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Has the QCD renormalization-group-improved parton content of virtual photons been observed?

M. Glück, E. Reya, and I. Schienbein
Institut für Physik, Universita¨t Dortmund, D-44221 Dortmund, Germany

~Received 2 October 2000; published 5 March 2001!

It is demonstrated that presente1e2 and DIS ep data on the structure of the virtual photon can be
understood entirely in terms of the standard ‘‘naive’’ quark-parton model box approach. Thus the QCD
renormalization group~RG! improved parton distributions of virtual photons, in particular their gluonic com-
ponent, have not yet been observed. The appropriate kinematical regions for their future observation are
pointed out as well as suitable measurements which may demonstrate their relevance.
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I. INTRODUCTION

Recent measurements and experimental studies of
events in deep inelasticep @1# and of double–taggede1e2

@2# reactions have indicated a necessity for assigning a~QCD
resummed! parton content of virtual photonsg(P2) as sug-
gested and predicted theoretically@3–9#. In particular the
deep inelastic scattering~DIS! dijet production data@1# ap-
pear to imply a sizable gluon componentgg(P2)(x,Q2) in the
derived effective parton density of the virtual photon, whe
Q2 refers to the hadronic scale of the process,Q;pT

jet , or to
the virtuality of the probe photong* (Q2) which probes the
virtual target photong(P2) in e1e2→e1e2X. It is the main
purpose of this article to demonstrate that this isnot the case
and that all present data on virtual photons can be expla
entirely in terms of the conventional QED doubly virtual bo
contributiong* (Q2)g(P2)→qq̄ in fixed order perturbation
theory—sometimes also referred to as the quark-pa
model ~QPM!.

This is of course in contrast with the well known case
a real photong[g(P250) whose ~anti!quark and gluon
content has been already experimentally established~for re-
cent reviews see@10,11#! which result mainly from resum
mations ~inhomogeneous evolutions! of the pointlike mass
singularities proportional to lnQ2/mq

2 occurring in the box

diagram of g* (Q2)g→qq̄ for the light q5u,d,s quarks.
This is in contrast with a virtual photon target whe
g* (Q2)g(P2)→qq̄ doesnot give rise to collinear~mass!
singularities but instead just to finite contributions prop
tional to lnQ2/P2 which a priori need not be resummed to a
orders in QCD.

In Sec. II we shall present the usual QED box contrib
tions to the virtual photon structure functions and summa
in the Appendix the rather involved exact results in a co
pact form which include allP2/Q2 as well asmq

2/Q2 contri-
butions, since the latter ones are also important for he
quark (c,b,t) production. In Sec. III we recapitulate briefl
how these results are resummed in QCD and how~anti!quark
and gluon distributions in virtual photons are modeled a
generated in QCD, while Sec. IV contains a comparison w
presente1e2 and DISep data. Suggestions of experiment
signatures which can probe the QCD parton content, in p
ticular the gluon content of virtual photons are presented
0556-2821/2001/63~7!/074008~8!/$20.00 63 0740
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Sec. V and our conclusions are finally drawn in Sec. VI.

II. VIRTUAL PHOTON STRUCTURE FUNCTIONS AND
THE QED BOX CONTRIBUTIONS

The virtual photon structure functions arising in the pr
cess e1(p1)e2(p2)→e1(p18)e

2(p28)1 hadrons are speci
fied by the kinematical variablesq5p12p18 , p5p2

2p28 , Q252q2, P252p2, y15q•p/p1•p and y2

5p•q/p2•q. The Bjorken limit is given byP2!Q2, i.e., the
virtuality of the target photon being small as compared to
one of the probe photon, and the corresponding Bjorken v
able is x5Q2/2p•q where 0<x<(11P2/Q2)21. The
physically measured effective structure function in t
Bjorken limit is @12,13,11#

1

x
Feff~x;Q2,y1 ;P2,y2!5FTT1«~y1!FLT1«~y2!FTL

1«~y1!«~y2!FLL , ~2.1!

where T and L refer to the transverse and longitudinal po
ization, respectively, of the probe and target photons,
«(yi) are the ratios of longitudinal to transverse phot
fluxes,

«~yi !52~12yi !/@11~12yi !
2#, ~2.2!

and where furthermore Fab5Fab(x,Q2,P2) with a
5(L,T), b5(L,T). In the following we shall consider the
kinematical regionyi!1 relevant for double-tag experimen
@2,14# performed thus far. Thus Eq.~2.1! reduces to

1

x
Feff~x,Q2,P2!.FTT1FLT1FTL1FLL ~2.3!

and usually one defines@11–13#

1

x
F25FTT1FLT2

1

2
~FTL1FLL !

