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1. TINTRODUCTION

Today quantum chromodynamics (QCD) is regarded as the most promising
candidate for the field theory of strong interactions. The quantitative
test of QCD has now become one of the most important tasks imposed upon
particle physicists. Now that the proof of the factorization of mass
singularities is completed,1 perturbative QCD calculations can be
attempted in a wide range of deep inelastic processes.

Among the most interesting processes is the two-photon collision
which appears in e+e_ colliding experiments.? Many authors have studied
this process by now.3"10 In this paper we point out that clean tests of
QCD effects are expected to be operative in the two-photon process. This
is because the leading behavior, with respect to Q2, of the photon struc-
ture functions is exactly calculable as was first shown correctly by
Witten.® Also the Weizsicker-Williams approximation allows us to study
the structure functions of the electron as well as those of the photon
on equal footing.

First we derive the photon structure functions in the framework
developed by Curci, Furmanski and Petronzioll (refered to as CFP).
Particularly, our preséntation will be helpful to clarify the parton
view of tﬂe Q2 evolution of the photon structure functions. It also
exhibits naturally how the factorized collinear mass singularities of
the photon structure functions are to be absorbed into the hadronic
componeﬁts of the target photon. With this study on the photon structure
functions, we then investigate the azimuthal asymmetries of jets in the
deep inelastic e+e_ scattering, aiming at clean and hopefully critical,

tests of QCD.
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Thé azimuthal asymmetries in lepton-hadron deep inelastic scatterings
were first studied in the context of QCD effects by Georgi and Politzer.l!2
They claimed that the azimuthal asymmetries in the above reactions would
provide clean tests of QCD. But it was subsequently shown by Cahnl3
that similar nonzero effects in the azimuthal asymmetries would result
from the naive parton model (NPM) 1+ by incorporating primordial trans-
verse momentum kT. Moreover, it was shown by Binétruy and Girardil®
that it is very difficult to discriminate the QCD effects from the pri-
mordial kT effects since both contribute competitively to the azimuthal
asymmetries in the case of the lepton-hadron scatterings. We find that
this difficulty arises primarily from the inherent nonperturbative QCD
ambiguities remaining in the structure functions of the hadron target.

We show in the present paper that in the deep inelastic ete” scat-
tering via two-photon exchange where the structure functions of the photon
and, as a result, those of the electron are exactly calculable up to the
leading order of in Q2, one is free from the above-mentioned ambiguities,
thus can predict the enhanced QCD effects for the azimuthal asymmetries
against the background effects due to primordial kT‘ We claim that in
contrast to those in the lepton-hadron scatterings the azimuthal asym-
metries in the two-photon process could be useful to make clean tests of
QCD. 1In the later sections we present the detailed features of the
azimuthal asymmetries in perturbative QCD calculatiomns.

In Sec. 2 we study the photon structure functions. In Sec. 3 parton
cross sections for our problem are presented. The main results for the
azimuthal asymmetries are reﬁorted in Sec. 4. 1In Sec. 5 we give our cén—
clusions and some remarks. Appendices A and B are included to give for-

mulae for anomalous dimensions and calculations for parton cross sections.
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2. PHOTON AND ELECTRON STRUCTURE FUNCTIONS

In this section we derive the photon structure functions to the
leading order of &n Q2 in the CFP framework. Although the obtained
results are well known, the recently developed technique of CFP allows
us to exhibit very nicely how the factorized collinear mass singulari-
ties associated with the point-like photon dissociation into a quark-
antiquark pair are to be absorbed into the hadronic components of the
target photon. We identify the hadronic components as the vector meson
dominance (VMD) contribution to simplify our arguments.

Also one big advantage of the present method is that the justifi-
cation of the usual procedure of jet calculations, i.e., the convolution
of the universal Q2 dependent structure functions with parton cross
sections, can be done very easily in the framework adopted here.

With the photon structure functions given, it is straightforward
to obtain the structure functions of the electron in terms of the well-
known equivalent photon method due to Weizsacker-Williams.

Following Ref. 11, we use the light-like gauge and the minimal
subtraction scheme for dealing with mass singularities.

