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We study the three positivity constraints on the eight virtual photon structure functions, derived from the
Cauchy-Schwarz inequality and which are, hence, model independent. The photon structure functions obtained
from the simple parton model show quite different behaviors in a massive or a massless quark case, but they
satisfy, in both cases, the three positivity constraints. We then discuss an inequality which holds among the
unpolarized and polarized photon structure functiéi{s g7, and Wi, in the kinematic regiom\ 2<P?
<Q?, where —Q?(—P?) is the mass squared of the protiarge} photon, and we examine whether this
inequality is satisfied by the perturbative QCD results.
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[. INTRODUCTION eight virtual photon structure functions, which hold model-
independently. The number of positivity bounds reduces to
The investigation of the photon structure is an active fieldone in the real photon case, and we have checked that this
of research both theoretically and experiment@lly Struc- remaining bound is indeed satisfied by the structure func-
ture functions of unpolarized real and virtual photéijsand  tions obtained in the simple parton mod&M). We also

F;,; have been measured through the two-photon process@éese”ted a positivity bound for th('a.quark. distributiong rel-
in e*e collisions as well as the resolved photon processe§Vant for the spin-dependent semi-inclusive process in the

in the ep collider. From these data the unpolarized parton0-Photon reaction. _ o _
In this paper we examine the three positivity constraints

distributions in the photon were extracted in the framework ' ) ;
of perturbative QCDIPQCD) [2]. On the other hand, there on the virtual photon structure functions. By evaluating the
has been growing interest in the study of polarized photor??X (@ quark-loop diagrams, we first obtain the eight virtual

structure function$3,4]. Especially the first moment of the Photon structure functions in the PM and check if they sat-

spin-dependent structure functigif has attracted much at- isfy the positivity constraints or not. We then discuss an in-
tention in connection with its relevance to the QED and€duality which holds among the unpolarized and polarized
QCD axial anomaly. The next-to-leading ord&tLO) QCD  structure functionsf{, g7, andWr, and we examine the
analysis ofg} was performed5,6,7] and, recently, the sec- PQCD results. _ _ _
ond spin-dependent structure functigé of virtual photon In the next section we discuss the eight virtual photon
has been studied in conjunction with the twist-3 contributionStructure functions which were introduced by Budret\al.
[8]. For the real photon structure functiogg andF] there  [9] to describe the absorptive part of the virtual photon-
exists a positivity boundgl|<F7. This bound has been photon fo_rvvarq scatterlng. The positivity constr_alnts_, which
analyzed recently in detail in Reff7]. were derived in our previous pap[ém] for the (_a|ghtl|nde—
Now we note that there appear, in total, eight structurg?€ndent-channel helicity amplitudes, are rewritten in terms
functions in the case of a virtual photon tar§ef10,11,12,  ©of these structure functions. In Sec. Ill we calculate these
most of which have not been measured yet and, therefore, afdght structure functions in the PM. We find that there exists

unknown. In such a situation, positivity bounds would play@ clear difference, both in thedependence and in the mag-
an important role in constraining these unknown structurditude, between the massive and the massless quark cases for

nucleon that various bounds have been obtained for the spifree positivity constraints are indeed satisfied for all the
dependent observables and parton distributions in a nuclegdlowedx region. In Sec. IV we study an inequality which
by means of positivity conditiong3]. In our previous paper holds amongF7, g7, andW; in the kinematic region\®
[14] we have derived three positivity bounds, among the<<P?<Q? where —Q*(—P?) is the mass squared of the
probe (targe} photon. Since the NLO QCD results fétr}
andg] and the leading ord€t.O) result forWy; are already

*Email address: sasaki@cnb.phys.ynu.ac.jp known, we will examine whether these PQCD results are
"Email address: soffer@cpt.univ-mrs.fr consistent with this inequality. The last section is devoted to
*Email address: uematsu@phys.h.kyoto-u.ac.jp the conclusion.
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Writing down explicitly, we obtain the following three posi-
tivity constraints:

& W(1,1-1-1)|=W(1,11,1), 2.6
LRSI W I=WLHLY 29
LRRSKEEE
0002 %0% %% % %%

RIS |W(1,10,0)|=< yW(1,111,1W(0,00,0), (2.7)

KR

|W(1,00,~1)|=<yW(1,01,0W(0,1/0,1). (2.9

The photon-photon scattering phenomenology is often
) ) ) discussed in terms of the photon structure functions instead

FIG. 1. Virtual photon-photon forward scattering with momenta ¢ the s channel helicity amplitudes. Budnev, Chernyak, and
q(p) and helicitiesa(b) anda’(b’). Ginzburg(BCG) [9] introduced the following eight indepen-
dent structure functions, in terms of which the absorptive

Il. PHOTON STRUCTURE FUNCTIONS AND POSITIVITY part of virtual photon-photon forward scattering/“™", is

CONSTRAINTS .
written as
We consider the virtual photon-photon forward scattering or , & ot a
amplitude fory(q) + y(p) — ¥(q) + y(p) illustrated in Fig. WEPPT(p,q) = (Prr)#"" "W+ (Pp)#" " Wrt
1: T v, T v
+(Prp)*"P Wrrt (P Wsrt
- ig- mvp nvp
TMPT(p,q)zlfd“xd“yd“zéq X +(P19*"P"Wrgt (Pg9#"?"Wgg

X e 72(0[ T[J,,(x),(0)3,(y)3(2)]]0), —(P79""""Wrs— (P19 Wrs,

2.9
(2.7 29
. . whereP;’s are the following projectors:
whereJ is the electromagnetic current, agdand p are the ' gprol
four-momenta of the probe and target photon, respectively. (p,;)#7r7=ReRP7,
The s-channel helicity amplitudes are related to its absorp-
tive part as follows: (P3,)#rPT=REPRYT— RETRYP,
W(abla'b")= e;(a) ez(b)WMvae,,(a’)eT(b’), (2.2 (PIo)#P7= L [REPRY™+ RETR — REVRPT],
where vpT vRpT
(Psp#"P"=kik{R"",
1 (2.10
Woanpe(P.O) = —IM T (P, G), (2.3 (Pro)""P™=R,KEK],
ande,(a) represents the photon polarization vector with he-  (Ps9*"*"=k{'kikbk3,
licity a, anda=0, *=1. Similarly for the other polarization
vectors we hava’, b, b’=0, +1. Due to angular momen- (PT9)#*"P7=R*Pkik;+ R¥TKTKS+ K KSR+ ki k;R"™,
tum conservation, parity conservation, and time reversal in-
variance[15], we have in total eight independesthannel (PT*"P™=RMPkikI— RF7KIKS + kKSR — ki kIR,

helicity amplitudes, which we may take as i
wit
W(1,11,2), wW(1,-1/1,-1), W(1,01,0, W(0,10,1),

1
v_ vy v Y\ _ A2 V__ 12 v
W(0,00,0, W(1,1-1,-1), W(1,10,0, (2.4 RAV=—g¥ +X[W(q”p +p“q")—q°p“p"—p-ag“q”l,

W(1,00,—1). . \/WZ LW
kf x [P e (2.13

The first five amplitudes are helicity-nonflip and the last
three are helicity-flip. It is noted that theechannel helicity- 5
nonflip amplitudes are semipositive, but not the helicity-flip KE = li(qﬂ_ w p“)
ones. 2 X p?

In our previous work14], we have applied the Cauchy- s oo )
Schwarz inequality16,17 to the above photon helicity am- andw=p-q and X=(p-q)°—p“q°. Note thatR,, is the

plitudes and have derived a positivity bound: metric tensor of the subspace which is orthogona &mdp,
and thuskfR,,=k5R,,=0. Some useful properties of the
|W(a,bla’,b")|<yW(a,bla,b)W(a’,b’|a’,b"). projectors are given in Appendix A. The virtual photon struc-