2F1[2FT5b̄2S FTT2
1

2
FTLD ~2.4!
©2001 The American Physical Society08-1
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where b̄25124x2P2/Q2, and FL5b̄2F222xF1. @Note
that theFab are normalized with respect to (1/x)F2, i.e.,
Fab[(Q2/4p2a)(xb̄)21sab with sab denoting the directly
measurable cross sections.# So far, our results are entirel
general.

We shall furthermore introduce the decomposition

Fab5Fab
l 1Fab

h ~2.5!

with Fab
l (h) denoting the light quarkq5u,d,s ~heavy quark

h5c,b,t) contributions, respectively. The relevant~QPM!
expressions of the fully virtual (P2Þ0) box forFab are sum-
marized in the Appendix: The lightu,d,s contributions to
Fab

l are obtained from Eqs.~A1!–~A4! by settingm[mq

50 (l50) and summing overq5u,d,s. @Note that the box
expressions involving a real photon,g* (Q2)g(P250)
→qq̄, require on the contrary a finite regulator massm
[mqÞ0; here one usually choosesmq to be, somewhat in-
consistently, a constant, i.e.,Q2-independent effective con
stituent mass,mq.0.3 GeV.# For each heavy quark flavo
h5c,b,t the heavy contributionFab

h in Eq. ~2.5! is obtained
from Eqs.~A1!–~A4! with eq[eh andm[mh . Only charm
gives a non-negligible contribution for which we choo
mc51.4 GeV throughout.

Finally, it is instructive to recall the asymptotic results
our virtual (P2Þ0) box expressions for the lightq5u,d,s
quarks derived from Eqs.~A1!–~A4! in the Bjorken limit
P2/Q2!1:

FTT
l .3~Seq

4!
a

p H @x21~12x!2# ln
Q2

P2x2
14x~12x!22J

FLT
l .FTL

l .3~Seq
4!

a

p
4x~12x!

FLL
l .0, ~2.6!

i.e., using Eq.~2.4!,

1

x
F2,box

l ~x,Q2,P2!.3~Seq
4!

a

p H @x21~12x!2# ln
Q2

P2x2

16x~12x!22J . ~2.7!

In this limit Feff
l in Eq. ~2.3! reduces to

1

x
Feff

l ,box~x,Q2,P2!.
1

x
F2,box

l 1
3

2
FLT

l . ~2.8!

Such a relation holds for the heavy quark contributionFeff
h,box

in the Bjorken limit as well, since alsoFLL
h in Eq. ~A4! for

m[mhÞ0 becomes vanishingly small forP2!Q2.
The universal process independent part of the point

box expressions in Eqs.~2.6! and ~2.7! proportional to
07400
e

lnQ2/P2 may be used to define formally, as in the case o
real photon target@15#, light ~anti!quark distributions in the
virtual photong(P2):

1

x
F2,box

l ~x,Q2,P2!uuniv.

5FTT
l uuniv.

[ (
q5u,d,s

eq
2@qbox

g(P2)~x,Q2!1q̄box
g(P2)~x,Q2!# ~2.9!

with

qbox
g(P2)~x,Q2!5q̄box

g(P2)~x,Q2!53eq
2 a

2p
@x21~12x!2# ln

Q2

P2
.

~2.10!

It should be noted that these naive, i.e., not QCD resumm
box expressions do not imply a gluon component in the v

tual photon,gbox
g(P2)(x,Q2)50.

