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Regge description of charged pseudoscalar meson electroproduction above the resonance regi

M. Vanderhaeghen, M. Guidal,* and J.-M. Laget
CEA/Saclay, DAPNIA/SPhN, F91191 Gif-sur-Yvette Cedex, France

~Received 10 July 1997!

A gauge invariant model based onp andr Regge trajectory exchanges provides a successful and economi-
cal description of the forward charged pion electroproduction reactions above the resonance region. Its sensi-
tivity to the meson form factors is investigated in kinematics where the pion electromagnetic form factor will
be extracted at highQ2 at TJNAF. An extension toK1 electroproduction is presented.
@S0556-2813~98!04603-2#
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A fundamental quantity of hadron structure is the pseu
scalar meson (p,K, . . . ! electromagnetic form factors an
their evolution as a function of the four-momentum trans
squared2Q2. At low Q2, a theoretical interpretation in
terms of QCD is difficult as one is in the nonperturbati
regime of QCD. In this regime, data permit one to test d
ferent QCD inspired models. At large values ofQ2, one en-
ters the domain of perturbative QCD~PQCD! where the
form factors show a scaling behavior@1# and where an inter-
pretation in terms of quark and gluon degrees of freed
becomes possible. The new generation of high energy,
duty factor electron facilities such as TJNAF makes it p
sible to explore the meson form factors at higherQ2 with
unprecedented accuracy@2# and to determine the scale
which one goes over to the domain of PQCD. However
good knowledge of the charged pseudoscalar meson ele
production reaction mechanism at high energy and low m
mentum transfer is indispensable, since no free meson ta
are available. In this paper, we show that a Regge trajec
exchange model is definitely superior to the Born diagr
model @3,4#, when compared with the available data a
should therefore be used for extracting pseudoscalar m
form factors.

In Refs. @5,6#, a gauge invariant Regge trajectory e
change model was shown to be able, at high energy~i.e.,
above the resonance region! and at low momentum transfe
(t,2 GeV2), to give an economical description of the u
polarized and polarized data for the charged pion photop
duction reactions as well as for theK1L andK1S0 photo-
production data. The model is simple, as it is based on thp
and r ~respectively,K and K* ) Regge exchanges in thet
channel. Since a simplet-channelp-pole exchange is no
gauge invariant, it was made explicitely gauge invariant
the proper reggeization of thes-channel nucleon pole dia
gram~for the p1 production! as explained in detail in Refs
@5,6#. The model is parameter free as the coupling consta
at the vertices are well determined by precise studies
analyses in the resonance region. Its extension to the ca
electroproduction is straightforward. As thep- and
r-exchange amplitudes are separately gauge invariant,
different electromagnetic form factors are introduced for
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p andr exchanges without violating the gauge invariance
the theory. We use monopole form factors

Fp,r~Q2!5@11Q2/Lp,r
2 #21, ~1!

with Q252q2, whereq is the spacelike virtual photon four
momentum. The analysis in Ref.@7# yielded Lp

2 5 0.462
GeV2. Ther mass scale is unknown and we useLr

2 5 Lp
2 as

a first guess.
In Fig. 1 we plot thep1 electroproduction cross sectio

for Q2 5 1.2 GeV2 at two energies for which data from
Cornell @8# exist and we compare a Regge model and a B
model. The same vertices and coupling constants are use
both models and the Born model is obtained by replacing

9

FIG. 1. Comparison of theg* 1p→p11n differential electro-
production cross section at two energiesW 5 3.1 GeV andW 5
2.15 GeV atQ2 5 1.2 GeV2 and for F 5 0° ~in plane!. Dash-
dotted lines,p Born exchange withLp