First we discuss fhe general method for obtaining the Q2 dependence
of the "séfucture function of partons". Assume there are several kinds
of partonsﬁ 0,858,000 = q,a,G,y,... where q,q stand for quark or anti-
quark, G for gluon, y for photon, and indices for flavor and color

degrees are suppressed. We denote the structure function of parton a by

2
B(Q 2 1
— - 2.1
Fa(UZ’X’as(u)’aem’ €> ( )



where x is the Bjorken variable of deep inelastic scattering on parton
a. The symbol B means "bare", thus Fg contain the mass singularities

generated in 4+¢ dimensions.l!
Following the procedure shown by CFP, i.e., the two particle irre-
ducible ladder expansion to factorize mass singularities, we define the

"renormalized" structure functions Fz((Qz/uz),x,as(uz),a ) and the

em

. 2
" 03 1" .
renormalization constants FQB(x,as(u ),aem,(l/e)) which are related

(or defined) to satisfy

2
B/Q_ 2 1)
FOL<U2 » X OLS(U )saem: €> =

m

O~

2
2
dy FE(% ,Y,OLS(U ),O‘e

(2.2)

1
x |dz T <g o (uz) o 'L)S(x— z)
Ba\"’"s >Zem’ € yz) -
0

Taking the x moments, we obtain

2 2
B/Q~ 2 1) _ R{Q 2
FO&( 2 ,N,Ots(u )’aem’ €> FB( 2 ,N,Oﬁs(u )90‘em>
H H
2 1
« T (Magad e, l) 2.3

Since FE as introduced in Ref. 11 is a "bare" quantity and does not

depend on u, we should have

d B _
u o Fa = 0 (2.4)
and
d R R( d )
a 2 = . 2.
<P a FB)FBG + FB W FBG 0 (2.5)
Therefore,
d R R _
a Fo ~ YpaFp T O -6



where
- d -1
Yga = —(u du FBtS)F(Sa

The total derivative over u is given by

d _ 98 9 9
u '&'&' = u 3 + B(g 95) + B (e,e) e
where
- 1
B(gsge) bt B(gs) + 2 EgS b
and
B (e,e) =R _(e)+ l—ee
em" em 2 ?

are the Peterman—Stueckelberg-Gell—Mann—Low16 R-functions in 4 +e

dimensions.

(2.7)

(2.8)

(2.9

(2.10)

In the following we only consider the case of lowest order in Qom?

so, taking the limit -0, we obtain from (2.6) and (2.8)
d 3 \.R _ R
(u au + B(gs) agS>Fa = FB YBO’. s

where from (2.7) we have

- 9 3 -1
YBG(N’QS(U),aem).— -<5(8S,€) ags + Bem(eQE) 3e>r66(r )6@

since PaB-does not have explicit u dependence.

Solving (2.11) we obtain

2
R{Q 2 R 2
Fa<u2 ,N,Ots(u ),aem> = FB(l,NﬂxS(Q )suem)

( +—>
X T* exp f —Y—g—)— s
85(Q Ba

(2.11)

(2.12)

(2.13)
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where the anti-~time ordering is defined by

b © b tn t,
% “—y
T exp f(t) dt} = fdtnfdt fdtl
a n=0 a a
<> <> <>
X f(tl) f(tz) . f(tn) , (2.14)

and aS(QZ) = as((Qz/uz),as(uz)) satisfies

<u o + B(gy) ——;>a (Q ) = . (2.15)

S

In the lowest order of ®m the anomalous dimension matrix is effectively

given by

<> - >

A
T = SRR I R 2.16
% Yood Yoo Yoy 5 ( )
9 o
-
0 0 0

because the y's of the bottom row are at most O(a__) and couple to func-
em

2
tions of O(Qem), therefore start to contribute only to the part of O(aem).

Substituting (2.16), we get

- g8 (%) .,
T exp f ;Egg (2.17)
gS(Q Ba
L [ETe ] s S ACNRENED
=T e , B jJe e f2 e %8| 8GN
8, (Q") 8. (Q7) g, (Q)
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We define the renormalized Qz—dependent structure functions

fféa((QZ/uz) ,X) by

1 . g 12
- R
fdx X f6a<g§ s x> T exp f H%- dg . (2.18)
0 8¢ Q% Ro.

