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We present a theoretical estimation for the cross-section of exclusive twor-meson production in two photon
collision when one of the initial photons is highly virtual. The compatibility of our analysis with recent
experimental data obtained by the L3 Collaboration at~CERN! LEP is discussed. We show that these data
prove the scaling behavior of the exclusive production amplitude. They are thus consistent with a partonic
description of the exclusive processgg* →r0r0 whenQ2;2 –20 GeV2.
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I. INTRODUCTION

Two-photon collisions provide a tool to study a variety
fundamental aspects of QCD and have long been a subje
great interest~cf. e.g.@1–3# and references therein!. A pecu-
liar facet of this interesting domain is exclusive two hadr
production in the region where one initial photon is high
virtual ~its virtuality being denoted asQ2) but the overall
energy~or invariant mass of the two hadrons! is small @4#.
This process factorizes@5,6# into a perturbatively calculable
short-distance dominated scatteringg* g→qq̄ or g* g
→gg, and nonperturbative matrix elements measuring
transitionsqq̄→AB and gg→AB. These matrix element
have been called generalized distribution amplitudes~GDAs!
to emphasize their close connection to the distribution a
plitudes introduced many years ago in the QCD descrip
of exclusive hard processes@7#.

In this paper, we focus on the processg* g→r0r0 which
has not been discussed much theoretically~see however Ref
@8#! but has recently been observed at CERNe1e2 collider
LEP in the right kinematical domain@9#.

Sinceg* g→rr is the crossed channel of virtual Com
ton scattering on a spin-1 meson, the physics considered
is closely related to deeply virtual Compton scatteri
~DVCS! on a spin-1 target@10#, which has recently attracte
some attention in the context of generalized~skewed! parton
distributions of the deuteron@11#.

II. KINEMATICS

The reaction which we study here is~see Fig. 1!

e~k!1e~ l !→e~k8!1e~ l 8!1r0~p1!1r0~p2! ~1!

where the initial electrone(k) radiates a hard virtual photo
with momentumq5k2k8; in other words, the square o
virtual photon momentumq252Q2 is very large. This
0556-2821/2004/69~1!/014018~9!/$22.50 69 0140
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means that the scattered electrone(k8) is tagged. To describe
reaction~1!, it is useful to consider, at the same time, t
subprocess

e~k!1g~q8!→e~k8!1r0~p1!1r0~p2!. ~2!

Regarding the other photon momentumq85 l 2 l 8, we as-
sume that, first, its momentum is collinear to the electr
momentuml and, secondly, thatq82 is approximately equa
to zero, which is a usual approximation when the seco
lepton is untagged.

Let us now pass to a short discussion of kinematics in
gg* center of mass system. We adopt thez axis directed
along the three-dimensional vectorq, and ther-meson mo-
menta lie in the (x,z) plane. It means that we ignore th
azimuthal dependence of the cross section, which happen
be absent in the approximation we use. So, we write for
momenta in the c.m. system:

q5~q0,0,0,q!, p15~p1
0 ,p1sinu,0,p1cosu!. ~3!

Also, we need to write down the MandelstamS-variables for
the electron-positron~1! and electron-photon~2! collisions:

FIG. 1. Kinematics of the processe(k)1e( l )→e(k8)1e( l 8)
1r0(p1)1r0(p2) in the c.m. system of the two mesons.
©2004 The American Physical Society18-1
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See5~k1 l !2, Seg5~k1q8!2. ~4!

Neglecting the lepton masses, these variables can be re
ten as

See'2~k• l !, Seg'2~k•q8!5x2See, ~5!

where the fractionx2 defined asq085x2l 0 is introduced~see
@12#!.

III. PARAMETRIZATION OF r-MATRIX ELEMENTS
AND THEIR PROPERTIES

Let us first introduce the basis light-cone vectors. W
adopt a basis consisting of two lightlike vectorsp and n of
mass dimension 1 and21, respectively. In other words, the
obey the following conditions:

p25n250, ~p•n!51. ~6!

With the help of this basis, ther-mesons momentap1 andp2
can be written as

p1
m5zpm1~12z!

W2

2
nm2

DT
m

2
,

p2
m5~12z!pm1z

W2

2
nm1

DT
m

2
. ~7!

As usually for the two meson generalized distribution amp
tude case, we introduce the sum and difference of hadr
momenta which take the form in the light-cone decompo
tion:

Dm5p2
m2p1

m , Pm5p2
m1p1

m . ~8!