III. THE QCD PARTON CONTENT OF VIRTUAL
PHOTONS

Deep inelastic scattering~DIS! involving virtual photons,
g(P2), is somewhat problematic since it turns out that t
implementation of the physical continuity requirement
P250 is nontrivial at the next-to-leading order~NLO! level
due to kinematical discontinuities at this point, as exemp
fied for example by the different expressions in Eqs.~2.7!
and ~A6!. A solution to this problem was proposed in@9#
where part of these discontinuities were smoothed ou
the construction of the photonic parton distributio
f g(P2)(x,Q2) ( f 5q,q̄,g with q5u,d,s) and where the re-
maining NLO discontinuities, related to the ‘‘direct’’ contri
butions, were eliminated by calculating these contributio
as if P250. Thus whenever these virtual photons, with th
virtuality being here entirely taken care of by the ‘‘equiv
lent photon’’ flux factors@9,12,16#, are probed at a scal
Q2@P2 they should be considered asreal photons which
means that cross sections~Wilson coefficient functions! of
partonic subprocesses involvingg(P2) should be calculated
as if P250. It should be stressed that this procedure is no
free option but a necessary consistency condition for in
ducing the concept of the resolved parton content of the
tual photon as an alternative to a non-resummed fixed o
perturbative analysis atP2Þ0 as, for example, the QED bo
results discussed in the previous section. This consiste
requirement is related to the fact that all the resolv
contributions due to qg(P2)(x,Q2)5q̄g(P2)(x,Q2) and
gg(P2)(x,Q2) are calculated~evoluted! as if these partons ar
massless@3–7,9#, i.e., employing photon splitting function
for real photons, etc., despite the fact that their actual vir
ality is given byP2Þ0.

This rule implies, for example, that the NLO ‘‘direct’
contributionCg(P2)(x) to F2(x,Q2,P2) has to be thesame
Cg(x) as for real photons, i.e., has to be inferred from E
8-2
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~A6! of the real~target! photon subprocessg* (Q2)g→qq̄,
andnot from Eq.~2.7! which derives from the doubly virtua
box g* (Q2)g(P2)→qq̄ as originally proposed@3,4#. Thus
for the light u,d,s flavors we have@9#

1

x
F2

l ~x,Q2,P2!52 (
q5u,d,s

eq
2H qg(P2)~x,Q2!1

as~Q2!

2p

3@Cq^ qg(P2)1Cg^ gg(P2)#J ~3.1!

with the usual ~on-shell! Wilson coefficientsCq,g(x) as
given, for example, in @9# and the ‘‘direct’’ Cg(x)
5@3/(1/2)#Cg(x) contribution has already been absorb
into the definition ofqg(P2)(x,Q2) which thus refer to the
DISg factorization scheme@see, e.g., Eq.~4! in @9##. The
heavy quark~predominantly charm! contribution toF2 in Eq.
~2.5! is given by

F2
h~x,Q2,P2!5F2,box

h 1F
2,gg(P2)
h

~3.2!

with the ‘‘direct’’ box contribution given by Eq.~A7! and
the ‘‘resolved’’ contribution by

F
2,gg(P2)
h

~x,Q2!5E
zmin

1 dz

z
zgg(P2)~z,mF

2! f 2
g* (Q2)gg→hh̄S x

z
,Q2D
~3.3!

where (1/x) f 2
g* (Q2)g→hh̄(x,Q2) is given by Eq.~A7! with

eh
4a→eh

2as(mF
2)/6, zmin5x(114mh

2/Q2) and mF
2.4mh

2 .
Furthermore, since an effectively real photon has no long
dinal components (FTL ,FLL) we have, instead of Eq.~2.3! or
Eq. ~2.8!,

Feff~x,Q2,P2!5F2~x,Q2,P2!. ~3.4!

Finally it should be remarked that the parton distributio
f g(x,Q2) of a real photon can be calculated in a parame
freeway @9# by employing a coherent superposition of vec
mesons, which maximally enhancesu-quark contributions to
F2

g , for determining the hadronic inputf had
g (x,Q0

2) at a
Glück-Reya-Vogt-~GRV-!like @17# input scale Q0

2[m2

.0.3 GeV2. For a virtual photon, however, an addition
assumption is needed about theP2 dependence of the had

ronic input distributions of a virtual photon,f had
g(P2)(x,Q0

2),
which is commonlyassumed@6,7,9# to be represented by
vector-meson-propagator-inspired suppression factorh(P2)
5(11P2/mr

2)22 with mr
250.59 GeV2. Thus our above con

sistency requirement affords furthermore the followi
boundary conditions for quarks and gluons@9#:

f g(P2)~x,Q25 P̃2!5 f had
g(P2)~x,P̃2!5h~P2! f had

g ~x,P̃2!
~3.5!

