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Has the QCD renormalization-group-improved parton content of virtual photons been observed?
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It is demonstrated that preseate” and DISep 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 grougRG) 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 Sec. V and our conclusions are finally drawn in Sec. VI.

Recent measurements and experimental studies of dijet|; \rTUAL PHOTON STRUCTURE FUNCTIONS AND

events in deep inelastiep [1] and of double—tagged™ e~ THE QED BOX CONTRIBUTIONS
[2] reactions have indicated a necessity for assigni@@D
resummetl parton content of virtual photong(P?) as sug- The virtual photon structure functions arising in the pro-

gested and predicted theoreticall§—9]. In particular the cesse(p;)e” (p,)—e"(p;)e (p)+ hadrons are speci-
deep inelastic scatterin@!S) dijet production datd1] ap- fied by the kinematical variablegy=p,;—p;, p=p-
pear to imply a sizable gluon compongt)(x,Q?) inthe  —Pj, Q*=—-¢? P?*=—p?% y;=q-p/p;-p and y,
derived effective parton density of the virtual photon, where=p-d/p,-q. The Bjorken limit is given byP><Q?, i.e., the

Q? refers to the hadronic scale of the proce@s; p/', orto  Virtuality of the target photon being small as compared to the
the virtuality of the probe photony* (Q2) which probes the one of the probe photon, and the corresponding Bjorken vari-
virtual target photory(P?) in ee” —e*e X. Itis the main  able is x=Q%2p-q where Osx=(1+P?Q*~'. The
purpose of this article to demonstrate that thisdsthe case  Physically measured effective structure function in the
and that all present data on virtual photons can be explaine@iorken limit is[12,13,1]

entirely in terms of the conventional QED doubly virtual box

TR 2 2 T : 1
contribution y*_(Q )¥(P9)—qq in fixed order perturbation ZFoi(x:Q2,y1: P2 y,) =Frr+e(yy) Furte(ys)Fry
theory—sometimes also referred to as the quark-parton X
model (QPM).
(PN feye(yFu, (21

This is of course in contrast with the well known case of
a real photony=y(P2=0) whose (antjquark and gluon
content has been already experimentally establigfoadre-
cent reviews segl0,11) which result mainly from resum-
mations (inhomogeneous evolution®f the pointlike mass
singularities proportional to I@Z/ms occurring in the box
diagram of y*(Q?)y—qq for the light q=u,d,s quarks. e(y)=2(1—y)/[1+(1—y;)?], (2.2
This is in contrast with a virtual photon target where
¥*(Q?) y(P?)—qq doesnot give rise to collinearimas$ and where furthermore F p,=F,,(x,Q%P?) with a
singularities but instead just to finite contributions propor-=(L,T), b=(L,T). In the following we shall consider the
tional to INQ¥P? which a priori need not be resummed to all kinematical regiory;<1 relevant for double-tag experiments
orders in QCD. [2,14] performed thus far. Thus E¢2.1) reduces to

In Sec. Il we shall present the usual QED box contribu-
tions to the virtual photon structure functions and summarize 1 S
in the Appendix the rather involved exact results in a com- 3 Fet( Q% PO =Frr+Firt+Fr+Fy 2.3
pact form which include alP?/Q? as well asm;/Q? contri-
butions, since the latter ones are also important for heavyng ysually one defindd1-13
quark (c,b,t) production. In Sec. Ill we recapitulate briefly
how these results are resummed in QCD and femt)quark 1 1
and gluon distributions in virtual photons are modeled and —F,=F1+F1— E(FTL+ Foo)
generated in QCD, while Sec. IV contains a comparison with X
presente” e~ and DISep data. Suggestions of experimental 1
signatures which can probe the QCD parton content, in par- — _ 2 _ =
ticular the gluon content of virtual photons are presented in 2F1=2F=p (FTT ZFTL) @4