The skewedness parameterz is defined by

z5
p1

1

P1
5

11bcosu

2
, b5A12

4mr
2

W2
. ~9!

Note also that within the c.m. frame the transverse com
nent of the transfer momentumDT5(0,DT,0) is given by

DT
252DT

25~4mr
22W2!sin2u. ~10!

Let us now write down the decomposition for the longitud
nal and transverser-meson polarization vectors:

e1 m
(0) 5

1

mr
S p1m2

mr
2

z
nmD ,

e1 m
(1) 5

2

ADT
2 S zp2 m2~12z!p1m

2
z~2z21!W21DT

2

2z
nmD ,
01401
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e1m
(2)52

2

ADT
2

«mabgp2ap1 bng , ~11!

for the r meson with momentump1, and

e2m
(0)5

1

mr
S p2m2

mr
2

12z
nmD ,

e2m
(1)52

2

ADT
2 S ~12z!p1m2zp2m

1
~12z!~2z21!W22DT

2

2~12z!
nmD ,

e2m
(2)5

2

ADT
2

«mabgp2 ap1 bng , ~12!

for the otherr meson with momentump2. As usual,

ei•pi50, ei
(l)

•ei
(l8)52dll8. ~13!

Besides, for each meson, the following polarization vect
can be introduced to define the light-cone helicity:

e~0!5e(0), e~6 !5
7e(1)2 ie(2)

A2
. ~14!

We now come to the parametrization of the relevant ma
elements. Keeping the terms of leading twist 2, the vec
and axial correlators can be written as

^p1 ,l1 ;p2 ,l2uc̄~0!gmc~ln!u0&

5
F

pm(
i

e1
ae2

bVab
( i ) ~p1 ,p2 ,n!Hi

rr, V~y,z,W2!, ~15!

^p1 ,l1 ;p2 ,l2uc̄~0!gmg5c~ln!u0&

5
F

pm(
i

e1
ae2

bAab
( i ) ~p1 ,p2 ,n!Hi

rr, A~y,z,W2!. ~16!

Herel1 andl2 are the helicities ofr mesons andF
5

denotes
the Fourier transformation with measure (z15ln,z250)
@16#:

dm~y!5dye2 iypz11 i (12y)pz2. ~17!

With the help of parity invariance we can show that t
vector tensorsVab

( i ) may be written in terms of five tenso
structures while the axial tensorsAab

( i ) are linear combina-
tions of four independent structures. In complete analo
with the analysis of the deuteron generalized parton distri
tions @11# we write
8-2
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(
i

e1
ae2

bVab
( i ) ~p1 ,p2 ,n!Hi

rr,V~y!52~e1•e2!H1
rr,V~y!1„~e1•n!~e2•p1!1~e2•n!~e1•p2!…H2

rr,V~y!

2
~e1•p2!~e2•p1!

2mr
2

H3
rr,V~y!1„~e1•n!~e2•p1!2~e2•n!~e1•p2!…H4

rr,V~y!

1S 4mr
2 ~e1•n!~e2•n!1

1

3
~e1•e2! DH5

rr,V~y! ~18!

for the vector tensor structures and

(
i

e1
ae2

bAab
( i ) ~p1 ,p2 ,n!Hi

rr,A~y!52 i eab
T e1a

T e2b
T H1

rr,A~y!1 i eab
T Da

e1b~e2•p1!1e2b~e1•p2!

mr
2

H2
rr,A~y!

1 i eab
T Da

e1b~e2•p1!2e2b~e1•p2!

mr
2

H3
rr,A~y!1 i eab

T Da„e1b~e2•n!

1e2b~e1•n!…H4
rr,A~y! ~19!
-
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for the axial tensor structures. In Eqs.~18! and ~19!, the
standard notationeab

T 5eabgd pgnd was used and the depen
dence of parametrizing functions~GDA! on z and W2 is
implied.

Let us now turn to the consideration of symmetry prop
ties. Thegg* subprocess is selecting the parts with the f
lowing symmetry:

Hi
rr,V~y!52Hi

rr,V~12y!, Hi
rr,A~y!5Hi

rr,A~12y!.
~20!