(2.5  ture functionsW, are functions of three invariants, i.av,
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q(=—Q?), andp?(=—P?), and have no kinematical sin- \,
gularities. The subscriptsT” and “ S’ refer to the transverse

and longitudinal photon, respectively. The structure functions >
with the superscript #’ correspond to transitions with spin-

flip for each of the photons with total helicity conservation, Kk
while those with the superscripta” correspond to theur

antisymmetric part ofV*”?” and are measured, for example,
through the two-photon processes in polarizgide™ colli- ;‘J“

A

sion experiments. These eight structure functions are relate:
to thes-channel helicity amplitudes as follow8]:

1 FIG. 2. The box diagrams in the parton model calculation.
W= E[W(l,]J 1,D)+W(1,-1|1,-1)],
four. They areWrr, Wst, W+, andW5, which are often

War=W(0,10,1), referred to as

— — 1
WTS W(llqlio)! WSS_W(O'qO!O)a WTT:WJ)_,; WSTZZFZ’ W'7|—'T: ZW%,,

1
W= S [W(L11,)-W(1,-1]1,-1)], (212 a__\W7 3.0
TT— W4, '

Wi=W(1,1-1,-1),
" . and we have only one positivity constraif@®.13. In our

1 previous papef14] we have examined this constraint in the
Wig= E[W(l,JJO,O)—W(l,QO,— 1)], simple PM. Up to now most of our attention has been fo-
cused on the study of these four functions. In the case of the
1 virtual photon targetP?#0, there appear four additional
Wig= E[W(l,]JO,O)+W(1,q 0,—1)]. structure functions and we have derived three positivity con-

straints. But since we do not have much knowledge on the
Jew photon structure functions, it is worthwhile, first, to in-

first four structure functions are positive definite and the lasteStigate these functions in t.h_e_S|mpIe PM and then to ex-
four are not. Due to the fact that the absorptive part""mIne whether the three positivity constraifs13—(2.19

vpr ; ; . - tually hold.

WH#PPT(p,q) is symmetric under the simultaneous inter- ac . .

change of q, ., v} —{p,p, 7}, all the virtual photon structure we )E\éaluate thehboXm_aslszl_ve 2qu§rk-loo|p .W't?ha q“?‘”‘
functions, excepWst andW-rg, are symmetric under inter- massi diagrams shown in Fig. 2. By applying the projec-
change ofp<q, while Ws(w.q2 p2) =Wr(w,p2,q2). In tors, which were given in Eq(2.10, to the box diagram

terms of these structure functions, the positivity constraintscpmr'buuons' we obtain the PM predictions forathe eight
(2.6~(2.8) are rewritten as virtual photon structure functionsWr+|pm, Wi1|pwm,

Witlpm: Wstlpm, Wrdpm, Wsdpm: Widpm, andWigpy.

Since the helicity-nonflip amplitudes are non-negative, th

|Wi| < (Wqrr+W5p), (2.13  Their explicit expressions for the case#0 andP?#0 are
given in Appendix B 2. The results are consistent with the
|WE e+ WIA < V(Wrr+ W2 ) Wsg cross sections for thgy—e*e (u*u™) process obtained

(2.14 by Budnevet al. [10] except forWiypy.* Also the expres-
sions of Wr+|pm, Wslpm, andWsdpy are, respectively, in

|Wg— W < VW1 Wsr. (2.19  accord with those oF 1, F 1, andFgsgiven in Ref.[19].
. We plot, in Figs. 8 and 3b), these PM results for
In fact, the following bounds, the eight photon structure functions as functions »of

W | <2W 2(WTS)2<2W W+ W oW =Q?%/(2p-q). ':Il'he vertical axes are in unftef (a/27) oy,
s TS = eSS TS SEZ 19 Wheres,=33, ‘e, with N¢ the number of active flavors.
' We have takenP?/Q?=1/30 andm?/Q?=1/100. The al-
were derived, some time ago, from the positiveness ofthe lowed x region is 0 X< Xy With

cross section for arbitrary photon polarizatidi8]. Note that
the constraintg2.13—(2.15 which we have obtained are

more stringent than the above orj&s. (2.16)]. Yin the expression of?g, the last one in Eq(E1) of Ref.[10]
which corresponds to ouWFypy, the factor[L+(q.0,)At/T]
Ill. PARTON MODEL RESULTS should read agL —(q,0z) At/T].

