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g* N\D transition form factors: A new analysis of data on p„e,e8p…p0

at Q2Ä2.8 and 4.0 „GeVÕc…2
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Recent JLab data of the differential cross section for the reactionp(e,e8p)p0 in the invariant mass region
of 1.1,W,1.4 GeV at four-momentum transfer squaredQ252.8 and 4.0 (GeV/c)2 are analyzed with two
models, both of which give an excellent description of most of the existing pion electroproduction data below
W,1.5 GeV. We find that at up toQ254.0 (GeV/c)2, the extracted helicity amplitudesA3/2 andA/2 remain
comparable with each other, implying that hadronic helicity is not conserved at this range ofQ2. The ratios
E11 /M11 obtained show, starting from a small and negative value at the real photon point, a clear tendency
to cross zero, and to become positive with increasingQ2. This is a possible indication of a very slow approach
toward the pQCD region. Furthermore, we find that the bare helicity amplitudeA1/2 and S1/2, but notA3/2,
starts exhibiting the scaling behavior at aboutQ2>2.5(GeV/c)2.
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In a recent experiment@1#, electroexcitation of theD was
studied at Q252.8 and 4.0 (GeV/c)2 via the reaction
p(e,e8p)p0. It was motivated by the possibility of determin
ing the range of momentum transfers where perturba
QCD ~pQCD! would become applicable. In the limit ofQ2

→`, pQCD predicts the dominance of helicity-conservi
amplitudes@2# and scaling results@3,4#. The hadronic helic-
ity conservation should have the consequence that the
between magnetic dipoleM11

(3/2) and electric quadrupole
E11

(3/2) multipoles, REM5E11
(3/2)/M11

(3/2) , approaches 1. The
scaling behavior predicted by pQCD for the helicity amp
tudes isA1/2

D ;Q23,A3/2
D ;Q25, and the Coulomb helicity

amplitude S1/2
D ;Q23, resulting in RSM5S11

(3/2)/M11
(3/2)

→const. On the other hand, in symmetricSU(6) quark mod-
els and with the inclusion of only one-body current cont
bution @5#, the gND transition can proceed only via the fli
of a single quark spin in the nucleon, leading toM11 domi-
nance andE115S11[0. Recent experiments give nonva
ishing ratiosREM lying between22.5% @6# and23.0% @7#
at Q250. This has been widely taken as an indication o
deformedD, namely, an admixture of aD state in theD.
Accordingly, the question of howREM would evolve from a
very small negative value atQ250 to 1100% at sufficiently
high Q2 has attracted great interest both theoretically a
experimentally.

In Ref. @1#, the differential cross sections were measu
in the invariant mass region of 1.1,W,1.4 GeV. Two
methods were used to extract the contributing multipo
The first one, which is model and energy independent, c
sisted of making approximate multipole fits to angular dis
butions independently at eachW, assumingM11 dominance,
and onlyS andP wave contributions@8#. Another extraction
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of the resonance amplitudes was performed using the ef
tive Lagrangian method@9#. In this model-dependent analy
sis, the resonant multipoles are expressed as a sum of b
ground and resonance amplitudes, both prescribed by
effective Lagrangian, and unitarized with theK-matrix
method. The parameters in the model were fitted to d
points with energyW only up to 1.31 GeV. Both the ratio
REM and RSM extracted with these two methods are sma
negative, and tending to more negative values with incre
ing Q2, indicating that pQCD is not yet applicable in th
region ofQ2. Recently, it was shown@10# that theQ2 depen-
dence of the ratiosREM andRSM extracted in Ref.@1# could
be explained in a dynamical model for electromagnetic p
duction of pions, together with a simple scaling assumpt
for the bareg* ND form factors.