Note that the scale dependence of generalized distribu
amplitudes acquired in the process of factorization of
scattering amplitude has been studied in@12# and there are
no essential differences between thepp channel discussed
there and vector contributions to ourrr case. At the same
time, the evolution of axial contributions are similar to th
case of the distribution amplitudes of singlet axial meso
TheW2 behavior of 2p GDA’s has been recently explored i
terms of an impact representation of the hadronization p
cessqq̄→MM @13#.

IV. QUARK-HADRON HELICITY AMPLITUDES

Although the main objects of our investigation are t
generalized distribution amplitudes~GDA! let us begin from
the discussion of the helicity amplitudes related to the g
eralized parton distribution~GPD!, which are related to
GDAs by means ofs↔t crossing symmetry@14,15#. One
considers the quark helicity conserving distributions para
etrizing the combination of the vector and axial matrix e
ments:

A(l26;l16)5
1

2
^p2 ,l2uc̄~0!g1~16g5!c~z!up1 ,l1&,

~21!
01401
-
-

n
e

s.

-

-

-
-

where l and m56 denote the helicities of initial~final!
hadrons and quarks, respectively. The matrix elements in
~21! are taken between twor mesons. In the forward limit
when p15p2 helicity conservation takes place and requir
l11m15l21m2. The parity transformation,l i→2l i etc.,
invariance leads to nine independent helicity amplitud
~21!. At the same time the time reversal transformatio
(m1 ,l1)↔(m2 ,l2), invariance does not lead to any redu
tion of the number of independent structures owing toz de-
pendence~see, for instance,@11#!.

As noted before, the crossing transformation relates
helicity amplitudes referring to the GDAs to the correspon
ing GPDs helicity amplitudes. Indeed, the crossing trans
mations imply that the initial hadron is replaced by a fin
hadron with the opposite momentum:p1→2p1 and, there-
fore, opposite helicitiesl1→2l1. Similarly, we implement
the crossing replacement for the quark fields. Namely,
final quark with helicitym2 is replaced by the initial anti-
quark with helicity 2m2. Thus, the quark helicity nonflip
amplitudes int-channel come to the amplitudes ins-channel
where the initial quark and antiquark helicities are oppos
and vice versa:

A(l26;l16)
(t) →A(l22l1 ;76)

(s) . ~22!

Note that the first two indices labeling the helicity amp
tudes in Eq.~22! or Eq. ~21! correspond to the helicities in
the final state and the last two indices — to the initial sta

Let us now focus on the amplitudes ins-channel. As the
helicity and chirality of antiquarks are distinguished by si
~in this paper, we consider the case of massless quarks!, the
chirality conserving quark-antiquark operator will give th
combination of quark and antiquark fields with opposite h
licities: v̄1g1u1↔ v̄ (2)g

1u(1) , where the bracketed sub
scripts denote the helicity while the unbracketed ones den
8-3
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the chirality. Therefore, using Eqs.~15! and ~16!, we write,
forgetting from now on the~s! subscript,

A(l2l1 ; 67)5
1

2
^p2 ,l2 ; p1 ,l1uc̄~0!g1~16g5!c~z!u0&.

~23!

Further, a straightforward calculation derives the expr
sions for the helicity amplitudes~cf. @11#!:

2A(11,12)5H1
rr,V1BH3

rr,V2
1

3
H5

rr,V1H1
rr,A

12B@H2
rr,A1~2z21!H3

rr,A#,

2A(01,12)5A2Bz

12zS H1
rr,V2z@H2

rr,V1H4
rr,V#

1F ~2z21!W2

4mr
2

12~12z!GH3
rr,V

2
1

3
H5

rr,V1~12z!H1
rr,A1~12z!

3F ~2z21!W2

mr
2

14~12z!BG @H2
rr,A

2H3
rr,A#1z~12z!H4

rr,AD ,

2A(21,12)522BS 1

2
H2

rr,V2~2z21!H2
rr,A2H3

rr,AD ,

2A(00,12)5F S 1

2
2z~12z! DW2

mr
2

24„12z~12z!…BG
3FH1

rr,V2
1

3
H5

rr,VG2
~2z21!W2

2mr
2

3@H4
rr,V1~2z21!H2

rr,V#12B@H2
rr,V

1~2z21!H4
rr,V#1F ~2z21!2W4

8mr
4

22BS ~2z21!2W2

2mr
2

14z~12z!BD GH3
rr,V

14z~12z!H5
rr,V . ~24!

In Eq. ~24! the following notation has been used:

B5
DT

2

16mr
2z~12z!