in LO as well as in NLO of QCD, whereP̃25max(P2,m2)
as dictated by continuity inP2 as well as by the fact that th
hadronic component off g(P2)(x,Q2) is probed at the scale
Q25 P̃2 @5–7,9# where the pointlike component vanishes
07400
-

s
r-
r

definition. The second equality in Eq.~3.5! follows from the
consistency requirement thatCg(P2)(x) is taken to be given
by Cg(x) and consequently the application of thesame
modified minimal subtraction schemeMS→ DISg factoriza-
tion scheme transformation as for the real photon@9#. Thus
the resulting perturbatively stable LO and NLO parton de
sities f g(P2)(x,Q2) are smooth in P2 and apply toall P2

>0 wheneverg(P2) is probed at scalesQ2@P2.
A different approach has been suggested by Schuler

Sjöstrand @7#. Apart from using somewhat different inpu
scalesQ0 and parton densities, the perturbatively exactly c
culable box expressions forL2!P2!Q2 in Eqs. ~2.6! and
~2.7! are, together with their LO-QCDQ2 evolutions, ex-
trapolated to the case of real photonsP250 by employing
some dispersion-integral-like relations. These link pertur
tive and non-perturbative contributions and allow a smo
limit P2→0. ~Note, however, that the LOQ2 evolutions are
performed by using again the splitting functions of real ph
tons and on-shell partons.! Since one works here explicitly
with virtual (P2Þ0) expressions, the longitudinal contribu
tions of the virtual photon target should be also taken i
account when calculatingFeff5F21 3

2 FLT similarly to Eq.
~2.8!, as described for example in@6#, which is in contrast to
our approach in Eq.~3.4!.

In an alternative approach@18# one may consider the lon
gitudinal component of the virtual photon targetgL(P2) to
possess, like the transverse component, a universal pro
independent hadronic content obtained radiatively via
standard homogeneous~Altarelli-Parisi! Q2-evolution equa-
tions with the boundary conditions for the pointlike comp
nent atQ25P2 given byFTL

l in Eq. ~2.6! for quarks together
with a vanishing gluonic input in LO. We have checked th
the predictions forFeff(x,Q2,P2) obtained in this approach
differ only slightly ~typically about 10% or less! from those
of the standard fixed order perturbative approach at prese
relevant kinematical regions (P2& 1

10 Q2, x*0.05! due to the
smallness ofFTL

l relative toFTT
l in Eq. ~2.6!.

As already mentioned, atQ2@P2@L2, the lnQ2/P2 terms
in Eqs.~2.6! and ~2.7! neednot necessarily be resummed i
contrast to the situation for the real photon (P250) with its
well known mass singularities lnQ2/mq

2 in Eq. ~A6! which
afford the introduction of scale dependent~RG-improved!
parton distributions which area priori unknown unless one
resorts to some model assumptions about their shape at s
low resolution scale~see, e.g.,@9# and the recent reviews
@10,11#!.

IV. COMPARISON OF THEORETICAL EXPECTATIONS
WITH PRESENT e¿eÀ VIRTUAL PHOTON DATA

We shall now turn to a quantitative study of the vario
QED-box and QCDQ2-evoluted structure function expecta
tions for a virtual photon target and confront them with
presently availablee1e2 data of PLUTO@14# and the recent
one of LEP-L3@2# at the CERNe1e2 collider. Despite the
limited statistics of present data the box predictions forFeff
in Eq. ~2.3! shown in Figs. 1 and 2 appear to be in ev
better agreement with present measurements than the Q
8-3
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resummed expectations of Schuler and Sjo¨straud~SaS! @7#
and Glück, Reya, and Schienbein~GRS! @9#. Typical QCD
effects like the increase in the small-x region in Fig. 1, being
partly caused by the presence of a finite gluon cont

gg(P2)(x,Q2), cannot be delineated with the present po
statistics data.

These results clearly demonstrate that the naive QPM
dictions derived from the doubly-virtual boxg* (Q2)g(P2)
→qq̄ fully reproduce alle1e2 data on the structure of vir
tual photonsg(P2). In other words, there isno sign of a
QCD resummed parton content in virtual photons in pres
data, in particular of a finite gluon contentgg(P2)(x,Q2)
which is absent in the ‘‘naive’’ box~QPM! approach.

