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Color Magnetism and the Helicity-Zero (y„lV = A) Transition Amplitude
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We compute longitudinal and scalar multipoles in the y„,X h, transition in nonrelativistic quark shell
models as a function of the virtual-photon mass squared. We show that the gauge relation between these
multipoles for arbitrary virtual-photon mass squared is violated in the truncated quark —shell-model
basis. The computed scalar multipole, insensitive to this truncation eAect, should provide an accurate
test of quark models. Existing experiments support the role of color-magnetic tensor force in hadronic
structure.

PACS numbers: 13.60.Rj, 12.40.Aa, 13.75.Cs, 14.20.—c

Current theoretical methods to apply quantum chro-
modynamics (QCD) directly in describing low-energy
properties of hadrons are still in their infancy. At
present, we have a variety of models that mimic quark
confinement and may incorporate QCD-motivated in-
teraction among hadronic constituents. Among these,
the quark shell model (QSM) has been quite successful
in explaining a large body of low-energy properties of
hadrons. ' As in the nuclear shell model, the baryon
Hamiltonian in the QSM is of the form H =g, H,"r

+g,. & . H;~; in the QSM, the single-particle term H r

consists of quark mass and kinetic energy, while the
two-body interaction H;; contains a harmonic confining
term, and a hyperfine color-magnetic interaction with
contact and tensor terms arising from the one-gluon ex-
change between a pair of valence quarks.

The focus of our paper is the bearing of the hyperfine
tensor force on the electromagnetic process y„N
where y, , is a real or virtual photon, N is the nucleon,
and 3, is the J = —,', T= —,', 1232-MeV isobar. So far,
other authors have dealt with the real-photon transi-
tion in the QSM. The virtual-photon case has been ig-
nored theoretically, and poorly investigated experimen-
tally. Our concern here will be the sensitivity of the lon-
gitudinal and scalar quadrupole transition amplitudes,
L ] + and S

&
+, respectively, in the standard notation, to

the hyperfine tensor interaction. An important result of
this paper is to show that the relation

S, + =(k/kp)L, +, (I)

where ko and k are energy and momentum of the virtual
photon, a direct consequence of the gauge invariance of
the electromagnetic interaction (or, equivalently, of the
conserved electromagnetic current), fails badly in the
QSM with a truncated basis. In nuclear many-body
problems, an analogous phenomenon has intrigued
researchers for a long time. Our is the first direct
demonstration' of this failure in many-quark physics.
Finally, we discuss its theoretical and experimental im-
plications.

The theoretical interest of the relevant hadron struc-
ture problem can be easily stated: In the simplest ver-
sions'' of the SU(6) and SU(6)is quark models, the nu-
cleons and 6 are states of orbital angular momentum (L)
zero. Thus, the y, , N h, transition is given by the mag-

netic dipole amplitude (Mi+) alone. The electric quad-
rupole amplitude (E i+), and, for virtual photon,
S~+ (L i+) multipole amplitude must vanish in this case.
Departures from this theorem directly probe the ampli-
tudes for the SU(6)-forbidden L =2 ("deformed") states
in the multiquark wave functions of N and h. In the
QSM, these arise from the color-magnetic two-body ten-
sor force, as a result of one-gluon exchange between
quarks.

In the present paper, we shall use two versions of the
QSM for the nucleon and delta. The ftrst model is due
to Isgur and Karl (IK), ' and was also used by Gershtein
and Dzhikiya (GD). The nucleon and delta wave func-
tions are given in this approach as

IN&~ =as IN Ss&+as IlV Ss)+aM lV SM&+ctD
I
tV DM&+ctp IlV Pg&,

I ~&w =hs
I
~ Ss&+ "s I

~ Ss&+hD I
t'i Ds&+hD

I
~ DM&

(2a)

(2b)

with the usual notation, ' determined by the diagonalization of H. The second model, suggested by Glashow, ' and
exploited by Vento, Baym, and Jackson (VBJ), is a special case of the above. Its nucleon and isobar wave functions
are

