
potentials show some energy dependence as the Roper staiund quark is calculated following Mill¢d.0]. Including an
potentials are systematically more positive than for theanomalous magnetic moment as per QED ef2)(e/m)
ground state proton case. QCD theory leads one to expect thgym the bound quarks, the proton magnetic moment is re-
quark-quark potentials would depend on the distribution of,.04,ced foa 9 MeV quark mass, when the Dirac magnetic
the quarks, and therefore to some state dependence of t oment is maximized. The model quark mass required for

po?r?igaézlution has three parameters. the svsterm eri the Dirac plus anomalous magnetic moments to reproduce
P ’ Y 'Y the proton experimental value varies from about 4 to 9 MeV

the size parametdr, and the quark madsl. E is set to the . .
. ' for any size parameter below 0.36 GeV. Such values are in
Roper resonance energy. The Dirac magnetic moment for the

proton is maximized for massless or small mass quarks, witR9"eement with the Particle Data Gro{fl] which deter- N
a size parametdr of about 0.29 GeV. The maximum calcu- Mine quark masses by other means. The proton probability
lated Dirac magnetic moment is 2.763 for massless quarkélensity has a single peak, while the Roper case has two
and 2.7472 for 9 MeV quarks. These values are close to, buteaks, with a central minimum. The central minimum is not
less than, the experimental proton magnetic moment. Th&ero for the Roper as the various components vanish at dif-
difference is attributed to an anomalous Pauli magnetic moferent hyperradial values. The Roper is predicted to be about
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0.35 for parameters which reproduce both the proton magnetic
03 moment and the rms charge radius, the model predicts the
) loffe coupling constant for the proton of 1.234 Gé¥nd for
0.25 | the Roper, 1.524 Ge¥/
§ 02| The loffe coupling constant for the Roper resonance is
g predicted by this model as about the same but slightly more
O 015 than for the proton, using size parameters in this range for
5 ol each state. For a size parametet.ef0.396 GeV, the dipole
model predicts equal loffe constants for the Roper and the
0.05 proton.
0 The linear confining potential model of the proton has
0.15 0.2 0.25 0.3 0.35 0.4 been extended to include a breathing mode excitation char-

L(GeV) acterized by a node in the hyperradial dependence of the

composite three quark wave function. The Roper resonance
FIG. 1. The first loffe coupling constant vs the size parameters identified as this excited state. This model has three pa-
L of the dipole model. The curves crosslat0.396 GeV. Proton rameters, the energy, the quark mass, and a size parameter.
curve,A; Roper curvep. The quark mass and the size parameter are taken the same
for both states, with only the energy varying from the ground
25-35% larger than the proton, depending on the size pao the excited state. The ground state has been parametrized

rameter. to reproduce the magnetic moment of the proton. Assuming
The details of evaluating the loffe current are the same aan anomalous magnetic moment of the quarks as in QED of
in [1]. We finally obtain, for the loffe current constant, (a/27)(e/m), this requires a quark mass of 9 MeV. This
assumes equal mass quarks in the proton. The rms charge
| ,=10AN/7%4/3. (6) J d P J

radius of the proton is reproduced with size parameters about

This loffe coupling constant depends only on the first Com-o'536 GeV. The Roper has a slightly smaller loffe coupling

. - constant than the proton if the size parameter is below 0.396
ponent as all other components vanish at the origin for th .
3 . . . eV. A size parameter of 0.536 GeV and a quark mass about
(1/27)*° configuration. The coupling constant also depends[h f the el il simul | d h
linearly on the normalization constant of the composite three at of the electron will simultaneously reproduce the proton
. fms charge radius and magnetic moment. For these param-
quark wave function. eters the loffe coupling constant is 1.234 and 1.524 &gV
The component constants by themselves suggest that th) bling ' ’

normalized first component would be smaller for the Roperﬂ%ae proton a_m_d _Roper, r«_especnvely. .
The relativistic potential quark model is able to be param-

than for the proton. Due to the interplay of the node in the _ . ; :
i . A . etrized to successfully predict loffe current constants in
wave function with the normalization this turns out to de-

pend on the size parameter. For size parameters smaller thalq_reement with QCD sum rule predictions. The linear con-

0.396 GeV, it is correct, but the reverse holds for larger sizéﬁnlng potential model, with parameters that reproduce the

parameters. proton magnetic moment, predicts loffe coupling constants

In Fig. 1 are shown the Roper and proton loffe Couplingcomparable to but larger than random instanton liquid model

constants versus the size parameter of the dipole model. Tﬁaesnmates. Simultaneously reproducing the rms charge radius

quark mass is assumed to be 9 MeV. The coupling constan Snd magnetic moment of the proton results in loffe constants

h > T arger than predicted by the Gaussian model.

ave a negligible variation for smaller quark masses, for a

given size parameter. The loffe coupling constant increases We are indebted to E. Shuryak for very useful discus-

at about the third power of the size parameter in the dipolaions. One of ugK.V.S.) would like to thank the theory

model. For size parameters below 0.396 GeV, the Ropegroup of SUNY for the hospitality extended during a stay

loffe constant is smaller than that of the proton. there. One of ugG.L.S) wishes to thank Lawrence Liver-
For quark masses of about 9 MeV or less, the linear conmore Laboratory for a pleasant extended stay. Part of this

fining potential can reproduce both the proton magnetic mowork was done under the auspices of the U.S. Department of

ment and the rms proton charge radius. The rms charge r&nergy by the Lawrence Livermore National Laboratory un-

dius restricts the size parameters to about 0.536 GeV. Thuger Contract No W-7405-ENG-48.
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