2 5 0.462 GeV2; dotted
lines,p1r Born exchanges withLp

2 5 Lr
2 5 0.462 GeV2; dashed

lines,p1r Regge exchange model withLp
2 5 Lr

2 5 0.462 GeV2;
solid lines,p1r Regge exchange model withLp

2 5 Lr
2 5 0.50

GeV2 which gives a better fit to the data. The data are from R
@8#.
1454 © 1998 The American Physical Society
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57 1455REGGE DESCRIPTION OF CHARGED PSEUDOSCALAR . . .
p andr Regge propagators@5,6# by the correspondingp and
r Feynman propagators. For thep and r exchanges sepa
rately, the two models are equal at the pole of the exchan
particle. As already noticed in Ref.@8#, a Born term model
does not reproduce thet dependence of the cross sectio
The data at the highest energyW 5 3.1 GeV clearly favor a
Regge model: It predicts a much steepert dependence a
higher energy than a Born model. Even a Born model m
tiplied by a t-dependent off-shell form factor would not b
able to describe this feature. At lower energy (W 5 2.15
GeV!, thet dependence is more comparable but the data
favor the Regge model. This steepert dependence with in-
creasing energy~Regge shrinkage! was clearly confirmed
previously for photoproduction@5,6# where data exist a
higher energy compared with the electroproduction da
Furthermore, it is seen in Fig. 1 that including at-channelr
Born exchange leads to a risingt behavior of the cross sec
tion at larger2t values which is clearly ruled out by th
data. Besides the different behavior int, the Born model and
Regge model lead to a different value of the extracted p
electromagnetic form factor. This difference is accentuate
largerQ2 as discussed below.

Besides thep1 cross sections, a decisive test of the pi
photo and electroproduction models is thep2/p1 ratio, be-
cause this observable is fixed as soon as one has a mod
p1 photo and electroproduction. Thep2/p1 ratio has al-
ways been difficult to describe in previous attempts. The n
finding of Ref.@5# was that a good description of this obser
able for real photons is obtained by using degeneratep and
r Regge trajectories with different phases~rotating phase for
p1 versus nonrotating phase forp2 due toG-parity consid-
erations! and by the implementation of gauge invariance.
can be seen in Fig. 2, the Regge model is able to describe
t dependence of the virtual photon data for thep2/p1 ratio

FIG. 2. Ratio ofp2/p1 electroproduction on the nucleon atW
5 2.19 GeV and« 5 0.85. Solid lines,p1r Regge exchanges with
Lp

2 5 Lr
2 5 0.462 GeV2; dash-dotted lines,p1r Regge exchange

with Lp
2 5 0.462 GeV2 andLr

2 5 2 GeV2; dashed lines,p Regge
exchange withLp

2 5 0.462 GeV2; dotted lines,p1r Born ex-
changes withLp

2 5 Lr
2 5 0.462 GeV2. The data are from Ref.@9#.
ed

.

l-

so

a.

n
at

for

w

s
he

as well as was found previously for real photons, stron
confirming the relevance of the basic elements of the mo
A comparison between thep Regge exchange andp1r
Regge exchanges also shows that thep2/p1 ratio is a sen-
sitive observable to determine the relative weight of t
r-exchange contribution. Note that, although thep1r Born
model prediction is not so bad for this observable, thet de-
pendence ofds/dt in Fig. 1 clearly rules it out.

A good understanding of the role ofr exchange in the
charged pion electroproduction reaction is indispensable
fore one can reliably extract thep electromagnetic form fac-
tor. Alternatively, our Regge model which contains only tw
Regge exchange mechanisms holds also promise to ac
the rpg transition form factor once thep electromagnetic
form factor is determined. To obtain a reliable extraction
these two form factors, a separation of the cross section
the various response functions is indispensable.

It is well known that the unpolarizedp1 electroproduc-
tion cross section~after removal of the virtual photon flux
factor! can be decomposed into four response functions

2p
ds

dt dF
5

dsT

dt
1«

dsL

dt
2« cos~2F!

dsTT

dt

1A2«~11«! cos~F!
dsTL

dt
, ~2!

whereF is the out-of-plane angle and« is the virtual photon
polarization parameter. In Fig. 3, theT,L,TT, and TL re-
sponse functions are shown for the latest available dat
low Q2 (Q2 5 0.35 GeV2) where the role of the pion elec
tromagnetic form factor is rather small and where its value
rather well constrained due to a direct measurement by p
electron scattering@10#. A comparison of the different re

FIG. 3. T,L,TT, andTL response functions forp1 electropro-
duction atQ2 5 0.35 GeV2 andW 5 2.1 GeV. Solid lines,p1r
Regge exchanges; dashed lines,p Regge exchange; dash-dotte
lines,p Born exchange. The data are from Ref.@11#.
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1456 57M. VANDERHAEGHEN, M. GUIDAL, AND J.-M. LAGET
sponse functions shows that at this lowQ2 value, the longi-
tudinal response function dominates at forward angles. F
thermore, thet dependence of the model for theL response
function is much steeper than for theT response function
This is in agreement with the trend of the data. The mo
predictions for the interferencesTT andTL are in reasonable
agreement with the data. The separation with greater a
racy of the different response functions at higher values
Q2 will become possible with the experiments at TJNA
@2,12,13#.