. ~25!
01401
-

V. AMPLITUDE OF gg*\r0r0 SUBPROCESS

In this section, we consider theg(q8)g* (q)
→r0(p1)r0(p2) subprocess. Following@16#, the amplitude
of this subprocess including the leading twist-2 terms can
written as

Tmn
gg* →r0r0

5
1

2 (
q51

nf

eq
2E

0

1

dy@gmn
T E2~y!Vq~y,cosu,W2!

2 i emn
T E1~y!Aq~y,cosu,W2!#, ~26!

where

E65
1

12y
6

1

y
. ~27!

In Eq. ~26!, the scalar and pseudoscalar functions (V,A)
denote the following contractions:

Vq~y,cosu,W2!5(
i

e1
ae2

bVab
( i ) Hi ,q

rr,V
„y,z~cosu!,W2

…,

Aq~y,cosu,W2!5(
i

e1
ae2

bAab
( i ) Hi ,q

rr,A
„y,z~cosu!,W2

….

The helicity amplitudes are obtained from the usual am
tudes after multiplying by the photon polarization vectors

A( i , j )5«m8
( i )«n

( j )Tgg* →r0r0
mn . ~28!

Here, in thegg* c.m. frame, the photon polarization vecto
read

«m8
(6)5S 0,

71

A2
,
1 i

A2
,0D ,

«m
(6)5S 0,

71

A2
,
2 i

A2
,0D , «m

(0)5S uqu

AQ2
,0,0,

q0

AQ2D , ~29!

for the real and virtual photons, respectively.

VI. DIFFERENTIAL CROSS SECTIONS

We will now concentrate on the calculation of the diffe
ential cross section of Eq.~1!. The amplitude of this proces
can be written as

A ee→eer0r05(
i , j

@ ū~ l 8!gmu~ l !«
*

m8
( i )#

1

q8 2
A( i , j )

gg* →r0r0 1

q2

3@«
*

n
( j )ū~k8!gnu~k!#. ~30!

This amplitude depends on the polarization states of the
duced r mesons. Due to parity invariance there are on
three independent sets of helicity~photon! amplitudes which
we put to beA(1,1) , A(1,2) andA(1,0) . Let us focus on the
leading twist-2 helicity amplitude in the unpolarized ele
8-4
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trons case, i.e., theA(1,1) amplitude. In this case, the squa
of the modulus of the amplitude~30! can be presented in th
‘‘factorized’’ form:

uA ee→eer0r0u25uA eg→er0r0u2
1

q84
uA e→egu2 ~31!

and the scattering cross section is

dsee→eer0r05
1

2See

d3l 8

~2p!32l 08

d3p1

~2p!32p1
0

3
d3p2

~2p!32p2
0

d3k8

~2p!32k08
uA eg→er0r0u2

1

q8 4

3uA e→egu2. ~32!

From now on, we will sum over the polarization states of t
r mesons. Separating the differential cross section foreg
→er0r0 subprocess, we are able to rewrite Eq.~32! in the
form

dsee→eer0r05
d3l 8

~2p!32l 08

x2

q84
uA e→egu2dseg→er0r0, ~33!

where

dseg→er0r05
1

2Seg

d3p1

~2p!32p1
0

d3p2

~2p!32p2
0

d3k8

~2p!32k08

3uA eg→er0r0u2. ~34!

Using the equivalent photon approximation we find the
pression for the corresponding cross section:

dsee→eer0r0

dQ2
5E •••E dW2 dcosudfdx2

a

p
FWW~x2!

3
dseg→er0r0

dQ2dW2dcosudf
, ~35!

where the Weizsacker-Williams functionFWW is defined as
usual as:

FWW~x2!5
11~12x2!2

2x2
ln

Q82~x2!

me
2

2
12x2

x2
, ~36!

and the valueQ8 2 is defined as

Q8252qmax82 5
~12x2!

4
Seesin2amax. ~37!

The angleamax in Eq. ~37! is determined by the acceptanc
of a lepton in the detector~see, for instance,@12#! and the
value of the c.m. energy of theee collision ASee is 91 GeV
at LEP1 and 195 GeV at LEP2.

In Eq. ~35!, the cross section for the subprocess can
calculated directly; we have
01401
e

-

e

dseg→er0r0

dQ2dW2dcosudf

5
a3

16p

b

Seg
2

1

Q2 S 12
2Seg~Q21W22Seg!