where T and L refer to the transverse and longitudinal polar-
ization, respectively, of the probe and target photons, and
e(y;) are the ratios of longitudinal to transverse photon
fluxes,
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where 82=1-4x2P?/Q?, and F, = B2F,—2xF,. [Note
that theF,;, are normalized with respect to (F», i.e.,
Fap=(Q%47m%a)(xB) 1o, With o, denoting the directly

measurable cross section§o far, our results are entirely

general.
We shall furthermore introduce the decomposition
Fab=FaptFip (2.5
with FL{" denoting the light quarkj=u,d,s (heavy quark
h=c,b,t) contributions, respectively. The relevaf@PM)
expressions of the fully virtualR?+ 0) box forF ., are sum-
marized in the Appendix: The light,d,s contributions to
F'ab are obtained from EqSA1)-(A4) by settingm=m,
=0 (A=0) and summing ovey=u,d,s. [Note that the box
expressions involving a real photony* (Q?) y(P?=0)
—qq, require on the contrary a finite regulator mass
=m,#0; here one usually chooses, to be, somewhat in-

consistently, a constant, i.6Q2-independent effective con-
stituent massm,=0.3 GeV] For each heavy quark flavor

h=c,b,t the heavy contributiof", in Eq. (2.5) is obtained
from Egs.(A1)—(A4) with e;=e, andm=m;,. Only charm

gives a non-negligible contribution for which we choose

m.= 1.4 GeV throughout.

Finally, it is instructive to recall the asymptotic results of

our virtual (P?#0) box expressions for the liglt=u,d,s
quarks derived from Eq9Al)—(A4) in the Bjorken limit
P2/Q%<1:

2

@ Q
|:'TT23(2e3); [x%+ (1—x)2]|nW +4Ax(1—x)—2

Fo~F ~33eh)Zax(1-x)
LT " TL— q ar

Fl, =0, (2.6)
i.e., using Eq(2.4),
;Flz,box(X,in P2)23(293)%[ [x*+ (1—X)2]|np(3)2(2
+6x(1—x)—2]. (2.7
In this limit FLy in Eq. (2.3) reduces to
;sz?"’rx.QZ,P2>2§F'2,box+§FLT- (2.9

Such a relation holds for the heavy quark contributidf®*
in the Bjorken limit as well, since aIsEEL in Eq. (A4) for
m=m,+#0 becomes vanishingly small f&¥?><Q?.
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INQ%P? may be used to define formally, as in the case of a
real photon targeftl5], light (antijquark distributions in the
virtual photony(P?):

; Flz,boivazy PZ) | univ.
= l:1I'T| univ.

— 2r o ¥(P?)
= e
3 eHa

X+ FIxQ)] (2.9

with

2 — P2 (¢4 Q2
Ao /0 QY) =0k (x,Q%) =3ef 5 _[x*+(1-x)%]in .

(2.10

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

tual photon,ggész)(X,Qz)IO-

Ill. THE QCD PARTON CONTENT OF VIRTUAL
PHOTONS

Deep inelastic scatterin@I|S) involving virtual photons,
y(P?), is somewhat problematic since it turns out that the
implementation of the physical continuity requirement at
P2=0 is nontrivial at the next-to-leading ord&4LO) level
due to kinematical discontinuities at this point, as exempli-
fied for example by the different expressions in E(7)
and (A6). A solution to this problem was proposed [i)]
where part of these discontinuities were smoothed out in
the construction of the photonic parton distributions
7P (x,Q2) (f=q,9,9 with g=u,d,s) and where the re-
maining NLO discontinuities, related to the “direct” contri-
butions, were eliminated by calculating these contributions
as if P2=0. Thus whenever these virtual photons, with their
virtuality being here entirely taken care of by the “equiva-
lent photon” flux factors[9,12,16, are probed at a scale
Q?>P? they should be considered asal photons which
means that cross sectiofd/ilson coefficient functionsof
partonic subprocesses involving P?) should be calculated
as if P2=0. It should be stressed that this procedure is not a
free option but a necessary consistency condition for intro-
ducing the concept of the resolved parton content of the vir-
tual photon as an alternative to a non-resummed fixed order
perturbative analysis &2+ 0 as, for example, the QED box
results discussed in the previous section. This consistency
requirement is related to the fact that all the resolved
contributions  due to q"PI(x,Q2) =q"")(x,Q?) and
97" (x,Q?) are calculatedevoluted as if these partons are
massles$3—7,9, i.e., employing photon splitting functions
for real photons, etc., despite the fact that their actual virtu-
ality is given byP?#0.