20ur definition ofW,,,. and therefore of the photon structure
For the real photon targe®?=0, the number of indepen- functions, is such that they are proportionabte e/4s, and not to

dent structure functions or helicity amplitudes reduces ta?, in conformity with the nucleon case.

034014-3



KEN SASAKI, JACQUES SOFFER, AND TSUNEO UEMATSU PHYSICAL REVIEW 66, 034014 (2002

(a) (a)

X x
FIG. 3. The PM predictions versudor the eight virtual photon FIG. 4. The PM predictions versusor the eight virtual photon
structure functions in units of a/27) 6, for P2/Q?=1/30 and structure functions in units ofaf2m) 5, for massless quarkm
m?/Q?=1/100.(a) Wr|py (solid line), W3;|py (dash-dotted ling =0, and P?/Q2=1/30. (8) Wr{|py (solid ling), Wa+|py (dash-
Wstpm (long-dashed ling and Wi+|py (short-dashed line (b)  dotted ling, Wgq|py (long-dashed ling andW5|py (short-dashed
Wrdpy (solid ling), Widpy (dash-dotted ling Wigpy (long-  line); (b) Wrdpw (solid line), Wigpy (dash-dotted ling Wi py
dashed ling andWsdpy (short-dashed line (long-dashed ling and Wgdpy (short-dashed line Note that
Ws+lpm in (@) coincides withWrgpy in (b), as they should fom
1/(1+ P2+4m2) (3.2 -
Xmax= —+t—. .
max Q2 QZ

W+1|pm @andW5+| oy both diverge. The former diverges posi-
. tively, and the later negatively. However, the sum remains
From Figs. 8a) and 3b), we see that the photon structure fiyjte since Werlpwt Was|pw)/((af27) 8,) as x—0 [see
functions can be classified into three groups according tcltig. 5a) below]. The other structure functions vanishat
their magnitude:W1|/py and Wi+|py are the first group, —q
Wstlpm, Wrtlem, Wrdpm, andWrdpy are the second one, |t is interesting to note the clear difference, in the PM
and Wsdpy and Wi py are the third one. By comparison predictions for the photon structure functions, between the
with Wyr|pm and Wi4|py in the first group,Wsdpy and  massive and the massless quark cases. We plot in Rigs. 4
WY py are extremely small in magnitude. Also we see thatand 4b) the results for the massless quark case;0, with
the helicity-flip structure function¥Vi|py andWidpy are  P?/Q*=1/30. Now three structure functionsWrrlpw,
smaller in magnitude than the helicity-nonflip on&&+|py ~ Wtlpm, @andWiq|py, do not vanish ag— xpaxand remain
andWrdpy, respectively. We expect that these characterisfinite. Forx— 0, Wr+|py andW+|py both diverge again, but
tics of the PM results will persist in the actual photon struc-the sum tends to zefsee Fig. 6a) below].
ture functions which would be obtained from future experi- From the symmetry argument on the absorptive part
ments. WHPPT(p,q), we know thatWgt and Wrg switch into one
The graphs in Figs. (@) and 3b) show that all photon another wunder the interchange op«q, namely,
stucture functions tend to vanish &s- X, and this is the  Wgt(w,q2,p%) =Wsg(w,p?,g%). But this does not mean
consequence of the kinematical constraint. Por0, Wsgt=Ws5s. Indeed according to the PM results in the mas-

034014-4



VIRTUAL PHOTON STRUCTURE FUNCTIONS AND . .. PHYSICAL REVIEW [®6, 034014 (2002

(a) (a)