~Q21W2!2 D
3uA(1,1)~cosu,W2!u2 ~38!

where

uA(1,1)~cosu,W2!u25„uV~cosu,W2!u21uA~cosu,W2!u2
….

~39!

In Eq. ~39!, the squared andr meson polarizations summe
functionsuVu2 and uAu2 read

uV~cosu,W2!u25
1

4
Pa1a2~p1!Pb1b2~p2!(

i , q
eq

2Va1b1

( i )

3E dy1E2~y1!Hi ,q
rr, V~y1 ,cosu,W2!

3(
j , q

eq
2Va2b2

( j ) E dy2E2~y2!

3H j ,q
rr,V~y2 ,cosu,W2! ~40!

uA~cosu,W2!u25
1

4
Pa1a2~p1!Pb1b2~p2!(

i ,q
eq

2Aa1b1

( i )

3E dy1E1~y1!Hi ,q
rr,A~y1 ,cosu,W2!

3(
j ,q

eq
2Aa2b2

( j ) E dy2E1~y2!

3H j ,q
rr,A~y2 ,cosu,W2!, ~41!

where

Pab~p!5(
l

ea
(l)eb*

(l)52gab1
papb

mr
2

. ~42!

As mentioned before, the expressions~40! and ~41! do not
depend on the azimuthf.

The helicity squared amplitude when the integration o
cosu is implemented may be written as

F (1,1)~W2!5E
0

1

dcosuuA(1,1)~cosu,W2!u2, ~43!

and the cross section takes the form
8-5
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dsee→eer0r0

dQ2
5

25a4

36p E
0

1

dx2FWW~x2!

3S 1

x2
2See

2 Q2EWmin
2

Wmax
2

dW2b F (1,1)~W2!

2
2

x2SeeQ
2EWmin

2

Wmax
2

dW2
b F (1,1)~W2!

Q21W2

1
2

Q2EWmin
2

Wmax
2

dW2
b F (1,1)~W2!

~Q21W2!2 D . ~44!

In Eq. ~44!, the magnitudes ofWmin
2 andWmax

2 are defined by
the interval covering most of detected twor0 events, which
in the L3 case at LEP@9# is:

1.21 GeV2,W2,9.0 GeV2. ~45!

Since ther meson width is large, the lower limit is a matte
of convention, but it can be less than 4mr

2 . Notice, also, that
the integrated functionF (1,1) is independent ofQ2 up to
logarithms. Besides, the exactW2 dependence of this quan
tity remains unknown unless some modeling is used. Ho
ever, the mean value theorem gives the possibility to red
the three different integrals overW2 in Eq. ~44! to one inte-
gration. Indeed, the mean value theorem reads

E
Wmin

2

Wmax
2

dW2
b F (1,1)~W2!

Q21W2

5
1

Q21^W1&
2EWmin

2

Wmax
2

dW2b F (1,1)~W2!, ~46!

E
Wmin

2

Wmax
2

dW2
b F (1,1)~W2!

~Q21W2!2

5
1

~Q21^W2&
2!2EWmin

2

Wmax
2

dW2b F (1,1)~W2! ~47!

with two phenomenological parameters^W1& and^W2&. Let
us now discuss the status of these parameters. In princ
each of these parameters is a function ofQ2, but owing to
the unknownW2 dependence of hadronic functionF (1,1)
theQ2 dependences of given parameters stay out of the e
computations. Therefore we will deal witĥW1& and ^W2&
which will be considered in the sense of average value on
whole interval ofQ2. Notice also that the values of our pa
rameters have actually the same order of magnitude asQ2,
therefore we need to keep^W& parameters in the prefactor
of Eqs.~46! and ~47!.

From Eqs.~46! and ~47!, one can see that it is useful t
introduce a third phenomenogical parameter:

C15E
Wmin

2

Wmax
2

dW2bF (1,1)~W2!. ~48!
01401
-
ce

le,

ct

e

The normalization of our 2rGDA’s and consequently the
value of ourC1 parameter@see Eq.~61!# is difficult to guess.
In the pp case~see, for instance@12#!, the relation of the
second moment of the operator defining the GDA to the
ergy momentum tensor, allowed to relate the value of
second moment of the GDA to the total energy carried
quarks in thep meson, which is known from the study o
parton distributions in the meson. This analysis require
modest extrapolation of the meson-pair energy to ze
which was legitimate in the twop meson case with smallW,
but is very dangerous in the present twor meson case, due to
the much larger thresholdWmin . Still, one may expect, tha
some order of magnitude estimate may be provided by s
an extrapolation, as will be confirmed by the numerical
sults below. Moreover, such an analysis may give indir
access to the parton distributions inside ar meson, and, in
particular, to the spin and orbital angular momenta carried
quarks.