Then we have

1

2
R 2 R 2
Fa<§§’xs°‘s(u ):uem> ) fdy FB(l’y’us(Q )’aem)

0

1
f <2,z>6(x—yz) . (2.19)
0

. . . B 2, 2 2
Finally, defining fBu((Q /u ),x,as(u ),aem,(l/e)) by

1
2
B
f8a<§7 ,X,CLS(QZ) aaem E) fdy f < 7 ,Y>
0

1
« [azT. (2.0 @D ,a ,2)60-y2) (2.20)
sa\%2%g u Wom® g y ’ .
0
we obtain
9 ' 1
_ B 2 1 R 2
FOL<9_2— ,X,OLS(]J )’aem’;:—> = fdy FB(I’Y’OLS(Q )’aem)
" 0
1 2
v B 2 1
x fdz f8a<-i‘-2—,z,us(p ),uem,-s—>6(x—yz) . (2.21)
0

It is to be noted that in (2.19) and (2.21) the structure function is

factorized into the hard parton cross section F%(l,y,aS(QZ) ’uem) and the

universal Qz—dependent parton structure function fga. By the usual
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1

procedure the outgoing partons encountered in calculating
F%(l,y,us(Qz),uem) can be identified as exclusive jets. Then if we are
interested in the generalized structure functions Fg((Qz/uz),x,w's,
as(Qz),aem,(l/e)) including the jet variables w's which describe jets
produced in the final state of deep inelastic scattering on parton o,
we just substitute FE(I,y,aS(QZ),aem) by the exclusive parton cross

. R ' 2 . \ .
section FB(l’y’W s,aS(Q )’aem) in (2.21). 1In this way we obtain

1

2 : '
B 2 1 R 2
F(x(g"é' sXsW'SsaS(Q )’aems E'\) = fdy FB<1,}’,W'S,0LS(Q ):aem>
H 0
1 2
B 2 1
x fdz f6a<§7,z,as(u ),aem,—s—>6(x-—yz) . (2.22)
0

. . , 2
When the target is a usual hadron h, we define its Q -dependent
structure function by the convolution

1

2
fah(x,Qz) = fdy fzb(ﬁg,y,as(uz) »0, —i) f§h<z, %)5(?("}’2) s (2.23)
0

where the italics a,b stand for q,q and G, and fih(x,(l/e)) is the bare

parton density in the hadrom. fah(x,Qz) can also be expressed as

1 1
fah(x,Qz) = fdy fl:b(g; ,})fdz f%h(z) §(x - vyz) R (2.24)
0 K 0
where
1 1
fih(x) - fdy Fab<y,as(u2),0,%>fdz f§h<z,i—>5(x—yz) . (2.25)
0 0 .

fah(x,Qz), or equivalently fih(x), must be finite according to the KLN
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theorem.17518  From (2.22) we thus get the usual procedure of convoluting

2 . , .
the Q"~dependent structure functions with parton cross sectiomns

1
2
2
:E'h<—19_:7 ’X:W'S’u‘s(u )> B fdy Fi(l,y,w's,aS(Qz),O)
0

1
X fdz fah(z,Qz) §(x-vyz) . (2.26)

0
In the case -0of a photon target, the situation is somewhat different.
The target photon 'y' has the bare parton densities
fi‘y‘("’%) = 8(1-x) 8 fﬁfzb,m) (x%) + O<a§m) : (2.27)
where the first term represents the contribution of the target photon
acting as a bare parton Yy, while the second stands for the hadronic
components inside the target photon which are typified by the VMD con-

tribution. Also we note that in the CFP framework we have

rw<x, -€1—) = §(1-x) + O(ocim> ‘ : (2.28)

Then, convoluting (2.27) with (2.20) and using (2.28), we obtain the

finite Qz—dependent structure functions of the target photon 'y':

2
2 _ R (&
fa'YA' (%,Q7) fay( 2 3X>

u

1
2
2
+ fdy fIa{b<§—2_ ,Y> fi,(;n:ﬂ)) (z) 8(x-yz) + O<aem> s (2.29)
0

where the italics a and b denote q,a and G, and the renormalized parton

R(VMD)

densities £
a'y

corresponding to the VMD component of the target photon
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is given by

2Dy o aY(x,asmz),a l)

a'y em’ g
1 1
+ fdy T Y0 (u ),0, -l-)fdz fiSVMD) )G(X yz) . (2.30)
0 0

This result exhibits explicitly the manner in which the collinear mass
singularities associated with the "renormalization constants"

2 : ‘
Fay(x,as(u ),aem,(l/e)) are absorbed into the hadronic components of

the target photon.

Following Ref., 11, we now calculate I''s. It is straightforward to

obtain the I''s to the order needed to get the leading behavior of Fg.