FIG. 5. The positivity constraints and the PM predictions versus  FIG. 6. Same as Fig. 5 for massless quarks0 and P%/Q?
x for P2/Q?=1/30 andm?/Q?=1/100. The vertical axes are in =1/30.
units of (a/2m) 6, . (8 (WrrtW3y) (solid ling) and|W14| (short-
dashed ling (b) v(Wrr+W5r)Wss (solid ling) and [Wrs+Wrg  and m?/Q?=1/100. For massless quark=0, with P?/Q?
(short-dashed line and (c) VWrgWsr (solid ling and [Wis  =1/30, similar plots are shown in Figs(é5—6(c). In both
—Wry (short-dashed line cases we can see that the three positivity constréinis—

(2.195 are indeed satisfied for all the allow&degion. How-

sive quark case shown in Figs(aB and 3b), Wspy and  ever, as we have already mentioned above, the behaviors of
Wrdpy are different in magnitude and also have different the sum Wyr+W2) oy Show a clear difference between the
dependences. However, we have found that in the lImit massive and the massless quark cdsee Figs. &) and
=0, Ws1lpy coincides withWr g py irrespectively to the val-  6(a)]. For a massive quark, the sum reaches
ues ofP? and Q?, which we believe is not a trivial result. 2 x ((«/2) 5,) asx—0 and the positivity constrain@.13

We plot in Fig. %a) the PM predictions versug of s satisfied for all the allowed region with a wide margin.
(Wrr+Wgp) and |Wig, in Fig. 5b) those of On the other hand, for a massless quark, it vanishes as
V(Wrr+W2)Wsgand |Wig+ W2, and in Fig. c) those —0 and the difference betweenWgr+W3)py and
of VWraWsr and [Wig— W3, for the caseP?/Q?=1/30  |W]|py reduces to zero. The fact that the sumq{
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+Wippw vanishes ak=0 in the case of the massless quarkregion (4.1), B~1, and we can neglect the contributions of

is explained as follows. The sum is related ts-ahannel
helicity —amplitude of -y scattering, Wyt+W3;
=W(1,11,1). Now the limiting procedur&=Q?/2p-q—0
with the ratioP?/Q? fixed is equivalent of takingp?>— 0 and
Q?—0 and keeping @-q finite. So the situation at=0 is
the same as if we were dealing with the twenal photon
scattering processy+ y—q-+(q. Since chirality coincides

Wrgand W% as compared withVy+ andW4, respectively.
As a result we have

WTT(XiQZ! PZ)% ;FZ(X,QZ, P2)

— o FHQ%PA -~ FI(x Q%PY),

with helicity for the massless quark and the electromagnetic

interaction preserves the quark chirality, it is known that the
amplitude for the two real photons with the same helicity

1 4.3
W'?'T(X!in PZ) ~ Eg])./(xini PZ) .

annihilating into a massless quark pair vanishes identically

[20].

IV. PERTURBATIVE QCD

Now we switch on the QCD coupling. The photon struc-

The positivity constraint2.13 is now rewritten as

1
[Wi+(x,Q% P?) = S[FI(, Q%P +0Y(x,Q% PA)], (44

ture functions have been studied by PQCD for many yeargnd it is interesting to see if this inequality is satisfied by the

[2]. Especially, in the kinematic region,
A?<P?<Q? (4.1

where the mass squared of the target photef) (is much
larger than the QCD scale parametar}, some of the pho-

PQCD results. FoFJ(x,Q?%,P?) andF}(x,Q? P?), we can
take the results from Ref21] and forg}(x,Q?% P?) we use
Ref.[6]. Actually the PQCD results fdf] andg] are given
in the form of Mellin moments, and we need to perform the
inverse Mellin transformation in order to express them as

ton structure functions are predictable in PQCD entirely ugfunctions ofx. The formula for thenth moment off{ up to
to the NLO. This is due to the fact that, in this kinematical the NLO is summarized in Appendix C. After the inverse

region, the hadronic components of the phot@m other

Mellin transformation,; (F}+g7) is expressed in the form

words, the photon matrix elements of hadronic operatorsas

can be calculated perturbatively. Indeed, the virtual photon

structure functions, such as unpolarizEd(x,Q?,P?) and
F/(x,Q?%P?) [21] and polarizedg](x,Q?% P?) [6], were

studied up to the NLO in the above kinematic region. Here

the virtual photon structure functiors}, F}, andg] are
related to the ones introduced by BCG in EQ.9 as
follows:*