Characteristic possible signatures for QCD effects wh

FIG. 1. Predictions forFeff as defined in Eq.~2.3!. The light
(u,d,s) and heavy~charm! contributions in Eq.~2.5! of the ‘‘full
box’’ expressions in Eqs.~A1!–~A4! are calculated as explained i
the text below Eq.~2.5!. The ‘‘asymptotic box’’ results refer to the
light quark contributions being given by Eqs.~2.6! or ~2.7! and
~2.8!. The QCD resummed NLO expectations of GRS@9# for F2 in
Eq. ~3.4! turn out to be similar to the LO ones@9#. Also shown are
the LO-resummed results of SaS 1D@7# for F2 and Feff5F2

1
3
2 FLT as discussed in Sec. III. The total charm contribution to

latter two QCD results involves also a ‘‘resolved’’ component, e
Eqs.~3.2! and~3.3!, which turns out to be small as compared to t
box contribution shown which dominates in the kinematic reg
considered. The PLUTO data are taken from@14#.

FIG. 2. As in Fig. 1, but for Q25120 GeV2 and P2

53.7 GeV2 appropriate for the LEP-L3 data@2#.
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are caused by the presence of a finite and dominant g
componentgg(P2) will be discussed in Sec. VI.

V. COMPARISON OF THEORETICAL EXPECTATIONS
WITH DIS ep DATA AND EFFECTIVE QUARK

DISTRIBUTIONS OF VIRTUAL PHOTONS

In order to extract the parton densities of virtual photo
from DIS ep dijet data, the H1 Collaboration@1# has adopted
the ‘‘single effective subprocess approximation’’@19# which
exploits the fact that the dominant contributions to the cr
section in LO-QCD comes from the 2→2 parton-parton hard
scattering subprocesses that have similar shapes and thu
fer mainly by their associated color factors. Therefore
sum over the partonic subprocesses can be replaced
single effective subprocess cross section and effective pa
densities for the virtual photon given by

f̃ g(P2)~x,Q2!5 (
q5u, d, s

@qg(P2)~x,Q2!1q̄g(P2)~x,Q2!#

1
9

4
gg(P2)~x,Q2! ~5.1!

with a similar relation for the protonf̃ p(x,Q2) which is as-
sumed to be known. It should be emphasized that such
effective procedure does not hold in NLO where all ad
tional ~very different! 2→3 subprocesses contribute@20#.
This NLO analysis affords therefore a confrontation w
more detailed data on the triple-differential dijet cross s
tion as compared to presently available data@1# which are
not yet sufficient for examining the relative contributions
qg(P2)(x,Q2) and gg(P2)(x,Q2). In Fig. 3 we compare our
LO RG-resummed predictions forf̃ g(P2)(x,Q2) with the na-
ive non-resummed universal~process independent! box ex-
pressions in Eq.~2.10!. Although the fully QCD-resummed
results are sizable and somewhat larger in the smallP2 re-
gion than the universal box expectations, present H1 data@1#
at Q2[(pT

jet)2585 GeV2 cannot definitely distinguish be
tween these predictions. It should be furthermore noted
the QCD gluon contributiongg(P2)(x,Q2) is suppressed a
the large values ofx shown in Fig. 3. Therefore present da
@1# cannot discriminate between the finite QCD resumm
component gg(P2)(x,Q2) and the non-resumme

gbox
g(P2)(x,Q2)50.

It is obvious that these two results shown in Fig. 3 a
only appropriate for virtualitiesP2!Q2, typically P2510 to
20 GeV2 at Q2585 GeV2, sinceO(P2/Q2) contributions
are neglected in RG resummations as well as in the defini
~2.10!. In order to demonstrate the importance ofO(P2/Q2)
power corrections in the largeP2 region let us define, gen
eralizing the definition~2.9!, some effective~anti!quark dis-
tributions as common via

1

x
F2,box

l ~x,Q2,P2![ (
q5u, d, s

eq
2@qeff

g(P2)~x,Q2!1q̄eff
g(P2)~x,Q2!#

~5.2!

e
,

8-4
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HAS THE QCD RENORMALIZATION-GROUP-IMPROVED . . . PHYSICAL REVIEW D63 074008
where, of course,qeff
g(P2)5q̄eff

g(P2) and the full box expression
for F2,box

l in Eq. ~2.4! for light quarks is given in Eqs.~A1!–
~A4! with m[mq50, i.e., l50. The full box expressions

imply again geff
g(P2)(x,Q2)50 in contrast to the QCD re

summed gluon distribution. Theqeff
g(P2) introduced in Eq.