This rule implies, for example, that the NLO *“direct”

The universal process independent part of the pointlikesontributionC ,p2)(X) to F,(x,Q2% P?) has to be thesame

box expressions in Egsi2.6) and (2.7) proportional to

C,(x) as forreal photons, i.e., has to be inferred from Eq.
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(A6) of the rea|(targeh photon Subproces$*(Q2) y_)qa deflnltlon The Selcond equa”ty in ECBS) follows from the
andnot from Eq.(2.7) which derives from the doubly virtual consistency requirement th@t,2)(x) is taken to be given

box y*(Q2) Y(PZ)—W]E as originally proposedi3,4]. Thus by C,(x) and consequently the application of tisame

for the lightu,d,s flavors we havd9] modified minimal subtraction schen\dS— DIS,, factoriza-
tion scheme transformation as for the real phdi®h Thus
1 2 ay(Q?) the resulting perturbatively stable LO and NLO parton den-
= 2 p2y_ 2 (P?) 2 S
x P26 Q%P%) 2q:§d,s eq[qV QY+ sities f7(P)(x,Q?) are smoothin P2 and apply toall P2

=0 whenevery(P?) is probed at scale®?> P?2.

A different approach has been suggested by Schuler and
Sjostrand[7]. Apart from using somewhat different input
scalesQ, and parton densities, the perturbatively exactly cal-
with the usual (on-shel) Wilson coefficientsCq 4(X) as  culable box expressions fox?<P2<Q? in Egs.(2.6) and
given, for example, in[9] and the “direct” C,(x) (2.7 are, together with their LO-QCIOR? evolutions, ex-
=[3/(1/2)]Cy(x) contribution has already been absorbedtrapolated to the case of real photoRé=0 by employing
into the definition oqu(Pz)(x,QZ) which thus refer to the some dispersion-integral-like relations. These link perturba-
DIS, factorization schem¢see, e.g., Eq(4) in [9]]. The tive and non-perturbative contributions and allow a smooth

><[Cq®q7<P2>+cg®g7<P2>]] (3.)

heavy quarkpredominantly charincontribution toF, in Eq.  limit P?—0. (Note, however, that the LQ? evolutions are
(2.5 is given by performed by using again the splitting functions of real pho-
tons and on-shell partonsSince one works here explicitly
FO(X,Q% P?)=F} poxt F;gy(pz) (3.2 with virtual (P?#0) expressions, the longitudinal contribu-

’ tions of the virtual photon target should be also taken into
with the “direct” box contribution given by Eq(A7) and  account when calculating .z=F,+ 3F 1 similarly to Eq.
the “resolved” contribution by (2.9), as described for example [i6], which is in contrast to

L our approach in Eq(3.4).
h o z p2 24 £4*(02)g”—hh| X ~2 In an alternative approadii8] one may consider the lon-
Fogra(x.Q9)= Lmin—zg“/( Nz upfy TE’Q ) gitudinal component of the virtual photon targgt(P?) to

