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Electroproduction of the Roper resonance as a hybrid state
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We derive the Q' dependence of the helicity amplitudes of the Roper resonance assuming that it is (1)
a radially excited q' state, and (2) a q G hybrid baryon. Our study shows that for a hybrid baryon as-

signment the magnitude of the transverse helieity amplitude decreases rapidly as Q' increases, and the
longitudinal helicity amplitude vanishes. This behavior is quite different from the predictions of the q'
quark potential model, which assumes a radially excited q assignment. Comparison with data shows
that the hybrid interpretation of the Roper resonance is favored. Future experiments at the Continuous
Electron Beam Accelerator Facility should be able to clearly distinguish between these two possible as-

signments.

PACS number(s): 13.60.Rj, 12.40.Aa, 14.20.Gk

Hybrid baryons are states presumably dominated by
the state of three quarks oscillating against explicitly ex-
cited glue field configurations. We denote these states by

q G. Within the framework of QCD, such configurations
are expected to exist in nature. However, because QCD
is not well understood in the nonperturbative regime, lit-
tle is known about the masses of hybrid states, and mass
estimates have to rely on the use of models. Estimates
within the bag-model approach [1] showed that the
gluonic excitation energy should be about 550—700 MeV.
This suggests that the masses of the lightest hybrid
baryons could be as low as (1500 MeV. Therefore, it is
possible that some of the experimentally observed
baryons are hybrid states rather than ordinary q states.
Recently, it has been suggested [2] that there should be a
gluonic partner of the nucleon whose ratio of "proton"
and "neutron" magnetic moments and photoproduction
helicity amplitudes is —

—,'. It is possible that the Roper
resonance P»(1440) and P»(1600), which, in the quark

model, are assigned to radial excitations of the nucleon
and P»(1232), respectively, are such hybrid states. The
low mass of the Roper resonance as well as of the
P»(1600) are difficult to explain within the framework of
the quark potential model [3]. Moreover, there are indi-
cations of the existence of P»(1550) and P»(1540)
states, which are expected to exist as hybrid states, but
have no place in the quark potential model.

Three quark states and hybrid states may have the
same quantum numbers; a study of the spectroscopic as-
signments will therefore not be sufficient to discriminate
between the q and q G states. However, because of their
different internal structure (spatial wave function), as well
as their different spin-flavor structure, studies of transi-
tion properties, especially of the photon transition ampli-
tudes and the electromagnetic transition form factors,
may prove very effective in distinguishing between these
states. A hybrid state is excited in the spin-flavor space,

and has an SU(6) spin-flavor wave function orthogonal to
that of the nucleon, whereas the spin-flavor wave func-
tion of a radially excited state is identical to that of the
nucleon. The difference between the spin-flavor excita-
tion and the radial excitation of the Roper resonance will
have important phenomenological consequences for the
electromagnetic transition, in particular for the Q
dependence of the electroproduction helicity amplitudes.
The purpose of this paper is to investigate the g depen-
dence of the electroproduction helicity amplitudes of the
Roper resonance assuming alternative assignments as a

q or a q G state in order to provide possible experimen-
tal signatures of hybrid baryons.

The wave function of the nucleon with gluonic degrees
of freedom can be written in lowest nontrivial order as [2]

~N)= [~N, ) —5(~'N, )+~'N, ))],
1+26

where ~No) represents the wave function for a three-
quark system, which transforms as a 56 under SU(6) for
nucleons [4], ~

N ) and
~ Nz ) are the wave functions for

a q G system with the total quark spin —,
' and —,', respec-

tively [5], which transform as a 70 under SU(6), and the
parameter 5 is determined by the quark-gluon interac-
tion. The wave function given by Eq. (1) preserves the
success of the q quark model, especially the ratio of
magnetic moments between the proton and the neutron.
The corresponding state orthogonal to the nucleon in
spin-flavor space is

1/2
2

1+26

(2)

whose ratio of magnetic moments and photoproduction
amplitudes for "proton" and "neutron" states is also —

—,'.
The transverse helicity amplitude is given by
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J~E +
3Ag=3vakpo(NJA, eq +AD++2( (r3X

Q)g

(ikz3 )
e ' N, J=

—,', A, —1 (3)

where the first term comes from the normal quark-
photon vertex and the second from the yq~qG process
(see Ref. [2] for details). Assuming that the spatial wave
function in Eq. (2) has a Gaussian form, we find an expli-
cit expression for A, /2.