The results are

5 as(u) 5 o (W)
qu(X) = §(1l-x) + T on qu(X); FqG(X) =< “om PqG(X) H
9 us(u) 9 as(u) .
FGq(X) T e 2n ch(x) 3 Tee(®) = 8(1-x) + === Paa(x) ;

(2.31)

where the P's are the well-known Altarelli-Parisil® probability functions

and

_ 2 em “em 2
qu(x) =T 2r + (1-x) ] . (2.32)

The other T''s may be set equal to zero. Taking the x moments of (2.31)
and (2.32), we get y's from (2.7). Since the obtained y's turn out to
be the same as the anomalous dimensions appearing in the operator product
expansion (OPE), we substitute them into (2.17) and obtain the following

known results from (2.18):
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N
2
2 e Q) dN
N-1 R Q _ 1 S
dx x fqiqj(x’ 2> = (613' - 2f)< 2 >

o‘\n—- N

~

o

- +
qG 2, \d 2.\d
ax &L R <X’g_2_>= 1 Y a (@) N_ aS(Qz) N ’
ate\ " 2 2£ d{;—d;] as(uz) a_ (1)

- +
1 Gq 2 2
Lo m [P\ LW [[e@) N [o @
X X £ X, = - ,
G\ T2 ea e a_ (1)
0 dN dN s s
1 + GG 2\dy 466 _ - 2 d.;
N1 R [ g2\ Ty (@) dy —dy (%@
A e Gl - (2)) + oo oD
0 " dy~dy \#g N Ay \g
(2.33)
and
: 2 3o
fdx xN—1 fR, X, Q_ em ,Qng-— qu
qly 2 2w A2 N
0 )
2 1 2 1+d1(\;1G
x (e -<e >) NS + <e™> s
- L+ dy Ry
1 - . Gq
2 3o 2
fdx o1 R (x,9—> - 2f —8 o & & <e2>iN—— (2.34)
Gy 2 27 2 KN
0 M A
where f is the number of flavors, KN is
_ NS GG NS GG qG .Gq :
Ry = 1+ &° +dg + d°dr” - dg” dy , (2.35)

and d's are cited in Appendix A.



Now from (2.29) we have

2
2, _ R [Q° ™D 2
Earyr(6,Q7) = fav<u2 ,x> tE gy (x,Q0) (2.36)
with
* 2
£ (x,Q%) = fdy f§b<§5,y> B (@) 8G-ya) ,  (2.3D)
0

and a,b = q,a,G. Since in (2.33) and (2.34) all d's are positive, we find
that for very large Q2 the second term due to VMD is suppressed. So the
photon structure functions Fa,Y.(x,Qz) is predominated by the photon~-
parton contribution fiy((Qz/uz),x) which is exactly given by (2.34). We
observe that this leading contribution behaves like &n Q2. Performing

the inverse Mellin transformation from (2.34), we obtain the x dependence
of fiy((QZ/uz),x). We present our results for 3 flavors (see Fig. 1).

For the case of 4 flavors, refer to Ref. 9.

Although fzvs, is expected smaller than the next-to-leading order
correction of fiY in the Q2-+w 1imit, in the following analysis at large
but finite Q2 we include fzgg, particularly to estimate the possible non-
perturbative contribution of primordial kT to the angular asymmetries.

On the other hand we expect that the next-to-leading order correction to
the distribution functions will not affect substantially the angular
asymmetries bscause the latter mainly reflect the characteristics of
parton cross sections but not of the distribution function.

fZ??, is basically unknown in the present scheme since fisng)(z)
is not given in (2.37). Therefore we use for these parts the vector
dominance model (VDM) and assume simple structure functions forrvector

mesons as many authors do.%»59 Moreover we neglect the gluon distri-

bution from VDM and the Qz-dependence in the assumed structure functioms.
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This simplification is valid for our present study since our point here
is to show explicitly that their corrections do not spoil the characteris-
tic signatures of the leading QCD effects for the azimuthal asymmetries.

For fng (x) we get by VDM
qi'y’

bma 4o
Ean () - L G = R . (2.39)

2 i
v fV q £, q-p
From the experimental value of T we obtain roughly
p0 > ete- )
£
—_ &
4 2 '

Assuming f i O«x(l—x)/x and 50% of the gluon component we finally get
q-p

VMD
qile

a 1-
(x) ~ =2 (x>, —;fi (2.39)

£ 2 ql

where the average momentum <x>qi carried by the quarks inside p0 is

taken to be

0.25 for wu,u,d,d
x> . = . (2.40)

0 for s,g,c,E
It is rather a rough estimation but sufficient for our purpose.