(3.3 possess, like the transverse component, a universal process
_ independent hadronic content obtained radiatively via the
where (1k)f27*(Q2)7—*hh(x,Q2) is given by Eq.(A7) with  standard homogeneou8ltarelli-Paris) Q2-evolution equa-
eta—elay(ud)/6, Zmn=x(1+4m2/Q? and uZ=4m?. tions with the boundary conditions for the pointlike compo-
Furthermore, since an effectively real photon has no longitunent atQ?= P? given byFr, in Eq.(2.6) for quarks together
dinal componentsKy, ,F,,) we have, instead of E¢2.3) or ~ With a vanishing gluonic input in LO. We have checked that
Eq. (2.9), the predictions fofF .«(x,Q?,P?) obtained in this approach
differ only slightly (typically about 10% or legsrom those
Ferf(X,Q?,P?)=F,(x,Q2,P?). (3.4  of the standard fixed order perturbative approach at presently
) ) ~_ relevant kinematical region$€= %Q?, x=0.05 due to the
Flnallyzlt should be remarked that the partc_m distributionsgmaliness OFITL relative tOFITT in Eq. (2.6).
fY(x,Q%) of a real pho_ton can be calculated in a parameter- g already mentioned, @25 P?> A2, the InQ%/P? terms
freeway[9] by employing a coherent superposition of vectorjy ggs (2.6) and (2.7) neednot necessarily be resummed in
mesons, which maximally enhancesjuark contributions 10 ¢onirast to the situation for the real photd®?E 0) with its

F3, for determining the hadronic inputf{ao(x,QS)Z 8t & well known mass singularities [B?/n¢ in Eq. (A6) which
Gluck-Reya-Vogt{GRV-)like [17] input scale Qo=u"  afford the introduction of scale dependefRG-improved

=0.3 GeV. For a virtual photon, however, an additional parton distributions which are priori unknown unless one
assumption is needed about tRé dependence gf the had- resorts to some model assumptions about their shape at some
ronic input distributions of a virtual photorfﬁgg )(x,QS), low resolution scalgsee, e.g.[9] and the recent reviews
which is commonlyassumed6,7,9 to be represented by a [10,11]).

vector-meson-propagator-inspired suppression fag{d?)

=(1+P2/m?)~2 with m>=0.59 Ge\.. Thus our above con-
sistency requirement affords furthermore the following V- COMPARISON OF THEORETICAL EXPECTATIONS

boundary conditions for quarks and gludies: WITH PRESENT e*e™ VIRTUAL PHOTON DATA

We shall now turn to a quantitative study of the various
QED-box and QCDQ?-evoluted structure function expecta-
tions for a virtual photon target and confront them with all
. . ~ presently available*e™ data of PLUT([14] and the recent
in LO as well as in NLO of QCD, wher®®=max(P*,u*) e of | EP-L3[2] at the CERNe* e collider. Despite the
as dictated by continuity |ﬁ’2 as well as by the fact that the jjiieq statistics of present data the box predictionsFgg
hadronic component of”("?(x,Q?) is probed at the scale in Eq. (2.3) shown in Figs. 1 and 2 appear to be in even
Q?%=P? [5-7,9 where the pointlike component vanishes by better agreement with present measurements than the QCD

2 ~ 2 ~ ~
f7PI(x,Q2=P?) =157 (x,P?) = n(P?)f ] {x,P?)
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T T T are caused by the presence of a finite and dominant gluon
= = 2 . . .
09 | @=30GeVs, P'=035Gev 1 componenig”®?) will be discussed in Sec. VI.

3 In order to extract the parton densities of virtual photons
3 from DIS e p dijet data, the H1 Collaboratidri] has adopted
] the “single effective subprocess approximatiof9] which
0 exploits the fact that the dominant contributions to the cross
0 01 02 03 04 05 06 07 08 09 1 section in LO-QCD comes from the-22 parton-parton hard
X scattering subprocesses that have similar shapes and thus dif-
- _ ) ) fer mainly by their associated color factors. Therefore the
FIG. 1. Predictions for ey as d_efmec_i in Eq(2.9). The“hght sum over the partonic subprocesses can be replaced by a
(u,d,s) and heavy(charm contributions in Eq(2.5) of the “full . . . :
box” expressions in EqQYA1)—(A4) are calculated as explained in smgl_e_effectlve subprocess Cross section and effective parton
the text below Eq(2.5). The “asymptotic box” results refer to the densities for the virtual photon given by
light quark contributions being given by Eq&.6) or (2.7) and
(2.8). The QCD resummed NLO expectations of GR$for F, in “f‘«/(PZ)(X Qz) _ 2
Eq. (3.4) turn out to be similar to the LO ong8]. Also shown are ' g=u,d
the LO-resummed results of SaS 1] for F, and F.4=F,
+2F 7 as discussed in Sec. Ill. The total charm contribution to the
latter two QCD results involves also a “resolved” component, e.g.,
Egs.(3.2 and(3.3), which turns out to be small as compared to the
box contribution shown which dominates in the kinematic region
considered. The PLUTO data are taken frid].