I
'V)tt=(l —&)' IN Ss)+y' llV DM), lh)tt=(l —3p)' ld, Ss)+(2p)' IA D)s —p' IA D )

Here the parameter & is fixed at 0.22, by our fitting it to the nucleon axial-vector coupling constant. We adjust p to
reproduce the resonant E2 amplitude, extracted at the photon point, by the phenomenological analysis' of the mul-

976 l 987 The American Physical Society



VOLUME 58, NUMBER 10 PHYSICAL REVIEW LETTERS 9 MARCH 1987

tipole data, obtaining P = 0.35. The second model is ob-
viously crude but is useful, along with the first model, to
demonstrate the sensitivity of the estimated longitudinal
scalar multipole amplitude, in a specific QSM, to the
truncation of the valence quark model space.

To compute the longitudinal and scalar quadrupole
amplitude in the transition y„N 6, where y„, is a virtu-

al photon, we start with the nonrelativistic transition
Hamiltonian, ' written in terms of quark coordinates.
The photon four-momentum is taken to be K„(ko,O,

O, k), with K =ko —k being the virtual-photon mass
squared. For photon helicity X~=0, we can define the
longitudinal and scalar quadrupole transition and ampli-

!
tudes':

3

Li+ = (N MJ = —,
'

!
—g (P'e '+e 'P')! AMJ = —, ),

) 2mi
(3)

1S(+ = (N, MJ = —,

3

!
—Qe;e "!A, MJ= —,

'
), (4)

where L, + is related to the matrix element of j, (j is the
hadron current) and S&+ to the matrix element's of jo.
L&+ and S&+ are related by current conservation [Eq.
(1)]. We have two ways of calculating the longitudinal
quadrupole transition amplitude L, + .. one by the
"current method, " in which we use directly Eq. (3), and
the other by the "charge method, "

in which we use Eq.
(4) to get S, +, then the identity (1) to get L, +. In an

exact calculation in which the quark basis is not trun-

!
cated, these ~ill giI. e identical results. We shall show
below that these do not give identical results in our
chosen quark shell models.

We now need the transition operators for calculating
M&+, E&+, L~+, and S~+ in the QSM. These have al-
ready been given for M l+ and E, + in Ref. 4, where now,
for vjrtual photons, k ls given by K =ko —k and the
normalization factor in Ref. 4 due to the real photon

TABLE I. The longitudinal quadrupole amplitude L, + in the y„lV 6 transition in current
and charge approaches.

L, + by the current approach
in units of

I/2
kjl'

Kp

LI+ by the charge approach
in units of

r I/2
1 2

6 15 Q

Kp

' I/2
e k—kexp
m 6a

kp k'
exp

k 6g2

(GeV ' ) (GeV 'i )

6 2DM N 2Ss
k'

9jg 12a'

5 Ss N DM
k'

9J5 12a'

DM N Ss
k' k'

54J)g a' 12a'
2 k1—

12a'

DM N SM
k'

648 ~30

A' DM
k'

54J15
k4

12a4
2 1—

12a'

~ Ds N DM
7k k

1080J3 a 3a

k'
36J~O a'

7 1—
Jgp 2 la

I/2
3

2
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FIG. I. Comparison of L, + obtained by charge (A, C) and
current approaches (B,D) for the IK-GD (B,C) and VBJ
(A, D) modefs.

FIG. 2. Comparison of L, + obtained by charge (D, C) and
current approaches (A, B) in the IK and GD models, where A

and C include the state
~

N P~1 and B and D do not. Curves C
and D are coincident in the shown scaIe.

field is replaced by 2rr/Ko)', where Ko=(M~ —MJv)/ (2M&) (equal to ~k~, for real photons). For the helicity-0
amplitudes, the quark transition operators are

Xt+=(3e3/m)(rr/Kp)' '[( —', )' 'p„+ —,
' k]exp[ik), ( —,

' )' '], +)+=3e3(~/& )' ' p[ikX, ( —')' '] (s)

which follow from (3) and (4). The factor (rr/Ito) 'i in

(S) in definitions of X~+ and gt+ is to normalize L +(+
and 5, + according to Ref. 4, and to satisfy the condi-
tion' Lt+/Et+ 1, as

~ k~ 0.
We now come to the calculation of the L&+ multipole

for arbitrary K in the transition y„N 5, in the
"'current" and "charge" approaches, using the IK-GD
and VBJ models. Relevant matrix elements, in the
SU(6) basis for the nucleon and delta are given in Table
I. Clearly, these are not identical. Thus, the truncated
QSM wave functions for the nucleon and 6 severely
violate the identity (1).