1
> Wrs|,

FZ(X:QZ: P?)= Z[WTT_ 2

1

EWTs]y

TS|
with B=(1- P2Q?/w?)2
Since the tensoWW*"?"(p,q) in Eqg. (2.9 is regular as
p?—0, while the projector®+s and P75 are singular ap?
—0 and behave as g7 and 14/~ p?, respectively, we ex-
pectWrsx P?/Q? andWiaec \/P?/Q?. Then, in the kinematic

, 5 o 2X 1
F3(x,Q%P%) = —— | Wrr+Wsr— ~Wsg—
[ 2

(4.2
FI(x.Q%P)=F}—xF],

5 p202)12
07(x,Q?,P?)= %{ o &

Swe follow Nisius[22] for the definition ofF}, F}, andF} apart
from F7 being different from the one of Nisius by a factor of 2. For
other definitions of], F}, andF/, see Refs[7,23].

L F1ran= -5, a(0in 4 b(x)-+ Ol ax(Q?
(4.9

whereA? is the QCD scale and((Q?) is the QCD running
coupling constant.

The virtual photon structure functioWs(x,Q? P?)
(=2W3J) is expected to be given by the same expression as
the PM result up toO[1/In(Q¥A?)], since there exist no
twist-2 quark operators contributing W7,. So we take, in
the leading ordefLO) [24,25,

a
Wir(x,Q? P?)= 50— 2x%)+O0lag(QM)]}, (4.6

where the first term is derived fromV{|p\y given in Eq.
(B5), ignoring the power corrections of’/Q? and P?/Q?.
Now we plot, in Fig. 7, the NLO PQCD result gf(F]
+g}) and the LO result ofW}| as functions ofx for the
case P?/Q?=1/30 with the number of active flavorsy;
=3. We find that the inequality4.4) is satisfied for almost
all the allowed x region except neaxm.=Q(Q*+P?
(=~0.968 for P?/Q?=1/30). The violation of the inequality
nearxmay IS explained as follows. We observe that the graph
of 3(F7+g]) falls rapidly asx—Xnax. In the language of
the QCD improved parton model, this is due to total momen-
tum conservation of all partons in the photon. In fact, the
moments of both~ andg] in the LO behave as Ii(inn)
for large n and thus inx space they vanish like-1/In(1
—X) asx— 1. The NLO QCD corrections further supprdss
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I T exists a clear difference both iadependence and in magni-
tude between the massive and massless quark PM predic-
tions. We have found that the three constraints indeed hold
for the PM computation of both massive and massless quark
cases. In the kinematic region?<P?<Q?, the NLO QCD
results forF} andgi and the LO result folV7; satisfy the
constraint among these three structure functions for most of
the allowedx region except for the region very negf,y.

We expect that these bounds will provide useful con-
straints for studying the yet unknown polarized and unpolar-
ized virtual photon structure functions.

24
2.0

1.6
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x - APPENDIX A: PROJECTORS FOR THE VIRTUAL

FIG. 7. The positivity constraint and the PQCD prediction. PHOTON STRUCTURE FUNCTIONS

3(FI+g7) (solid line and |Ws;| (short-dashed linein units of The projectorsP;’s are defined in Eq(2.10. (P3;)*"*"

(af2m)s,, for Q?=30 GeV, P?=1GeV* with A=0.2GeV and  gng (P7)4"¢7 are antisymmetric under the interchange of