0.8 F — fullbox E
o7 b= asympt. box 3
3 ¢ —— ghl:rsnzlgfzg)box) V. COMPARISON OF THEORETICAL EXPECTATIONS
N 06 F oS 1D E WITH DIS ep DATA AND EFFECTIVE QUARK
NO“ 05 F E DISTRIBUTIONS OF VIRTUAL PHOTONS
) E
5
=~

[q"P)(x,Q2) +q"P)(x,Q)]
9 (P?) 2
+2977(,Q? (5.1

with a similar relation for the protofi’(x,Q?) which is as-
sumed to be known. It should be emphasized that such an
effective procedure does not hold in NLO where all addi-
resummed expectations of Schuler ands8pud(SaS [7]  tional (very differeny 2—3 subprocesses contribuf0].
and Glick, Reya, and SchienbeiGRS [9]. Typical QCD  This NLO analysis affords therefore a confrontation with
effects like the increase in the smalfegion in Fig. 1, being more detailed data on the triple-differential dijet cross sec-
partly caused by the presence of a finite gluon contention as compared to presently available dgthwhich are
QV(PZ)(X,QZ), cannot be delineated with the present poornOt 32/et sufficient for ezxamlnlng the relative contributions of
statistics data. q""I(x,Q?) andg”®)(x,Q?). In Fig. 3 we compare our
These results clearly demonstrate that the naive QPM prd-O RG-resummed predictions fEEl’/(PZ)(x,QZ) with the na-
dictions derived from the doubly-virtual box* (Q2) y(P?) ive non-resummed universgbrocess independenbox ex-
—qq fully reproduce alle*e™ data on the structure of vir- pressions in Eq(2.10. Although the fully QCD-resummed
tual photonsy(P?). In other words, there iso sign of a  results are sizable and somewhat larger in the sialte-
QCD resummed parton content in virtual photons in presen@ion than the universal box expectations, present H1 [d3ta
data’ in particu|ar Of a f|n|te g|u0n Contegt’}/(Pz)(X,QZ) at QZE(pJ-f—at 2:85 GE\F cannot def|n|te|y dlStIﬂgUISh be-
which is absent in the “naive” boxQPM) approach. tween these predictions. It shouzld be furthermore noted that
Characteristic possible signatures for QCD effects whickthe QCD gluon contributiory”(®?)(x,Q?) is suppressed at
the large values af shown in Fig. 3. Therefore present data
[1] cannot discriminate between the finite QCD resummed

2.5 L} T L} L} L} L} T L} L}
o5 b @=120GeV?, PP=37GeV? ] component g"®9(x,Q?) and the non-resummed
2
2 f — full box 1 a7 (x,Q?) =0.
s 175 F asympt. box 3 It is obvious that these two results shown in Fig. 3 are
= 1sp éh;fsm (f‘ﬂollm) E only appropriate for virtualitie®?<Q?, typically P?2=10 to
By 125 F oo o 1(]];]“ ) ] 20 GeV? at Q?=85 GeV?, since O(P?/Q?) contributions

E are neglected in RG resummations as well as in the definition
] (2.10. In order to demonstrate the importance®fP?/Q?)