The electron structure function is obtained using the equivalent
photon approximation. Since we restrict ourselves to the single tag
events, we should use the following form of the equivalent photon
spectrum (in the leading approximation)

2

dN _ Yem Semax 14—(1—x)2
- = in
dx 27 2 X

4me

(2.41)
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where x is not too close to 0 or 1, and the electron is constrained to

lie inside a comne of half-angle emax' By the convolution

1
2 dz dN 2
fedd - [& Pe (2.0) RS
X

we get the structure functions of the electron.

The results of the leading QCD part are shown in Fig. 2 for 3 flavors.

For the VMD part we can obtain the results from (2.39), simply replacing

the factor (1-x)/x by

a s
em max | 1 1 7 3 1. x
. in 12 l:-; <£n;-z)+ 7+t in_+ 4] . (2.43)

3. PARTON CROSS SECTION

Now we calculate the parton cross sections which we need for our

purpose. The kinematics are shown in Fig. 3 and the contributing diagrams

are given in Fig. 4. We introduce the usual variables

X =—QE—~, y oL > Z_ = "L > ¢, P (3.1
P 2p;°q Pk P Py°d T

where q==k1—k2, QZE-—q2 and, as illustrated in Fig. 3, the azimuthal

angle ¢ and the transverse momentum are defined in the frame where
Py

Y
Eﬂpl. The results are??

2 2
do . @D o 2 6<p2 i Q zp(l—zp)(l—xp)>
dxpdy dzP dp% d¢ s 2'n'Q2y q T x

x ci(Aii-Bicos¢-+Cj_c032¢) (3.2)
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where eq is the charge of the quark hit by the hard photon with momentum
q. The suffix i=a,b stands for the diagrams (al) + (a2), (bl) + (b2) of

FPig. 4,

w]s

c, = CZ(R) =

and Ai’ Bi’ and Ci are given as follows:20

1+ xzz2

2 PP
a 8(1-vy) xpzp + [l%—(l—y) ] (1—xp)(l—zp) + (l—xp)(l—zp) , (3.3a)

g
I

9 9 2 zz-F(l—z )2
Ab = 16(1-y) xp(l-xp) +-[14-(1—y) ] [xpi—(l—xp) ] zp(l_zp) , (3.3b)
5 [ *p “p K
Ba = =4(2~y) (1~y) (1_xp)(1_zp)} xpzp%—(l—xp)(l—zp)] s (3.4a)
Lx (1-x )72
Bb = -4(2-y) (1-y) Zp(l_zp) (1-—2xp)(1 —2zp) . (3.4b)
Ca = 4(1l-y) xpzp , (3.5a)
Cb = 8(1-vy) xp(l-zp) . (3.5b)

Replacing as(Qz) by aemei and the color factor C,_ by Cc==3 in the formulae

b

of Fig. 4b, we get the cross section for the diagrams Fig. 4c with

A = Ab , B, = Bb s cC.=¢C . (3.6)

Since experimentally we are not yet in a position to distinguish
quark jets from gluon jets nor from antiquark jets, we should find an
alternative way of defining the direction of the hadron plame. Suppose

we require zp to be larger than 1/2. Then the sense of the direction of
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the hadron plane is redefined in terms of the "more energetic jet" axis.

With the definition (3.1) we have

Py P
————-———l 3 = ]l -3z . (3'7)
Pt d P

Then we introduce the following newly defined z! :

z

PP PP
Emax{lz 1'°’},;,12—<z'<1 : (3.8)

|
P P;*d 7 Py°4 P

The corresponding'Bis are obtained from (3.4) by noting the sign change

in the substitution zp - 1—zp, ¢ -+

L[ % L z' \s 1-z'\%
—4(2-y)(1—y>2<ﬁ§> % Ti;)z - ——3> =], G4

ws]
o -
i

jos]
]

1 L 2! \E [1-21\3
: —SQﬂOUfﬁz%bﬂﬂ%ﬂz(b%—D Qﬁ%} -<zjﬁ ,  (3.4'b)

where zé is constrained to the region
Loz (3.9)
5 .