N¢=3. w— v andp< 7, while other projectors are symmetric. Since
R.., K1, andk, have the following properties:

andg? at largex. On the other hand, the LO QCD prediction

of W7+ is the same as the massless quark PM result, with theRquM:O' RuwP*=0, R,Ry=-R,,, R,R*"=2,
power corrections oP?/Q? being neglected. Thus\Vi+| in R =0 KER. —0. Kl—Kl—1 (A1)
Fig. 7 increases monotonically as a functionx3fand the 15wy =% B2 uy 5 LR

violation of the inequality(4.4) occurred neax . we find

However, thephysical W should vanish ag— X, due
to kinematical constraints. The momentum conservation of  (Pj)*"?"(P;),,,,=0 for i#]j,
partons is not applicable here since quark partons in the pho-
ton do not contribute t87 in the LO, in other words, there  (Pt0)*"*"(P11) upr=4,  (PTD)*"P7(PT7) p-=4,
exist no twist-2 quark operators relevant\W; [24]. This
urges the necessity of introducing the quark mass effects to (PT0)*"”(P11) 41y, =2, (PsD*"?7(Ps1) 41, =2,
the calculation of the photon coefficient functigiRemem- (A2)
ber thatws in the massive PM vanishes &S+ Xax- vor _ vor _
Except%lrpll\grge and smaX, we find that the PQnéaS )pre- (Pre)™ (Pr8)uipr =2, (Psd*"(Psd urpr=1,
diction for 3(FJ+g) appears to be similar to the massless T \wYpT PT _ T\ urpr pTa
quark PM result for W+ W35). In fact, for moderatex, (Pro)™™ (P19, =8, (Pre™(Pr
0.2<x=0.7, the graph3(F]+g]) resembles closely the
massless quark resulWrt+W3q)py in Fig. 6a@) in shape
and magnitude. Ax— 0, we find that the sung(FJ+g?)

8.

;varz

APPENDIX B: VIRTUAL PHOTON STRUCTURE
FUNCTIONS IN PARTON MODEL

starts to increase. 1. Parameters
QZ N¢
x= , 8,=32 €,
V. CONCLUSION g O 2 €
To summarize we have investigated the three positivity
. . . . ~ P-Q 4am
constraints for the virtual photon structure functions which B=\1-—>, B=\/1-— (B1)
. . + - . . )2' + )2!
could be studied in futurepande™e™ colliders. In particu- (P-q (p+q

lar the virtual photon structure can be measured from the Iy
double-tagge@* e~ reactions and also from the dijet events L=1In BB

in deep inelastiep collisions. 1-8B

By evaluating the quark box-diagrams, we obtained the
eight virtual photon structure functions in the PM both for awhere N is the number of the active flavors amdis the
massive and a massless quark. It has turned out that thegeiark mass.
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2. Structure functions in PM

a 2

WTT|PM:%57 ——[(1-B%)(B*+3)—8x{B*- 2,32"‘3}]

_8_x2m_4+782—(1—2x)2_ 1
B Q' TS
+é[—ﬁ%(2x2—4x+7)2a4+(8x—11)782+3(2x2—4x+3)] L —16x214
4pB° 1- B2R? Q*

2

2 1-2x)%+(4x—1 1 — - -~ ~ P
[~ 20"+ x—1)* ]52 (1B 26 3) - o B%B 2057 B 3] g

BZ

+ 2%4[(23% 1) B8+ {2x%+ 4 82x— 6 82— 5} B4+ {4 82x>— 8( B2+ 1)x+ 6 8%+ 11} B2 — 3(2x*— 4x+ 3)]] :

(B2)

2 2 2 H2_ 2
L;[ZXP_Z+(BZ+2X_2)]+ B § [8)(12 2x{(B +~1)/3 2}F’_2
L Q 1-p282| Q B2 Q

a a
We|pw= ; oy

2 _ 2 H2_
+(3 +2x 2){(f +1)B 2}”, (B3)
B

WTT|PM— —90 2 Q4 7 Q2

[ZL 4x> m* /34 Ax(x+1)B%—(1-2x)2 m
2

_ 2 _ 2
i1 B2)(3+ )+ Bx(B—3)] st~
16ﬁ Q* gps

4 2 2 _P2
2ﬁ~ _8X214 (1-BHI(L-2x)*—B?] m2 1 ~B (B 2( B2+ 1P+ 3
1-B2p? Q B? Q" s8p*

[3B4+2(x%+ 2x—4) B2+ 3(2x%— 4x+3)]

2
+8x{(2B8%+1)B?—3}] %+ %[(4,82+ 1)B8—{2x>—4(2%+1)x+108%+ 9} B*
4B

(B4)