Finally, the cross section~44! is expressed through thes
three phenomenological parameters in the following sim
way:

dsee→eer0r0

dQ2
5

25a4

36p
C1 E

0

1

dx2FWW~x2!

3S 1

x2
2See

2 Q2
1

2

Q2~Q21^W2&
2!2

2
2

x2SeeQ
2~Q21^W1&

2!
D . ~49!

In the L3 Collaboration analysis, the valueW belongs to the
interval ~45!. Hence we are able to conclude that the ph
nomenological parameters^W1& and^W2& may take any val-
ues inside this interval.

VII. COMPARISON OF r MESONS AND LEPTON PAIR
PRODUCTIONS

In this section we compare ther0r0 production with the
production of a lepton pairm1m2 in the same kinematics
The cross section of the processeg→em1m2 coming
through thegg* subprocess is well known and has the for

dseg→emm
gg*

dQ2
5

a3

4Seg
2 Q2E4mm

2

Wmax
2

dW2

3S 12
2Seg~Q21W22Seg!

~Q21W2!2 D f m1m2
~W2!,

~50!

where
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f m1m2
~W2!58S ln

11b (m)

12b (m)
2b (m)D ,

b (m)5A12
4mm

2

W2
. ~51!

In Eq. ~50!, we can also apply the mean value theorem. B
now, by virtue of the known form of the muon function~51!,
the analogues of̂Wi& can be explicitly calculated. So, th
mean value theorem for the muon case reads

E
4mm

2

Wmax
2

dW2
f m1m2

~W2!

Q21W2
5

1

Q21^W1, (m)&
2

3E
4mm

2

Wmax
2

dW2f m1m2
~W2!,

~52!

E
4mm

2

Wmax
2

dW2
f m1m2

~W2!

~Q21W2!2
5

1

~Q21^W2, (m)&
2!2

3E
4mm

2

Wmax
2

dW2f m1m2
~W2!.

~53!

Whence, we obtain

^W1,(m)&
2~Q2!5R1~Q2!2Q2,

~Q21^W2, (m)&
2!25R2~Q2!, ~54!

where the following notations are introduced:

Rn~Q2!5
K

Ln~Q2!
, K5E

4mm
2

Wmax
2

dW2f m1m2
~W2!,

Ln~Q2!5E
4mm

2

Wmax
2

dW2
f m1m2

~W2!

~Q21W2!n
. ~55!

The Q2 dependences of̂Wi , (m)&
2 are shown in Fig. 2. The

FIG. 2. The muonic parameters^W1, (m)&
2 ~solid! and^W2, (m)&

2

~dashed! as functions ofQ2.
01401
t

solid line corresponds to the function^W1,(m)&
2(Q2) and the

dashed one to the function^W2,(m)&
2(Q2). The weakQ2 de-

pendence of̂ Wi ,(m)&
2 justifies the possibility to use the av

eraged̂ Wi ,(m)&
2 when fitting the data. Besides, a fitting pro

cedure gives us the following representation for the
functions:

^W1,(m)&
2~Q2!53.6320.015Q210.47lnQ2,

^W2,(m)&
2~Q2!52.9020.024Q210.73lnQ2.

Further, the cross section of twor meson production can
be written as

dsee→eer0r0

dQ2
5E

0

1

dx2FWW~x2!
a4

4p

C1

Q2Seg
2

N~x2!

3E
4mm

2

Wmax
2

dW2S 12
2Seg~Q21W22Seg!

~Q21W2!2 D
3 f m1m2

~W2!, ~56!

where the functionN(x2) is defined by the ratio@one re-
minds here thatSeg is proportional to thex2 fraction, see Eq.
~5!#:

N~x2!5
I1~x2!

I2~x2!
,

I1~x2!5
25

9 S 12
2Seg

Q21^W1&
2

1
2Seg

2

~Q21^W2&
2!2D ,

I2~x2!5S 12
2Seg

Q21^W1, (m)&
2

1
2Seg

2

~Q21^W2, (m)&
2!2DK.

~57!