] power corrections in the large? region let us define, gen-
eralizing the definition2.9), some effectivdantijquark dis-
tributions as common via

01 02 03 04 05 06 07 08 09 1

X 1 2 —,(p2
~E! x,Q2,P2)= 2127 (x. 02) + 7P (x, Q2
FIG. 2. As in Fig. 1, but forQ?=120 Ge\? and P? X 200{ %, Q" P%) q:uz,d,s alGerr “06Q7)+ et (X, Q)]
=3.7 Ge\? appropriate for the LEP-L3 daf2]. (5.2
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P xQY o, Q@ =85GeV’, x=0425 0.14 |
0.12 b @*=100GeV?, P’=1GeV* ]
Lk H1 dijet data 7 3
N>\ 0.1 | ——— direct (box) ]
= Ived
o~ e -5
1 q 0.08 resolve
0" f x| 2 (QCD 0\2 0.06
= 0.04
0P x FxQY) for Ny 0.02
-2 \‘
10 1 . 1 1 L L L L 1 0
0 10 20 30 40 50 60 70 80
P2/GeV2 10 X 10
' L P2) o ' 2=' ) =' FIG. 4. Expected charm contributions Eg. The naive “direct
x ¥ x,Q) /o Q' =85GeV",x=06 (box)” result refers toF3,, in Eq. (3.2 and the LO-QCD “re-
1k 4 solved” prediction is due tGE’gy(Pz) in Eq. (3.2), as explicitly given
in Eq. (3.3 with g”®(x,4m?) taken from GRS[9]. This latter
“resolved” contribution is absent in the naive baPM) ap-
1 proach.
10 F 3
T 2) 2
Gy 2 analyses will indicate the general relevanceq@ﬁP (x,Q9)
) x F1(x.Q) /. . ,
2 in the largeP< region.
10 1 o 1 1 L L L L 1 .. . . ._
0 10 20 30 40 50 60 70 80 As we have seen, present DIS dijet data cannot discrimi

P2/GeV> nate between the universal naive box and QCD-resummed
expectations in the theoretically relevant regiBd<Q?,

FIG. 3. Predictions for the effective parton density defined inmainly because these data are insensitive to the gluon con-
Eq. (5.1). The “box” results refer to the universaiz®” in Eq.  tent in y(P?) generated by QCD evolutions which is absent
(2.10, and the “effective” ones taqgf(fZ) as defined in Eq5.2 as  within the naive box approach. Therefore we finally turn to a
derived from the full box expression®1)—(A4) including all  brief discussion where such typical QCD effects may be ob-
O(P?/Q?) contributions. The LO-QCD predictions of GRS] are  served and delineated by future experiments.
shown by the solid curves which refer to the predictions in the
theoretically legitimate regioP2<Q?, whereas the dashed curves
extend into the kinematic region of largef approachindd? where
the concept of QCD-resummed parton distributions of virtual pho-
tons is not valid anymordNote that the results fax=0.6 termi-
nate atP?2=54 Ge\ due to the kinematic constraili¥>>0, with
W2 being defined below Eq(A4), i.e., x<(1+P?Q? 1] For Sincee*e” and DIS ep dijet data cannot, at present,
illustration we also show the effective LO-QCD parton dengity ~ delineate the QCD-resummed parton content of a virtual
of a real photony= y(P?=0) of GRS[9] multiplied by the simple  photon, in particular not its gluon content, we shall now
p-pole suppression factay(P?) in Eq. (3.5 which clearly under- propose and discuss a few cases where such typical QCD
estimates the H1 dafd]. effects may be observed and possibly confirmed by future

experiments.

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

where, of courseq2{P”)=q2("*) and the full box expression  Charm production ire"e” —e"e” ccX would be a clas-
for Flz,boxin Eq. (2.4) for light quarks is given in Eq¥AL)— sical possibility to delineate such effects due to a nonvanish-