~5.2! is, in contrast to Eq.~2.9!, of course non-universal. Th
‘‘effective’’ results shown in Fig. 3 clearly demonstrate th
importance of theO(P2/Q2) terms at larger values ofP2

&Q2 which are not taken into account by the QCD resu
mations and by the universal box expressions in Eq.~2.10!
also shown in Fig. 3. It is interesting that the non-univer

qeff
g(P2) defined viaF2 in Eq. ~5.2! describes the H1 data a

large values ofP2 in Fig. 3 remarkably well. This may be
accidental and it remains to be seen whether future

FIG. 3. Predictions for the effective parton density defined

Eq. ~5.1!. The ‘‘box’’ results refer to the universalqbox
g(P2) in Eq.

~2.10!, and the ‘‘effective’’ ones toqeff
g(P2) as defined in Eq.~5.2! as

derived from the full box expressions~A1!–~A4! including all
O(P2/Q2) contributions. The LO-QCD predictions of GRS@9# are
shown by the solid curves which refer to the predictions in
theoretically legitimate regionP2!Q2, whereas the dashed curve
extend into the kinematic region of largerP2 approachingQ2 where
the concept of QCD-resummed parton distributions of virtual p
tons is not valid anymore.@Note that the results forx50.6 termi-
nate atP2.54 GeV2 due to the kinematic constraintW2.0, with
W2 being defined below Eq.~A4!, i.e., x,(11P2/Q2)21.# For

illustration we also show the effective LO-QCD parton densityf̃ g

of a real photong[g(P250) of GRS@9# multiplied by the simple
r-pole suppression factorh(P2) in Eq. ~3.5! which clearly under-
estimates the H1 data@1#.
07400
-

l

O

analyses will indicate the general relevance ofqeff
g(P2)(x,Q2)

in the largeP2 region.
As we have seen, present DIS dijet data cannot discri

nate between the universal naive box and QCD-resumm
expectations in the theoretically relevant regionP2!Q2,
mainly because these data are insensitive to the gluon
tent in g(P2) generated by QCD evolutions which is abse
within the naive box approach. Therefore we finally turn to
brief discussion where such typical QCD effects may be
served and delineated by future experiments.

VI. POSSIBLE SIGNATURES FOR THE QCD PARTON
CONTENT OF VIRTUAL PHOTONS

Since e1e2 and DIS ep dijet data cannot, at presen
delineate the QCD-resummed parton content of a virt
photon, in particular not its gluon content, we shall no
propose and discuss a few cases where such typical Q
effects may be observed and possibly confirmed by fut
experiments.

Charm production ine1e2→e1e2cc̄X would be a clas-
sical possibility to delineate such effects due to a nonvan

ing gg(P2)(x,Q2). In Fig. 4 we compare the usual~fixed
order! ‘‘direct’’ box contribution to F2

c with the ‘‘resolved’’
gluon-initiated one in Eq.~3.2!, as given by Eq.~3.3!. The
‘‘direct’’ box contribution entirely dominates in the largex
region,x*0.05, accessible by present experiments~cf. Figs.
1 and 2!, whereas the typical QCD-resummed ‘‘resolved
contribution becomes comparable to the ‘‘direct’’ one a
eventually dominates in the smallx region,x,0.05. Thus a
careful measurement of the charm contribution toF2 at x
&0.05 would shed some light on the QCD parton~gluon!
content of virtual photons, since such a ‘‘resolved’’ cont
bution in Fig. 4 would be absent within the naive box a
proach.

e

-

FIG. 4. Expected charm contributions toF2. The naive ‘‘direct
~box!’’ result refers toF2,box

c in Eq. ~3.2! and the LO-QCD ‘‘re-

solved’’ prediction is due toF
2,gg(P2)
c

in Eq. ~3.2!, as explicitly given

in Eq. ~3.3! with gg(P2)(x,4mc
2) taken from GRS@9#. This latter

‘‘resolved’’ contribution is absent in the naive box~QPM! ap-
proach.
8-5
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The effective parton distributionf̃ g(P2)(x,Q2) in Eq. ~5.1!
at not too large values ofx and P2, as may be extracted in
LO from DIS ep dijet data, would be another possibility t
observe QCD-resummation effects due to a nonvanish
gluon componentgg(P2)(x,Q2). In Fig. 5 we show the quark
and gluon contributions tof̃ g(P2) in Eq. ~5.1! separately. The
box ~anti!quark contributions, which are similar to the QCD
resummed ones, entirely dominate over the QCD-resum
gluon contribution in the largex region,x*0.4, accessible to
present experiments~cf. Fig. 3!. Only below x.0.3 does
the QCD gluon contribution become comparable to
~anti!quark components and dominates, as usual, fox