It is to be noted here that B, and Bé are always negative and that
this fact is characteristic of the vector coupling of gluons. If we

calculate them with scalar gluons, we get

1 X z 3
2 P D
Ba,scalar * 2(2-y) (1-y) [(l—xp)(l—zp;] [?P(I_ZP)*-(I_XP)Zf]’ (3.10)

1\ 1-2" L
B! « 2(2-y) (1= );é x (1-x_) s Zp z' - __531 (1-z")
a,scalar y y [ ) P ] 1—25 p zé Bk

(l-< 2! < 1) . (3.10")
2 2
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'

and B are always positive. It should be noted that the

B 1
a,scalar a,scalar

sum of direct terms (i.e., l(al)lz-l-l(aZ)l2 in Fig. 4a) has essentially
the same structure in both cases of the scalar and the vector couplings,
and the difference comes from the interference terms. This means that
the negative definiteness of Ba and B; is not at all a trivial kinematical
result and that it is very important to observe it for the test of per-
turbative QCD.

The details of the above calculations are given in Appendix B.
Finally we present the parton cross section with primordial kT in the

framework of NPM:!3

2 2 2 2
a e
do =~ <l+2—k-T2—>{l+(l—y)2}+8(1-y)ET-2—
dxp dy dzp de dé Qy Q Q

iy 1 kp

- 4-——(2—y)(1—y)6cos¢ + 4= (1-y)cos 2¢
Q Q2

2 2
x 8(1-x ) 6(1-z ) 6(pT—kT . (3.11)

4. AZIMUTHAL ASYMMETRIES

It is a straightforward problem of convolution to get the azimuthal
asymmetry formulae for <{cos ¢> and <cos 2¢> . We regard partons as jets
and measure ¢ with regard to 'the more energetic jet," that is, the jet

Thus the z, of "the more energetic jet' may be

with the larger zjet' jet

identified as the zé introduced by (3.8) in the previous section.

Since typical three jet events are expected to be rare in the Q2
region where we have sufficient event number, some well-defined procedure
should be used to determine the hadron plane and ¢ experimentally. The

most natural one is as follows (see Fig. 5):
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¢D) Choose a Lorentz frame where the virtual photon is parallel to
the target electron (or positron), e.g. the C.M. frame of them.

(2) Determine the hadron plane so as to minimize the acoplanarity?l
with respect to the outgoing hadrons under the condition that
the chosen plane should include the axis of the virtual photon
and the target electron (or positron).

(3) Divide the outgoing hadrons into two groups (jets) by another
plane including the above axis and being perpendigular to the
hadron planel

(4) Calculate z, N for each group as

je
P-<Z k(i)>
1

zjet = T 4.1)

where P is the momentum of the target electron (or positron).
(5) Determine the angle ¢ between the lepton plane and the half of

the hadron plane containing the group (jet) with the larger

Zjet'

We present the results for the electron structure functions with
three flavors because the charm contribution is expected to be suppressed

22 Fyen

due to its large mass in most of the Q2 range considered here.
if we have the charm contribution at very large Q2, its effect results
in the increase of the cross sections, but does not affect very much the
characteristics of the effective ratios of the cross sections such as
{cos ¢> and <cos 2¢>.

We calculate the azimuthal asymmetries with fixed Q2 and x, at a

given s = (100 GeV)2, using the following formula:
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'

_ 2
{cos ¢>XH’Q2 = Xi:fdi dxp dzjet de d$ cos ¢

doi do(o)

2
X f, (E,Q)(S( _EX)
2 2 ie H P
clxp dqQ dzj ot de d¢

— 3 (4.2)
dxH<ﬂ2

(0)

where do is the cross section in the leading order of in Q2, and i

stnads for a parton (q,q,G and ¥y). fae (a=q,q,G) was introduced by
(2.42), whereas er is equal to dN/dx defined by (2.41) and contributes
to the "direct photon" process which will be discussed later. The formula

for <cos 24> 9 can be obtained replacing cos ¢ by cos 2¢ in the above

X5 Q
Eq. (4.2). We have used the relation

Q2 = X, ¥s (4.3)

and put A =500 MeV.
To compare our results with those of the naive parton model (NPM) ,
we estimate the latter by assuming the following primodial kT distribu~

tion in the VMD part of the photon structure functions and using (3.11):

2.2
k= /<k>
£(kp) 21y dky = -————ﬁ<12> e (/i )ZTrkT dk ) (4.4)

There is no room for this kind of kT in the leading part of the photon
structure functions which is proportional to n Q2/A2. For numerical
purpose we take <k%> = (400 MeV)2 as in Ref. 15.23

We remind you here that in the contributions to the azimuthal asym—
metries there are the '"direct photon" processes shown in Fig. 4c besides

the perturbative QCD processes corresponding to Figs. 4a and 4b. The

"direct photon" contributions turn out to be substantially large. There
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'

are backgrounds when we want to detect the azimuthal asymmetries as a
QCD effect. But we emphasize that these QED contributions are calculable
without ambiguity and enter as a theoretically well-determined quantity.
In fact, their experimental detection is itself an interesting problem.