(4)

where the parameter a& is determined by the harmonic-
oscillator potential for a hybrid state. A study [2] in the
real photon limit shows that the choices 5= —0.35 and

aI, =0.25 GeV give a good systematic description of the
helicity amplitudes for the Roper resonance, as well as
for P3&(1550}, P&3(1540}, and P33(1600), which are all
candidates for hybrid states.

Following the procedure of Foster and Hughes [6]
(without introducing an ad hoc form factor), the Q
dependence of Eq. (4) is

y'

where the Lorentz boost factor y can be written as
' 1/2

ky= 1+
(M„+M~)

in the equal velocity frame, and

(M„—M ) Q (M„+M )k'= ' +
4M„M 4M„Mp

(7)

The equal velocity frame has been chosen to minimize
relativistic corrections. The Q2 dependence of the trans-
verse helicity amplitude for a radially excited state in the
quark model [7] is

2 1 k k I, ~/6~~y2
"~ii2(Q }= +~/koVo e

3v 3

In Fig. 1 we show the Q dependence of Af&2 for the
Roper as a q or a q 6 state. The calculations are also
compared with experimental data. The expressions for
2 fzz(Q ) corresponding to the hybrid state in Eq. (5) and
to the radial excitation state in Eq. (8) lead to very
diff'erent Q dependences. In particular, 2~&2 for a hy-
brid state decreases much faster with increasing Q than
for a state with radial excitation. Similar behavior is ex-
pected for the P33(1600) resonance. The corresponding
Q dependence of A~&2is [2,7]

2&2 k —k 2/6a2 y~
5+m. /kopo z

e " for a hybrid state,
9 0 0

&2 k k k2)6~~r 2
—Qm/kopo z z ze r for a three —quark state .

9 3 y2 ~2y2

(9)

The corresponding dependence of A fzz on Q is shown in
Fig. 2.

The difference in the electroproduction of a hybrid
state and a radially excited state becomes even more ap-
parent in the longitudinal helicity amplitudes for these
states, which are defined as

Jo=2n/ko g ej+ . 2k (cr Xpj) eJ 4 2 J J

ml

k,
Simp= (N~ J A, =—iH iN=O J=—A, =—)

it.r.
X[e~.kXp&e ' —erkXp, e '] ' .

r

=(N, J,X=-,')J ~N=0 J =-' X=-')

where, to order (U/c) (see Ref. [S]},

(10)

In this approach, current conversation for the longitudi-
nal transition operator is satisfied automatically without
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FIG. 1. A f~z(Q') for the transition y,p~P55 if the Roper is
a q' state [5] (long-dashed line), or a q'G state (solid line), re-
spectively. The short-dashed and the dash-dotted lines
represent different results of the analysis by Gerhardt. Note
that the analysis was constrained by Axing the amplitude at the
photoproduction point. The data points indicate the results of
fits at fixed Q'. Gerhardt, diamond symbols; Boden and
Krosen, cross symbols.

a subtraction procedure [9] in the electromagnetic in-
teraction.