Because of the significance of the physics involved in
Q2 evolution ofREM andRSM , it is important to employ the
best possible extraction method in the analysis of the data
fact, the values ofREM and RSM extracted with the two
methods used in Ref.@1# differ from each other by factors o
2 and 1.5 atQ252.8 and 4.0 (GeV/c)2, respectively. In this
Rapid Communication, we present the results of a n
analysis of the data of Ref.@1#, using a new version~hereaf-
ter called MAID! @11# of the unitary isobar model develope
at Mainz~hereafter called MAID98! @12#, and the dynamical
model ~DM! developed recently in Ref.@10#, both give ex-
cellent descriptions of most of the existing pion photo- a
electroproduction data@11#. Our analysis is similar to the
second method used in@1# in the sense that it also makes u
of a model. However, we fit all the data points measured
to W51.4 GeV and obtain smaller values ofx2 per degree
of freedom~d.o.f.!

In the dynamical approach to pion photo- and electrop
duction @13#, the t matrix can be expressed as

tgp~E!5vgp1vgp g0~E! tpN~E!, ~1!
R
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and the physical multipoles in channela are given by

tgp
(a)~qE ,k!5exp~ id (a)!cosd (a)Fvgp

(a)~qE ,k!

1PE
0

`

dq8
q82RpN

(a)~qE ,q8! vgp
(a)~q8,k!

E2EpN~q8!
G ,

~2!

wherevgp is the transition potential forg* N→pN, andtpN
andg0 denote thepN t matrix and free propagator, respe
tively, with E[W the total energy in the c.m. frame.d (a) and
RpN

(a) are thepN scattering phase shift and reaction matrix
channela, respectively;qE is the pion on-shell momentum
andk5uku is the photon momentum.

In a resonant channel like~3,3! in which the D(1232)
plays a dominant role, the transition potentialvgp consists of
two terms

vgp~E!5vgp
B 1vgp

D ~E!, ~3!

wherevgp
B is the background transition potential andvgp

D (E)
corresponds to the contribution of the bareD. The resultingt
matrix can be decomposed into two terms@10#

tgp~E!5tgp
B ~E!1tgp

D ~E!, ~4!

where

tgp
B ~E!5vgp

B 1vgp
B g0~E! tpN~E!, ~5!

tgp
D ~E!5vgp

D 1vgp
D g0~E!tpN~E!. ~6!

Here tgp
B includes the contributions from the nonresona

background and renormalization of the vertexg* ND. The
advantage of such a decomposition is that all the proce
which start with the excitation of the bareD are summed up
in tgp

D . Note that the multipole decomposition of bothtgp
B

and tgp
D would take the same form as Eq.~2!.

For a correct description of the resonance contributi
we need, first of all, a reliable description of the nonreson
part of the amplitude. In MAID98, the background contrib
tion was described by Born terms obtained with an ene
dependent mixing of pseudovector-pseudoscalarpNN cou-
pling and t-channel vector meson exchanges, nam
tgp
B,a(MAID98) 5vgp

B,a(W,Q2). The mixing parameters an
coupling constants were determined from an analysis of n
resonant multipoles in the appropriate energy regions. In
new version of MAID, theS, P, D, and F waves of the
background contributions are complex numbers defined
accordance with theK-matrix approximation,

tgp
B,a~MAID !5exp~ id (a)!cosd (a)vgp

B,a~W,Q2!. ~7!

From Eqs.~2! and~7!, one finds that the difference betwee
the background terms of MAID and of the dynamical mod
is that off-shell rescattering contributions~principal value in-
tegral! are not included in MAID. To take account of th
inelastic effects at the higher energies, we repla
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expi(d(a))cosd(a)51
2@exp(2id(a))11# in Eqs.~2! and ~7! with

1
2 @haexp(2id(a))11#, whereha is the inelasticity. In our ac-
tual calculations, both thepN phase shiftsd (a) and inelas-
ticity parametersha are taken from the analysis of the GW
group @14#. Furthermore, the off-shell rescattering effects
the dynamical model are evaluated with the reaction ma
RpN

(a)(qE ,q8) as prescribed by a meson exchange model@15#.
Following Ref.@12#, we assume a Breit-Wigner form fo

the resonance contributiontgp
R,a(W,Q2) to the total multipole

amplitude,

tgp
R,a~W,Q2!5Āa

R~Q2!
f gR~W!GR MR f pR~W!