We should not forget that hadrons in a jet are expected to be dis-
tributed symmetrically around the jet axis with the average Py of about
300 MeV. This Pr spread works to diminish the azimuthal asymmetries.

The best method to take this effect into account is to perform the Monte-
Carlo simulation used in jet analyses, but here we simply adopt the Pp
cutoff method as a substitute for the elaborate Monte-Carlo simulation.
We present the results with a simple P cutoff of the jet momentum
requiring Py > 300 MeV as well as those without P cutoff.

We show the Xy dependence of the azimuthal asymmetries for Q2==5 GeVz,
25 GeV2 in Figs. 6-11. The QCD as well as "direct photon' contributions
to <{cos ¢> are sensitive to the Pr cutoff (compare Figs. 6 and 7). This
means that we must be very careful to make definite predictions. But the
Pr cutoff method seems to be a good alternative to the Monte-Carlo simu-
lation and Fig. 7 may be compared with experiments.

Note that the characteristic features in the Xy dependence and the
relative importance between the QCD and "direct photon" contributions
are not changed very much by the cutoff effect. Where Xy is large the
"direct photon" contribution is dominant, whereas at smaller Xy it tends
to be suppressed and we can clearly see the enhanced QCD effects. In
particular around Xy ™ 0.2; {cos ¢> 1is overwhelmingly dominated by the QCD

contribution.
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To discriminate the QCD effect from the kT effect of NPM, the Q2
dependence is helpful (see Fig. 8). QCD with Py cutoff predicts gradually
increasing [(cos¢>| with Q2 (though it is mainly due to the Pr cutoff),
whereas NPM with VMD predicts |<c0s¢>l to decrease rapidly with increasing
Q%

The asymmetry <cos 2¢> arises predominantly from the "direct photon'
contribution and is insensitive to P cutoff (compare Figs. 9 and 10).
Thus its absolute value is a reliable prediction. For the reasons stated
before the values with Pp cutoff (i.e., Fig. 10) are to be more realistic.
{cos 24> has little to do with QCD test, but it is certainly worthwhile
comparing experimental results with our calculations since it will verify
the '"'direct photon" coupling very clearly. Its Q2 dependence with a fixed
XH==0.2 is shown in Fig. 11.

The cross sections are shown in Figs. 12 and 13.

There might be disturbances to azimuthal asymmetries due to fluctua-
tion of parton kT as in Drell-~Yan processes24 which appears to be caused
by soft gluon bremsstrahlung. If there should be these disturbances,
our result for <cos ¢> would be changed. (<cos 2¢> would not change
becuase it came mainly from the "direct photon" contribution.) But even
if these effects were contributing, we could get rid of them by changing
the experimental determination of ¢. We suggest to determine the hadron
plane disregarding the momentum axis of the virtual photon and the target
electron (or positron). A possible choice of ¢ is the following:

(1) 1In the frame where q°==0 and ZH; (= momentum of the target electron
or positron), select those hadrons of momentum p which sa;isfies

the condition ;-a:>0 (which means "not emitted in the forward

hemisphere of the target').
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'

(2) Define Ps

it

z:p(l) where the summation is over all hadrons
i
selected in (1).

um

(3) In the frame with q°==0 and Zufsum (not F), determine ¢ following
the same procedure as that suggested previously, but replacing P
by P' = (lf | —g Y in (4.1)
sum'!’ " sum et
This method is related to the following calculational constraints of
Xp > 3 and zé < xp in the previous calculations. That is, only those

events satisfying‘these constraints contribute to the azimuthal asym-
metries of the new ¢.