Note that the leading term of Eq. (11) is proportional
to the charge operator in the nonrelativistic limit, so it
probes only the relative charge distribution of the nu-
cleon and the excited states. The second and third terms
of Eq. (11) are the spin-orbit and nonadditive terms [8],
respectively. The latter represent the ( v /c) corrections
to the leading term which require that both spin and or-
bital angular momentum flip by one unit. Thus, the
(v/c) terms do not contribute to the nucleon-Roper

I

FIG. 2. A f&3(Q') for the transition y„p~P33(1600). The
dashed line represents the hybrid prediction, and the solid line
is the result of the radially excited state of P33(1232). Note
that, in both cases, A f~z(Q') =( I/3/3) A II~3(Q').

transition since L =0 for both states; this is also true for
the nucleon-hybrid state transition. Therefore, the longi-
tudinal helicity amplitude for a radially excited state is
the Fourier transformation of the product of the spatial
wave functions of the nucleon and the q Roper state. In
the harmonic-oscillator basis this gives

kS, /z(q ) = — —55/2~/kom~p~ e " . (12)
3 3 CX

For a hybrid state, only the spin-orbit and nonadditive
terms contribute to the transition operator for the pro-
cess yL q ~qG (see Ref. [2]):

1
I."qcD Jo]

Q)g

ie I,' Bg
=+2m/kog, g ' '

u, X(kXp, )

JSm.

I 8MT

A,JO J.

m J m I

e X(kXpI)e ' —eI X(kXp. )e
COg COg

(13)

where B is the gluonic field, and g, and A, . are the strong coupling parameter and SU(3) matrix elements, respectively.
Thus, the operator 0 vanishes for the nucleon-hybrid transition as well. Therefore, to 6(v /c ) we have

s~I/, (q'G)= &6~2/kom, ,ILI, I &Nolq3IN, & ,'[&'N, Iq3I'N, &+—&—'N,Iq3I'N, &]]&p(q'G)le 'I(()(q') &1+262

=0 (14)

[here P(q G) and 5t5(q ) are the spatial wave functions for
the hybrid state and the nucleon, respectively]. The
physical origin of this zero is that the hybrid state is ex-
cited in spin-flavor space; therefore, the spin-flavor wave

I

function is orthogonal to the wave function of the nu-
cleon. [It is possible that there is a small D wave com--
ponent in the nucleon or hybrid state due to
configuration mixing induced by the hyperfine interac-



46 ELECTROPRODUCTION OF THE ROPER RESONANCE AS A. . . 73

tion. Consequently, the longitudinal transition could be
nonzero; however, just as for the small amount of longi-
tudinal transition in y„N~P»(1232), this contribution
is expected to be very small compared to the transverse
helicity amplitude].

In Fig. 3 we show the Q dependence of S~&/z(q ) for a
radially excited Roper state together with the experimen-
tal data. S~I/2(q ) is significant at small Q in contrast
with the vanishing hybrid S~&&2. Similar results for the q
radially excited Roper have been obtained in other calcu-
lations [10]. This result, combined with the vanishing
longitudinal helicity amplitude, implies that the total
cross section for a hybrid state should decrease much fas-
ter with Q than that for a three-quark baryon. Such a
behavior of the hybrid state is consistent with inclusive
electron-proton scattering data at low momentum
transfer. It has been shown in the quark model [9,11,12]
that the strength of a radially excited Roper would be-
come dominant over S»(1535) and D13(1520) as well as

P33(1232) as Q increases, while our calculation shows
that the hybrid Roper would be further suppressed.

However, it would be premature to draw definite con-
clusions from the nonrelativistic calculation [7,13] of the
radially excited state. The investigation showed that rel-
ativistic effects are significant [14], and large
configuration mixings are expected for the Roper reso-
nance due to the anharmonicity of the spectrum [15],if it
is considered as a three-quark state. A model that gives a
better description of the spectrum would be essential for
the calculation of the transition properties in this case.
This has not been treated consistently in the literature,
and more investigations are needed. Other dynamical ap-
proaches, such as the calculation by Gavela et al. [16]
using the quark pair creation (QPC) model, may not be
inconsistent with the existing data. However, since the