. 2 . .
(A4) with m=m,=0, i.e.,,A\=0. The full box expressions N9 QY(P.)(X,QZ)- In Fig. 4 we compare the usudlixed
implv again ¥(P?) x.0%)=0 in contrast to the QCD re- ordep “direct” box contribution to F; with the “resolved
Py again Ger _( Q )_ WP?) Q_ gluon-initiated one in Eq(3.2), as given by Eq(3.3). The
summed gluon distribution. Thegg™ ° introduced in EQ.  «gjrect” hox contribution entirely dominates in the large
(5.2 is, in contrast to Eq(2..9), c_)f course non-universal. The region,x=0.05, accessible by present experimeofs Figs.
“effective” results shown in Fig. 3 clearly demonstrate the

_ S 2 1 and 2, whereas the typical QCD-resummed “resolved”
|mp2rtan.ce of theO(P?/Q") terms at larger values d?*  qntribution becomes comparable to the “direct” one and
=Q° which are not taken into account by the QCD resum-gyentually dominates in the smaliregion,x<0.05. Thus a
mations and by the universal box expressions in @O careful measurement of the charm contributionFto at x
alsozshown in Fig. 3. It is interesting that the non-universal<q o5 would shed some light on the QCD part@huon
qgf(fp ) defined viaF, in Eq. (5.2 describes the H1 data at content of virtual photons, since such a “resolved” contri-
large values ofP? in Fig. 3 remarkably well. This may be bution in Fig. 4 would be absent within the naive box ap-

accidental and it remains to be seen whether future LQproach.
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1
09 f
0.8 |
07 |
06 F
05 f
04 F
03 F .
02 F .

0.1 :

Q*=85GeV?, P?=1GeV?

FIG. 5. Predictions for the total light quarks”(")

EZEq:u,d,QV(Pz) and gluon contributions to the effective parton
density in Eq.(5.1) at a fixed scale)?=85 Ge\? and two fixed
virtualities P?=1 and 5 GeV. The naive box results refer to the

universalg2(®”) defined in Eq(2.10, and tog2{"” defined in Eq.

PHYSICAL REVIEW D63 074008

tions in the not too large region,x<0.3, would probe the
QCD parton content of virtual photons, in particular their
gluon content which is absent in the naive QPM box ap-
proach. In this region, and at not too large photon virtualities
P2<5 Ge\? shown in Fig. 5, the “resolved” gluon-
dominated contribution of the virtual photon to hift jet
production at scale@=E=5-10 GeV exceeds by far the
“direct” box-like contribution of a pointlike virtual photon
[21]. The production of prompt photons at HERA via a
tagged DIS processp— eyX may offer additional probes of
the gluonic content of virtual photorj23].

VIl. SUMMARY AND CONCLUSIONS

Virtual photonsy(P?), probed at a large scal@?s> P?,
may be described either by fixed-order perturbation theory,
which in lowest order of QCD vyield the quarks and anti-
quarks generated by the universal part of the “box” dia-
gram, or alternatively by their renormalization gro(RG)
improved counterparts including particularly the gluon dis-
tribution g”P*)(x,Q?).

The results in Secs. Ill and IV demonstrate that all pres-
ently availablee*e™ and DIS ep dijet data can be fully
accounted for by the standard doubly-virtual QED box dia-
gram and are not yet sensitive to RG resummation effects
which are manifest only in the presently unexplored bow-
region of the parton distributions in(P?). In fact, as shown
in Sec. VI, these resummation effects start to dominate
only at x<0.3 and may be observed by future measure-
ments atP?=0(1 Ge\?) of o(ep—ejjX) or o(ete”
—e*e " ccX) at high energy collisions. These measurements
could finally discriminate between the fixed order and RG-
improved parton distributions of the virtual photon.

(5.2. The LO-QCD RG-resummed predictions are denoted by

3 7P andg”®* according to GR$9]. The latter gluon contribu-
tion is absent in the naive badQQPM) approach.