MR
22W22 iM RGR

eif, ~8!

where f pR is the usual Breit-Wigner factor describing th
decay of a resonanceR with total widthGR(W) and physical
massMR . The expressions forf gR , f pR , andGR are given
in Ref. @12#. The phasef(W) in Eq. ~8! is introduced to
adjust the phase of the total multipole to equal the cor
spondingpN phase shiftd (a). Becausef50 at resonance
W5MR , this phase does not affect theQ2 dependence of the
gNR vertex.

We now concentrate on theD(1232). In this case the
magnetic dipole (ĀM

D ), the electric (ĀE
D), and Coulomb (ĀS

D)
quadrupole form factors are related to the conventional e
tromagnetic helicity amplitudesA1/2

D , A3/2
D , andS1/2

D by

ĀM
D ~Q2!52

1

2
~A1/2

D 1A3A3/2
D !, ~9!

ĀE
D~Q2!5

1

2 S 2A1/2
D 1

1

A3
A3/2

D D , ~10!

ĀS
D~Q2!52

S1/2
D

A2
. ~11!

We stress that the physical meaning of these resonant am
tudes in different models is different@10,16#. In MAID, they
contain contributions from the background excitation and
scribe the so-called ‘‘dressed’’gND vertex. However, in the
dynamical model the background excitation is included
tgp
R,a and the electromagnetic vertexĀa

D(Q2) corresponds to
the ‘‘bare’’ vertex.

In the dynamical model of Ref.@10#, a scaling assumption
was made concerning the~bare! form factors Āa

D(Q2),
namely, that all of them have the sameQ2 dependence. In
the present analysis, we do not impose the scaling assu
tion and write, for electric (a5E), magnetic (a5M ), and
Coulomb (a5S) multipoles,

Āa
D~Q2!5Xa

D~Q2!Āa
D~0!

k

kW
F~Q2!, ~12!

where kW5(W22mN
2 )/2W and k25Q21@(W22mN

2

2Q2)/2W#2. The form factorF is taken to beF(Q2)5(1
1b Q2) e2gQ2

GD(Q2), where GD(Q2)51/(11Q2/0.71)2
1-2
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is the usual dipole form factor. The parametersb andg were
determined by settingXM

D 51 and fittingĀM
D (Q2) to the data

for GM* as defined in@10,12,18#. The values ofĀM
D (0) and

ĀE
D(0) were determined by fitting to the multipoles obtain

in the recent analyses of the Mainz@17# and GWU @14#
groups. BothXE andXS are to be determined by the expe
ment withXa

D(0)51. Note that deviations fromXa
D51 value

will indicate a violation of the scaling law. Similar treatme
is also applied to theN* (1440) resonance with two add
tional parametersXM

P11 andXS
P11 corresponding to the trans

verse and longitudinal resonance transitions in the isos
1/2 channel.

The dynamical model and MAID are used to analyze
recent JLab differential cross section data onp(e,e8p)p0 at
high Q2. All measured data, 751 points atQ252.8 and 867
points at Q254.0 (GeV/c)2 covering the entire energ
range 1.1,W,1.4 GeV, are included in our global fittin
procedure. We obtain a very good fit to the measured dif
ential cross sections. As an example, we show in Fig. 1
sults of our global fit at W51232 MeV and Q2

54.0 (GeV/c)2. In fact, the values ofx2/d.o.f. for our two
models are smaller than those obtained in Ref.@1# ~see Table
I!. Our results for theGM* form factor are shown in Fig. 2
Here the best fit is obtained withg50.21 (GeV/c)22 and
b50 in the case of MAID, andg50.42 (GeV/c)22 and