If one considers the case whereQ2 is large with respect to
the invariant mass squaredW2, we can omit the terms o
O(1/Q2) and O(lnQ2/Q4) in Eq. ~57! and obtain thatN
becomes independent ofx2:

N'
25

9 K 50.01 GeV22. ~58!

We stress that this value has been obtained providing
value of upper limitWmax

2 is fixed @see Eq.~45!#. Actually,
the value N is a function of Wmax

2 , owing to the
Wmax

2 -dependence of the integralK @see Eq.~55!#, and this
dependence is pretty strong. For example, enhancingWmax

2

up to 16.0 GeV2 the valueN will be halved.
Thus the cross section of our process is related to

cross section of lepton pair production as

dsee→eer0r0

dQ2
;0.01C1

dsee→emm
gg*

dQ2
. ~59!

In the next section we will show thatC1 is close to
1.0 GeV2. Hence, one can see that the cross section of twr
8-7
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meson production is suppressed compared to the cross
tion of two muon production by a factor which is approx
mately equal to 100. Note that a factor of suppression of
same order was present in the case of twop mesons produc-
tion @12#.

VIII. COMPARISION WITH EXPERIMENTAL DATA

In the previous section we obtained a simple express
for the two mesons cross section as a function of the th
parameterŝ W1&, ^W2& and C1. Let us now make a fit of
these phenomenological parameters in order to get the
description of experimental data. The best values of the
rameters can be found by the method of least squaresx2

method, which flows from the maximum likelihood theore
~see, for instance,@17#!. As usual, thex2 sum as a function of
parameters is written in the form

x25(
i 51

N S s i
exp2s i

th~P!

ds i
D 2

, ~60!

whereP5$^W1&,^W2&,C1% denotes the set of fitted param
eters;s i

exp ands i
th are the experimental measurements of

cross section and its theoretical estimations;ds i are the sta-
tistical errors. The experimental data for the cross sectio
the exclusive doubler0 production were taken from the mea
surement of the L3 Collaboration at LEP@9#. Minimizing x2

sum in Eq.~60! with respect to the parametersP we find that
the set of solutionsPmin with their confidence intervals ar
the following:

C151.2060.23 GeV2, ^W1&53.061.9 GeV,

^W2&51.5060.09 GeV. ~61!

With this the magnitude ofx2 is equal to 1.40 and, therefore
we have

x2

degree of freedom
50.28,1. ~62!

The confidence intervals were defined for the case of o
standard deviation. Figure 3 shows the experimental d
with the theoretical fit.

We can see from Eq.~61! that the confidence interval fo
the parameter̂W1& covers the whole available interval fo
W. Moreover the obtained values of^W2& is quite small. This
analysis shows the compatibility of the data with the lead
twist analysis which we developed. At the same time, o
cannot exclude the existence of sizeable higher twist con
butions to the production amplitude. More theoretical a
o,

e

01401
ec-

e

n
e

est
a-

e

of

e-
ta

g
e
i-
d

experimental studies are required to make a definite con
sion on higher twist contributions.

IX. CONCLUSION

Data thus are in full agreement with the theoretical exp
tation on theQ2 behavior of the cross section. Since th
effective structure functionF (1,1) is expected to be indepen
dent of Q2 up to logarithms, our analysis of the data is
strong indication of the relevance of the partonic descript
of the processgg* →r0r0 in the kinematics of the L3 ex-
periment.

Much more can be done if detailed experimental resu
are collected. For instance the angular dependence of
final state is a good test of the validity of the asympto
form of the generalized distribution amplitudes. The sp
structure of the final state, if elucidated, would allow to d
entangle the roles of the nine generalized distribution am
tudes. TheW2 behavior of the cross section may have so
interesting features. It depends much on the possible r
nances which are able to couple to twor mesons. Ther1r2

channel may be calculated along the same lines. In that
a bremsstrahlung subprocess where the mesons are rad
from the lepton line must be added. The charge asymm
then comes from the interference of the two processes. Th
items will be discussed in a forthcoming publication. Mo
data may be collected at other energies, in particular,
e1e2 experiments around 10 GeV such as BABAR
SLAC and BELLE in KEK.
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FIG. 3. Cross-sectiondsee→eer0r0 /dQ2@pb/GeV2# as a func-
tion of Q2. The theoretical cross section is plotted for the best fit
parameters which areC151.2 GeV2, ^W1&53.0 GeV and^W2&
51.5 GeV.
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