We plot, in Fig. 1, I &+ as a function of K, using
current and charge approaches in the IK-GD and VBJ
models. Although curves B and C are not too dissimilar
in shape, curves 2 and D for VBJ show large differences.
This is indicative of the crudeness of the VBJ model.

Figure 2 shows L, + up to K = —0.8 GeV /c in the
IK-GD model. Curves 2 and C are calculated by use of
the wave functions of Gershtein and Dzhikiya (GD),
while curves 8 and D use the coe%cients of IK. The
only difference between the two is the inclusion of the
antisymmetric state ~N PA) in the nucleon wave func-
tion of GD. This changes the other coefTicients slightly.
We see that the charge approach (curves C and D which
overlap in Fig. 2) is not very sensitive to the details of
the wave functions, while the current approach (curves A
and 8) yields noticeable diA'erences. We may conclude

!
from this, and similar calculations in nuclear physics in

larger model space, that the charge approach is relatively
insensitive to the truncation of the quark model space.
This has important experimental implications: The sca-
lar quadrupole transition amplitude 5~+ is reliably es-
timated from the QSM, and the role of the color-
magnetic tensor force in the hadronic wave function can
now be tested experimentally by this observable. Such
an experiment would be of high priority' at the planned
Continuous Electron Beam Accelerator Facility
(CEBAF).

Some remarks concerning a comparison of the QSM
prediction of the transition amplitudes for the y,, A 6,

process with existing experimental data are in order
here. In Fig. 3, we show the ratio 5t+ /M, + as a function
of —A in the IK GD model. Up to —K —3 5

2

(GeV/c), this ratio is predicted to be negative. Experi-
mental results agree with the sign„at —A = 3

(GeV)/c) the experiment' gives —12% for the ratio,
while the theoretical prediction is —6%. Considering
the possible nonresonant background contributions in the
experimental value, this is at least a qualitative indica-
tion of the role of the color tensor force in wave functions
of the nucleon and delta. A stronger indication of this
comes from the analysis of the multipole data at the pho-

ton point. Here, using the relation9 E~+(0) =5, +(0),
we get the ratio Et+(0)/M, +(0) = —0.6% in the IK-GD
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FIG. 3. The ratio S, +/M~+ as a function of —K in the
I K-GD model.

model, while its value in the current approach ' is
—0.3%, and that inferred from the experiment' is be-
t ween —0.5% and —1.5%. The correct sign of this ratio
and correct order of magnitude are firm indications of
the importance of color tensor force in many-quark phys-
Ics.

Failure of the relation (I) in the QSM indicates that
the currently available estimates' of the electrogmag-
netic transition amplitudes for hadron excitation, com-
puted in the QSM, should be reexamined.

In summary, the longitudinal and scalar quadrupole
amplitudes in the y, , N 6, transition are strongly sensi-
tive to the deforming d-state admixtures introduced by
the color-magnetic tensor interaction between valence
quark pairs, predicted by QCD. We have shown that the
relation (1) between these multipoles, derived from
gauge invariance, fails badly in the truncated quark
basis. However, the scalar quadrupole amplitude S, + is
insensitive to the truncation eAects, and is reliably es-
timated in the quark-shell model. Available experiments
are strongly indicative of a nonzero value of this ampli-
tude, supporting theoretical predictions of the QSM.
Experimentally, it would be interesting to be able to
study carefully the helicity zero amplitude as a function
of the virtual-photon mass squared. This should be an
important goal at CEBAF. Finally, truncation eA'ects,
demonstrated here, should be of concern in any approxi-
mate model for hadrons.
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