FIG. 1. The virtual photons differential cross sections atQ2

54.03 (GeV/c)2 andW51232 MeV. The full and dashed curve
are the results from the MAID and DM analysis, respectively. D
are from Ref.@1#.
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b50.61 (GeV/c)22 in the case of DM.
With the resonance parametersXa

D(Q2) determined from
the fit, the ratios REM5ImE11 /ImM11 and RSM
5ImS11 /ImM11 of the total multipoles and the helicity am
plitudesA1/2 and A3/2 can then be calculated at resonanc
We perform the calculations for both physical (pp0) and
isospin 3/2 channels and find them to agree with each ot
The extractedQ2 dependence of theXa

D parameters is
XE

D(MAID) 512Q2/3.7,XE
D(DM) 511Q4/2.4, XS

D(MAID)
511Q6/61,XS

D(DM) 51210Q2, with Q2 in units of
(GeV/c)2.

Our extracted values forREM andRSM and a comparison
with the results of Ref.@1# are presented in Table I an
shown in Fig. 3. The main difference between our results
those of Ref.@1# is that our values ofREM show a clear
tendency to cross zero and change sign asQ2 increases. This
is in contrast with the results obtained in the original analy
@1# of the data which concluded thatREM would stay nega-
tive and tend toward more negative values with increas

a

TABLE I. Our results for the ratiosREM andRSM , at Q252.8
~upper row! and 4.0~lower row! (GeV/c)2, extracted from a global
fit to the data with MAID and DM as discussed in the text. Resu
from Ref. @1# are listed for comparison. Ratios are given in pe
cents.

Models MAID DM Ref. @1#

REM
(pp0) 20.5660.33 21.2860.32 22.0061.7

0.0960.50 20.8460.46 23.161.7

RSM
(pp0) 29.1460.54 211.6560.52 211.262.3

213.3760.95 217.7061.0 214.862.3
GM* 3100 6.7860.05 7.0060.04 6.960.4
3100 2.8660.02 3.0460.02 2.960.2
x2 1.02 1.46 1.60

1.14 1.28 1.45

FIG. 2. TheQ2 dependence of theGM* form factor. The solid
and dashed curves are the results of the MAID and DM analy
respectively. The data atQ252.8 and 4.0 (GeV/c)2 are from Ref.
@1#, other data from Ref.@19#.
1-3
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Q2. Furthermore, we find that the absolute value ofRSM is
strongly increasing. Our results also differ from tho
obatined with fixed-t dispersion relation analysis of Ref.@21#
wherein it was concluded that the ratioREM is definitely
positive at Q252.824.0 (GeV/c)2. In addition, the ex-
tracted values ofRSM in @21# are far less negative and sho
a less rapid rate of change with increasingQ2 than ours.

At low Q2, the Q2 evolution of bothREM and RSM ob-
tained with DM and MAID exhibits some marked differenc
as can be seen in Fig. 3. In particular, the value ofRSM at
Q250 extracted with these two models even differ by
factor of 2. This is due to the fact that within MAID, th
background contribution of Eq.~7! vanishes at the resonanc
so thatREM andRSM become the ratios of the dressed for
factorsĀa

D . Therefore, if we neglect the small influence
the Xa

D(Q2) factor at smallQ2, the scaling assumption lead
to a rather smoothQ2 dependence for theREM andRSM . In
the dynamical model, bothE11

(3/2) andS11
(3/2) are dominated by

the contribution from pion cloud@10,22#, namely, the princi-
pal value integral term in Eq.~2!. Our results indicate tha
the Q2 dependence of the pion cloud contribution devia
strongly from the scaling assumption. It is interesting to o
serve that the recent calculation of the two-body current c
tribution, which in part includes the pion cloud effect, to t
RSM within a constituent quark model@5# also gives results
for RSM similar to our DM values at smallQ2.

In terms of helicity amplitudes, our results for a sm
REM can be understood in that the extractedA3/2 remains as
large as the helicity conservingA1/2 up to Q2

54.0 (GeV/c)2, as seen in Fig. 4, resulting in a smallE11.
The contributions from the bareD and pion cloud obtained
with DM are also shown by the dashed and dotted curv
respectively. Note that the latter drop faster than the barD
contribution. The sum gives the dressed helicity amplitu
which are practically identical to those of MAID.