In Fig. 4, theT and L cross sections forp1 electropro-
duction are shown for typical values ofQ2 which will be
taken aroundW' 2 GeV at TJNAF@2#. It is seen that theL
response function is independent of ther exchange att 5
tmin (tmin corresponds to the value oft when the pion goes
into the forward direction! which makes it appropriate to
extract thep electromagnetic form factor. Going to highe
Q2, the value of2tmin increases~for a givenW) as can be
seen in Fig. 4. Consequently, to extract thep electromag-
netic form factor one has to extrapolate to the pion pole (t 5
mp

2 ) which is farther away at these higherQ2 values. Al-
though the extrapolated value at the pion pole of a Born
Regge model gives the same result when the same form
tor is used, it is seen once more in Fig. 4 that thet depen-
dence is very different if one is farther away from thep pole.
If the form factor fit has to be done using the data at hig
t values, the extraction becomes more and more model
pendent as one goes to largerQ2 for a givenW. This moti-
vates one to go to higher energies because the value
2tmin decreases. On the other hand, the Regge model b
reproduces thet dependence of the available data and sho
be preferably used to extrapolate to the pion pole.

Once thep form factor is extracted from theL response

FIG. 4. T andL response functions forg* 1p→p11n at W 5
2 GeV and for different values ofQ2. The first calculated point in
2t indicates the value2tmin . Solid lines,p1r Regge exchange
model with Lp

2 5 Lr
2 5 0.462 GeV2; dash-dotted lines,p Born

exchange withLp
2 5 0.462 GeV2. The dotted lines represent th

p1r Regge exchange model withLp
2 5 0.462 GeV2 andLr

2 5 2
GeV2, and the dashed lines represent ther Regge exchange with
Lr

2 5 2 GeV2.
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function, one can use the sensitivity of theT response func-
tion to ther exchange. This is illustrated in Fig. 4 for tw
choices of the mass scale in theFr of Eq. ~1!: Lr

2 5 0.462
GeV2 andLr

2 5 2 GeV2. It is seen that the sensitivity to th
rpg form factor at largerQ2 is due to the finite contribution
at t5tmin of the r exchange to theT response function in
contrast to theL response function where ther-exchange
contribution vanishes att5tmin due to therpg vertex struc-
ture at high energy. It was shown in Fig. 2 that thep2/p1

ratio provides quite a strong check of ther-exchange contri-
bution which is well predicted by our gauge invaria
p1r Regge exchange model. It is also seen from Fig. 4 t
the T response function is predicted to show a much l
steept dependence. This trend is already seen in the v
few existingL/T separations performed in the 1970’s at Co
nell @14# and DESY@15# which are, however, not compatibl
@16# and show large uncertainties. The forthcoming expe
ments at TJNAF should provide accurateL/T separation for
the pion electroproduction at intermediate values ofQ2. This
opens up the prospect to extract at the same time thp
electromagnetic form factor from theL response function
and determine therpg transition form factor from theT
response function using the Regge model described in
paper.

The present model has also been applied in an explora
way to the strangeness electroproduction reactionsg* 1p
→K11L and g* 1p→K11S0 at high energies, with the
coupling constants determined from kaon photoproduct
reactions @6#. Figure 5 shows the results for theg* 1p
→K11L forward differential cross section as function ofQ2

aroundW' 2.15 GeV. A fair description is obtained usin
the monopole parametrization of Eq.~1! for the K and K*
form factors withLK

2 5 LK*
2

5 0.6 GeV2. As theK andK*
Regge exchanges play a different role in theg* 1p→K1

1L andg* 1p→K11S0 reactions~theK1S0 reaction be-
ing dominated byK* exchange!, a study of both reactions
can provide an additional lever arm to disentangle the k
electromagnetic form factor and theK* Kg transition form
factor. A more systematic comparison to strangeness elec
production observables and to ongoing kaon electroprod
tion experiments at TJNAF@12,13# will be shown in a forth-
coming article. The sparse available data set will

FIG. 5. Differential cross section forg* 1p→K11L at W 5
2.15 GeV,« 5 0.85 and averaged over forward angles (uc.m.,15°).
References to the data can be found in Ref.@17#.
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superseded by these ongoing experiments at TJNAF.
Regge model provides an economical way to analyze th
and to extrapolate to the pion and kaon poles.

In summary, it was shown that a Regge model for char
pseudoscalar meson electroproduction above the reson
region is quite successful in describing available data an
therefore preferable compared with the more traditional B
models. It should be used to extract the peudoscalar me
k,
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electromagnetic form factors at largerQ2 and to quantify the
transition from the nonperturbative to perturbative QCD
gimes in these form factors.
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