&0.1. It should be remembered thatgbox
g(P2)(x,Q2)50. Fur-

thermore, the increase of the RG-resummedqg(P2)(x,Q2) at
smallx in Fig. 5 is induced by the vector-meson-dominanc
like input for theQ2 evolution of the ‘‘hadronic’’ componen
of photon’s parton distribution@7,9# and is disregarded in ou
naive box@quark parton model~QPM!# analysis.

Thus a measurement of dijets produced in DISep reac-

FIG. 5. Predictions for the total light quarkSg(P2)

[2(q5u, d, sq
g(P2) and gluon contributions to the effective parto

density in Eq.~5.1! at a fixed scaleQ2585 GeV2 and two fixed
virtualities P251 and 5 GeV2. The naive box results refer to th

universalqbox
g(P2) defined in Eq.~2.10!, and toqeff

g(P2) defined in Eq.
~5.2!. The LO-QCD RG-resummed predictions are denoted

Sg(P2) andgg(P2) according to GRS@9#. The latter gluon contribu-
tion is absent in the naive box~QPM! approach.
07400
g

ed

e

-

tions in the not too largex region,x&0.3, would probe the
QCD parton content of virtual photons, in particular the
gluon content which is absent in the naive QPM box a
proach. In this region, and at not too large photon virtualit
P2&5 GeV2 shown in Fig. 5, the ‘‘resolved’’ gluon-
dominated contribution of the virtual photon to highET jet
production at scalesQ[ET.5 –10 GeV exceeds by far th
‘‘direct’’ box-like contribution of a pointlike virtual photon
@21#. The production of prompt photons at HERA via
tagged DIS processep→egX may offer additional probes o
the gluonic content of virtual photons@23#.

VII. SUMMARY AND CONCLUSIONS

Virtual photonsg(P2), probed at a large scaleQ2@P2,
may be described either by fixed-order perturbation theo
which in lowest order of QCD yield the quarks and an
quarks generated by the universal part of the ‘‘box’’ di
gram, or alternatively by their renormalization group~RG!
improved counterparts including particularly the gluon d
tribution gg(P2)(x,Q2).

The results in Secs. III and IV demonstrate that all pr
ently availablee1e2 and DIS ep dijet data can be fully
accounted for by the standard doubly-virtual QED box d
gram and are not yet sensitive to RG resummation effe
which are manifest only in the presently unexplored lowx
region of the parton distributions ing(P2). In fact, as shown
in Sec. VI, these resummation effects start to domin
only at x,0.3 and may be observed by future measu
ments at P25O(1 GeV2) of s(ep→e j jX) or s(e1e2

→e1e2cc̄X) at high energy collisions. These measureme
could finally discriminate between the fixed order and R
improved parton distributions of the virtual photon.

APPENDIX

The most general QPM box results forFab appearing in
the structure function relations~2.3! and ~2.4! derive from
the fully off-shell QED box-diagramg* (Q2)g(P2)→qq̄ for
each quark flavor with chargeeq , carrying 3 colors and by
keeping the quark massm as well @12,4#. These results can
be conveniently written as

FTT53eq
4 a

p
u~b2!

1

b̄5 H F122x~12x!22d~12d!

24xd~x21d2!18x2d2@11~12x2d!2#

1lb̄2~12x2d!22
1

2
l2b̄4~12x2d!2G ln b1

b2

1bb̄F4x~12x!2114d~12d!28xd~12x22d2!

2~4xd1lb̄2!~12x2d!22
4xdb̄4

4xd1lb̄2G J ~A1!

y

8-6
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FLT53eq
4 a

p
u~b2!

4

b̄5
~12x2d!

3H xF2
1

2
lb̄2

„122d~11x2d!…

22d„2112x12d22xd~11x1d!…G ln b1

b2

1bb̄Fx~126d16d212xd!1db̄2
4xd

4xd1lb̄2G J
~A2!