Finally, we present in Fig. 5 our DM results forQ3A1/2
D ,

Q5A3/2
D , and Q3S1/2

D , to check the scaling behavior of th
bare and dressed helicity amplitudes. Note that the sca
behavior predicted by pQCD arises from the three quark~3q!
Fock states in the nucleon andD, and should apply primarily

FIG. 3. TheQ2 dependence of the ratiosREM
(pp0) and RSM

(pp0) at
W51232 MeV. The solid and dashed curves are the MAID a
dynamical model results, respectively, obtained with a violation
the scaling assumption. Results of previous data analysis aQ2

50 from Ref.@6#, data atQ252.8 and 4.0 (GeV/c)2 from Ref.@1#
~stars!. Results of our analysis atQ252.8 and 4.0 (GeV/c)2 are
obtained using MAID (d) and the dynamical models (n). Other
data from Ref.@20#.
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to the bare amplitudes. We find that the bareS1/2
D and A1/2

D

clearly starts exhibiting the pQCD scaling behavior at ab
Q2>2.5 (GeV/c)2. However, it is difficult to draw any defi-
nite conclusion forQ5A3/2

D . The dressed Coulomb form fac
tor S1/2

D does not exhibit pQCD scaling behavior in the co
sideredQ2 range. This is due to the fact that in this case t
dominant pion cloud contribution does not drop as fast as
the transverse amplitudes. From these results, it app
likely that scaling will set in earlier than the helicity conse
vation. This is not surprising in the sense that the pQC
scaling behavior is predicted based on the argument tha
exclusive reactions, when the photon finds the nucleon
small 3q Fock substate, with dimensions comparable to
photon wavelength, then processes with only two hard glu
exchanges dominate@4#. On the other hand, hadron helicit
would be conserved only if this small 3q Fock state wou
further have a spherically symmetric distribution amplitu
such thatLz50 and the hadron helicity is the sum of ind
vidual quark helicities.

In summary, we have reanalyzed the recent JLab data
electroproduction of theD(1232) resonance viap(e,e8p)p0

with two models for pion electroproduction, both of whic
give excellent descriptions of the existing data. We find t
A3/2

D is still as large asA1/2
D at Q254 (GeV/c)2, which im-

plies that hadronic helicity conservation is not yet observ
in this region ofQ2. Accordingly, our extracted values fo
REM are still far from the pQCD predicted value of1100%.
However, in contrast to previous results we find thatREM ,
starting from a small and negative value at the real pho
point, actually exhibits a clear tendency to cross zero a

d
f

FIG. 4. TheQ2 dependence of the bare~dashed curves! and
dressed~solid curves! helicity amplitudesA1/2 andA3/2 ~in units of
1023 GeV21/2) extracted with DM. The dotted curves are the pio
cloud contributions.

FIG. 5. TheQ2 dependence of theQ3A1/2
D ~solid curve!, Q5A3/2

D

~dashed curve!, and Q3S1/2
D ~dotted curve! amplitudes~in units of

1023 GeVn/2) obtained with DM.
1-4
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change sign asQ2 increases, while the absolute value ofRSM

is strongly increasing. In regard to the scaling, our analy
indicates that bareS1/2

D andA1/2
D , but notA3/2

D , starts exhibit-
ing the pQCD scaling behavior at aboutQ2

>2.5 (GeV/c)2. It appears likely that the onset of scalin
behavior might take place at a lower momentum trans
than that of hadron helicity conservation.

It will be most interesting to have data at yet higher m
mentum transfer in order to see the region where the heli
amplitudeA1/2

D finally dominates overA3/2
D . It is only there
c

ys

.N

cl
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that we could expect to see the onset of the asymptotic
havior of REM→1100% andRSM→const.
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