Q dependence predicted by this model is quite different
from our prediction, more precise measurements will be

able to discriminate between these approaches.
A more definite way to distinguish the electromagnetic

transitions between a radial excitation and a hybrid is the
ratio between transverse and longitudinal helicity ampli-
tudes. Because uncertainties resulting from the lack of
knowledge of the precise radial wave function cancel out
in the ratio, the spin-Aavor structure of the excited state
can be probed directly. Theoretical predictions will be
less model dependent than in the case of individual helici-

ty amplitudes, allowing more stringent tests of the
correct assignment of the state. In Fig. 4, we show the
ratio 8 =Sf/2/Af/2 for a three-quark configuration.
This ratio is significant for a radially excited state, and
vanishes for a hybrid state. Therefore, it is possible to
distinguish hybrid states from radially excited three-
quark states experimentally.

It has been pointed out [17] that, already at small Q,
indications of the Roper excitation have disappeared
from the inclusive cross section. Moreover, a recent
analysis [18] of the high-Q behavior of the inclusive
cross section finds no indication of the excitation of the
Roper, even at the highest Q of 20 GeV . This is con-
sistent with the Q dependence of the transverse helicity
amplitude for a hybrid state according to perturbative
QCD [19]. Detailed analyses of single-pion production in

the region of the Roper have been performed by Deven-
ish and Lyth [20], Gerhardt [21], and Boden and Krosen
[22]. Devenish and Lyth conclude that P»(1440) drops
so fast with Q2 that it is effectively absent from the fits to
electroproduction data. Gerhardt, as well as Boden and
Krosen, use more detailed electroproduction data to ex-
tract quantitative values for the transition amplitudes to
the Roper. Using various data sets and different assump-
tions in the fit, ranges for Af/2(Q ) and S~&/z(Q ) as
shown in Figs. 1 and 2 were obtained. Systematic uncer-
tainties, due to incomplete data sets, and associated with
various theoretical assumptions, are significant, and es-
timated to be no smaller than +12X1Q QeV' . The
results, both for the transverse and for the longitudinal
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FIG. 3. S~~/2(Q ) for the transition y„p~P»(1440) if the
Roper is a q state (long-dashed line). The short-dashed and
dash-dotted lines represent different results of the analysis by
Gerhardt. Sf/2(Q ) is zero for a hybrid state. Data from
Gerhardt (squares) and from Boden and Krosen (crosses).

FIG. 4. Ratio Sl'/z(Q )/A f/2(Q ) for the transition
y„p~P1&(1440)if the Roper is a q state, while this quantity
vanishes for a hybrid state.
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coupling, clearly favor the interpretation of the Roper as
a q G hybrid state. However, considering the uncertain-
ties in the data analysis, more precise data for the ex-
clusive process y,p ~P»(1440) at low and intermediate
momentum transfers are needed to firmly establish the
nature of the Roper resonance. In particular, pion elec-
troproduction off polarized protons will be very sensitive
to the excitation strength of the Roper [23].

For P33(1600), experimental evidence indicates a weak
electromagnetic coupling in the real-photon limit, which
is consistent with our prediction for a hybrid baryon. At
Q =0.5 —1.0 GeV, the helicity amplitudes for this state
would be significant, and should be clearly seen in the
data if it were a radial excitation of P3&(1232); on the
other hand, a vanishing P33(1600) in electroproduction
would suggest that it is a hybrid state.

In summary, our investigation shows that the trans-
verse helicity amplitude for a hybrid state decreases
much faster than that for a radially excited state; in addi-
tion, the hybrid longitudinal helicity amplitude vanishes,
in contrast with the large longitudinal helicity amplitude

predicted for a radially excited state at small Q . Be-
cause of these major differences, precise data on the elec-
troproduction of the Roper resonance are crucial in
determining its spin-flavor content. Our investigation in-
dicates that the hybrid interpretation of the Roper is con-
sistent with existing data. However, more precise data
are needed before hybrid baryon states can be considered
as firmly established. Experiments planned [24] at the
continuous Electron Beam Accelerator Facility (CEBAF)
should give a definite answer about the existence of these
states.
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