FTL5FLT@x↔d# ~A3!

FLL53eq
4 a

p
u~b2!

16

b̄5
dx~12x2d!2H ~112xd!ln

b1

b2

22bb̄
6xd1lb̄2

4xd1lb̄2J ~A4!

whered5xP2/Q2, l54m2/W2 with W25Q2(12x2d)/x
>(2m)2, and b2512l, b̄25124xd, b6516bb̄. The
relevant asymptotic expressions for the lightq5u,d,s quark
(m[mq50, i.e., l50) contributions in the Bjorken limit
P2!Q2 are given in Eq.~2.6!.

For completeness it should be noted that the general
tual box results in Eqs.~A1!–~A4! reduce forP250(d50)
to the standard box-diagramg* (Q2)g→qq̄ expressions for
a real photong[g(P250): in the light quark sector wher
l!1, i.e.,m2[mq

2!Q2, we have

FTT
l 53Seq

4 a

p H @x21~12x!2# ln
Q2~12x!

mq
2x

14x~12x!21J
FLT

l .3Seq
4 a

p
4x~12x!

FTL
l 5FLL

l 50, ~A5!
.

07400
ir-

i.e., according to Eq.~2.4!

1

x
F2,box

l ~x,Q2!53Seq
4 a

p H @x21~12x!2# ln
Q2~12x!

mq
2x

18x~12x!21J . ~A6!

The heavy quark contribution becomes

FTT
h 53eh

4 a

p
u~b2!H F x21~12x!21x~12x!

4mh
2

Q2

2x2
8mh

4

Q4 G ln
11b

12b
1bF4x~12x!21

2x~12x!
4mh

2

Q2 G J
FLT

h 53eh
4 a

p
u~b2!H 2x2

8mh
2

Q2
ln

11b

12b
1b@4x~12x!#J

FTL
h 5FLL

h 50, ~A7!

i.e., according to Eq.~2.4!,

1

x
F2,box

h ~x,Q2!53eh
4a

p
u~b2!H F x21~12x!2

1x~123x!
4mh

2

Q2
2x2

8mh
4

Q4 G ln
11b

12b

1bF8x~12x!212x~12x!
4mh

2

Q2 G J
~A8!

and (1/x)FL, box
h (x,Q2)5FLT

h , which are the familiar mas-
sive Bethe-Heitler expressions@22# relevant for the heavy
quark contributions to the structure functions of real photo
~cf. @9#, for example!.
.

@1# H1 Collaboration, C. Adloffet al., Eur. Phys. J. C13, 397
~2000!.

@2# L3 Collaboration, M. Acciarriet al., Phys. Lett. B483, 373
~2000!.

@3# T. Uematsu and T. F. Walsh, Phys. Lett.101B, 263 ~1981!;
Nucl. Phys.B199, 93 ~1982!; W. Ibes and T. F. Walsh, Phys
Lett. B 251, 450 ~1990!.

@4# G. Rossi, Phys. Rev. D29, 852 ~1984!; UC San Diego Report
No. UCDS-10P10-227, 1983.

@5# F. M. Borzumati and G. A. Schuler, Z. Phys. C58, 139~1993!.
@6# M. Glück, E. Reya, and M. Stratmann, Phys. Rev. D51, 3220

~1995!.
@7# G. A. Schuler and T. Sjo¨strand, Z. Phys. C68, 607 ~1995!;
Phys. Lett. B376, 193 ~1996!.

@8# M. Drees and R. M. Godbole, Phys. Rev. D50, 3124~1994!.
@9# M. Glück, E. Reya, and I. Schienbein, Phys. Rev. D60,

054019~1999!; 62, 019902~E! ~2000!.
@10# M. Erdmann,The Partonic Structure of the Photon, Springer

Tracts in Modern Physics Vol. 138~Springer, Berlin, 1997!.
@11# R. Nisius, Phys. Rep.332, 165 ~2000!.
@12# V. M. Budnev, I. F. Ginzburg, G. V. Meledin, and V. G

Serbo, Phys. Rep.15, 181 ~1975!.
@13# Ch. Berger and W. Wagner, Phys. Rep.146, 1 ~1987!.
@14# PLUTO Collaboration, Ch. Bergeret al., Phys. Lett.142B,

119 ~1984!.
8-7



ys
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