The effective parton distributiof?®?(x,Q2) in Eq. (5.1)
at not too large values of and P?, as may be extracted in
LO from DIS ep dijet data, would be another possibility to

observe QCD-resummation effects due to a nonvanishin

gluon componeng”®?(x,Q2). In Fig. 5 we show the quark
and gluon contributions 6""”) in Eq. (5.1) separately. The

box (ant)quark contributions, which are similar to the QCD-
resummed ones, entirely dominate over the QCD-resumme

gluon contribution in the largeregion,x=0.4, accessible to
present experiment&f. Fig. 3. Only below x=0.3 does

the QCD gluon contribution become comparable to the

(antjquark components and dominates, as usual, Xor
2

<0.1. It should be remembered thgif"”(x,Q?)=0. Fur-

thermore, the increase of the RG-resummet”)(x,Q?) at

smallx in Fig. 5 is induced by the vector-meson-dominance-

like input for theQ? evolution of the “hadronic” component
of photon’s parton distributiofi7,9] and is disregarded in our
naive box[quark parton modelQPM)] analysis.

Thus a measurement of dijets produced in Rl$reac-

APPENDIX

The most general QPM box results By, appearing in
the structure function relation®.3) and (2.4) derive_from
the fully off-shell QED box-diagramy* (Q?) y(P?)—qq for
each quark flavor with charge,, carrying 3 colors and by
keeping the quark masa as well[12,4]. These results can

e conveniently written as

a 1
dFTT=3e;‘; 0(/32)?[ [1—2x(1—><)—25(1— %)

—AX8(X2+ 6%)+8x25 1+ (1—x—6)?]
B+

Inﬁ—

_ 1
FNBAL—Xx— )%~ §A2B4(1—x—5)2
+,8§[4x(1—x)—1+45(1—5)—8x5(1—x2— 52)

ax5p*

_ 32 y— 82— "
(AXS+AB)(L—x— ) 4X5+)\E2

] (A1)
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L@ 4 i.e., according to Eq(2.4)
FLr=3€— 9(,32)?(1_X_ )

201 _
F'z,box(x,Qz)=3zea‘%([x2+<1—x>2]lnw
max
X[x —%)\Ez(l—Zé(l-i-X—ﬁ)) a
+8x(1—x)—1]. (AB)
—28(— 142X+ 25— 2X8(1+x+ ) In'8—+
B- The heavy quark contribution becomes
+ﬁﬁ[x(1 65+652+2x5)+6324x(5+)\ﬁz ] Fgngeﬁgg(ﬁ )| X2+ (1= )2+ x(1— X)?
(A2)
8mh ,3
Fri=F1[x+ 48] (A3) —x? Q_ ,3 Bl ax(1—x)—1
o 16 B 4
FLL:393;9(B2)E&(1—X—5)2|(1+2x5)|n18—_ mh }
- _6X5+\ B2 o 14
4x5+)\EZ] (4) FET—3eh;0(BZ)|— o2 —'In - £+3[4x(1 x)]]

where 6=xP?/Q?, \=4m?/W? with W?=Q?(1—x— 6)/x F_Fh 0 A7)
=(2m)?, and B2=1-\, B2=1-4x6, B.=1=BB. The ™ ’

relevant asymptotic expressions for the light u,d,s quark  j.e., according to Eq(2.4),

(m=my,=0, i.e.,, A=0) contributions in the Bjorken limit

P2<Q? are given in Eq(2.6). 1, o oa® o), ’
For completeness it should be noted that the general vir- % F200l%Q )_36*‘; 0(5%) +(1=x)
tual box results in Eq9A1)—(A4) reduce forP?=0(5=0)
to the standard box-diagramt (Q?) y— qq expressions for 4m? 8mh 1+p8
areal photony=y(P2=0): in the light quark sector where +x(1-3x%) Q2 -x o In7— B

N<1, i.e, m’=m<Q? we have

Fo=aset S et (107 L a1 x) - 1 o
m mx

a (A8)

am?
8x(l—x)—l—x(l—x)?

F'LT:3Eegg4x(1—x) a_nd (1K)F o X, Q%) = FI'., which are the familiar mas-
™ sive Bethe-Heitler expressiorf@2] relevant for the heavy
quark contributions to the structure functions of real photons
Fl.=FL=0, (A5)  (cf. [9], for example.
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