+{4(B?+1)x>—8(B?+2)x+ 682+ 17}732—3(2x2—4x+3)]] ,

2

~ ~ P
[(1—32)(3+,6’2)—24X]&

B 2 B2 (1—2%)2 m2  1—}2
Wedoye 25| L] - EHOCHAX DB+ A-207m 1-5
2 Y 'B3 Q2 4B5
_,82
2p°
_p2
+1~'8
4

B [2(1—B2>[<1—2x)2—”ﬁz]m_2

4 2(x?—2)B?—3(2x%— 4x+3)
5 ’ ]] T 7 @

2
2—1)E2—3}—8X(2/82732—3)]%+ é[ﬁzbﬁ—{zﬁ—wzﬂ)x

+7 B2+ A} BAH{A( B2+ 1)XP— 4(2 8%+ 3)x+ 682+ 13 B2 — 3(2x°— 4x + 3)]] ] (B5)
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4x? —4x+,8 +1m_ 1 5 5 p2
T [(1 BA(3+B%) 24 oz

Wrglpy= > 4 L(1- ,32)‘

1 - ~ B |2(1-B?[(1—2x)%—B?] m?
_27,85[[34_2(x2_2)132_3(2x2—4x+3)]]+1_B2B2{ :éz @
2

+—[ (1-B>){B*—2(B>+1) B>+ 3} +8x{(B>+1)B*— (2/32+3>/32+3}]P

2’[34—2{(2;;2—1)x2—4/32x+332+2}Z;2+3(2x2—4x+3)]] , (B6)
2 _h2 2 _ 2 H2 2
Wsépm=i57 L(l '3)53 F)_BIZR £2ﬁ~+1)ﬁ }]{[(1—732)—8X]P—2+2(2x2—4X+3—732)},
2m 2° (1-p%B*B* Q
(B7)
Vi- E 2 m? |1 72 72 72 p?
WTSIPM——2—5 L BB~ (1-2x) ]§+ Z(l—ﬁ )(3—B%) +2x(2°~3) g
\/1_ P2 2
+3[2;4—2(x2—4x+5)E2+3(2x2—4x+3)]]+~ﬁl—/i|2ff2(2x—1)(2x—1+232)m—2
2 B'(1-B°B?) Q
1 ~ ~ ~ ~ P2
+ E(l—ﬁz){(2B2+1)B2—3}+X{(3B2+1)B4—8(62+ 1) +12 @
+(3/32x—5/32+x—2)734+2{(2/32+1)x2—4(/32+1)x+332+5}732—3(2x2—4x+3)] , (B8)
. (1 BZ)S/Z ZBB PZ
Wigpw=5— 5 = L—l_ﬁzﬁzil—x—x@]. (B9)

APPENDIX C: THE nth MOMENT OF F? IN PQCD

The PQCD prediction for thath moment ofF up to NLO is summarized as follows:

5 1 A [ a(Q?) x{‘/2,30+1}
477 ZBO i=+,—,NS |1+)\n/230 aS(Q ) l (aS(P2)>

)\/2[30 pL),n
NG~ B T (— |

f dxx"F)(x,Q%,P?) = f dxxX""%(F}J—F ’/)—

i=f NS i=f NS 1+\12B,
as(Qz) N 12Bp+1
X{l—(m +Cn 2By0 y 7|_ [(o%))]

whereBq(=11—2N;/3) is the one-loop QCIB function and  are relevant to the structure functiéty, are given in Ap-
a4(Q?) is the QCD running coupling constant. All the nec- pendix B. Finally the paramete®"" and B" relevant to

essary information on the parameters in the above formulg,e longitudinal structure functioR} are g|ven in Appendix
can be obtained from Reff21]. The eigenvalues of the one- ¢

loop anomalous dimensions'(i=+,—,NS), are given in The nth moment ofg} up to NLO is expressed in a simi-
Appendix A. The parameter8{', A{', B{', andC’,, which  lar form as above and is given in E@.16) of Ref.[6].
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