Another merit of the above definition of ¢ is that we can single
out as the pure ''direct photon" events satisfying the conditions x, > %
and zé < xp those events without any jets in the forward hemisphere of
the target electron (or positron). We call those events accompanying
a forward jet "the QCD events." (Actually this class of events contains
some "direct photon" events which are not counted in the above selection.)
We could measure the angular asymmetries of each category of events
independently. In the 'direct photon' events P' will be parallel to P
in almost all events because the characteristic value of kT of the target
virtual photon is of the order of electron mass. So we can safely use P
instead of the elaborately defined P',

In the following we present our results for the azimuthal asymmetries
with respect to the newly defined ¢. We show the results without Py
cutoff in Fig. 14 and those with P cutoff requiring Pp 2 300 MeV in
Fig. 15. <cos2¢> of "the QCD events'" may be too small to be detected.
{cos ¢> is again senmsitive to p, cutoff and that of '"the QCD events"

after the cutoff is small as shown in Fig. 15. (If the effective Pr
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cutoff due to the hadronization is to be smaller, it will of course be
more enhanced.) For the "direct photon" events both <cos ¢> and <{cos 2¢>
seem to be large enough for their detection. (The increase of <cos 2¢>
after the P cutoff is due to the drop of the direct photon cross section
with Pp cutoff and is somewhat artificial.)

The Q2 dependence of the azimuthal asymmetries is shown in Figs. 16
and 17 for various cases.

The cross sections for the "direct photon'' events are shown in

Fig. 18.

5. CONCLUSIONS AND REMARKS

The photon structure functions are studied in the framework of
Curci, Furmanski and Petronzio. A focus is given on the renormalization
mechanism of the collinear mass singularities in the case of the target
photon. The electron structure functions can be studied on equal footing
due to the equivalent photon approximation.

Then the azimuthal asymmetries in the deep inelastic é+e- scattering
are investigated. The detailed results are shown in Figs. 6-11. <cos¢>
is large but expected to be diminished considerably in hadronization
processes;- We take this effect into account phenomenologically by
requiring the‘pT cutoff of Pr 2 300 MeV. The signals and characteristics
of <{cos ¢> seems to be enough to be detected. Its Q2 dependence will be
. helpful to distinguish QCD from NPM. <cos2¢> is large and expected not
to be diminished much in hadronization processes. It serves as a very
good test for the "direct photon" contributions in the photon deep

inelastic scattering.



—25~

Thé method is suggested to get rid of possible backgrounds due to
parton kT from soft gluon emission or from any other mechanism. In this
method <{cos ¢> of "the QCD events" is diminished and seems difficult to
detect. Their <cos 2¢> detection is likely to be harder. On the other
hand, <{cos ¢> and <cos 2¢> of the "direct photon" events (i.e., events
with no forward jet of the target electron or positron) turn out to be
large and we conclude that they can provide clean signals for the ''direct
photon" process.

Finally we remark that the higher order corrections and the in-

clusion of charm quark effects are left as future problems.
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APPENDIX A

ANOMALOUS DIMENSIONS

We list the expressions for the anomalous dimensions which appeared

in the text:

P Ll T I )
By N(N+1) A
2
GG _ 4T(R) _2+N+N
dy B, NOWD) (WD) ’
dGq _ ZCZ(R) 2+N+N2
N 8 2 ’
0 N(N“-1)
6o @l 4 4 Y (1__1), a®
Ay = By |3 N(ON-1) (WD) (N+2) o \L o uN-1) 36, (R) ’
qv _ _2HN+NS
N T Fawl) (W2 | ’
+ _ 1{(.NS, .GG NS .GG\2 qG Gq]
dy = 2[(dN *+dy ) t\/(dN ’dN) +dy dy
where -
11 4
By = 3 C,) - 3T(Q)
and
C (R)—g—z—‘—i T@R) = =, C,(G) =N
2 - 2N T2 72 >

for SU(N) color gauge group with f flavors.
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APPENDIX B

CALCULATION OF PARTON CROSS SECTIONS

The calculation is most easily done in the frame where q0==0 and
> >
q“pl.

We define the unit vectors in this frame as follows:

u q" n u Elljﬂzg
€ = e. = (1,0,0,0) g =
L ‘.(T' b O IV 2 T li{)1+ﬁ.2‘
and
= 2 _ .
€ "8 T 0, €, = -1 (i =0,T,L) (B.1)
with
— -> - -
=00, E+E = 0% +%) . (.2)

Defining the leptonic tensor

uv - 1 u v
< a7 T YY) , (B.3)
we find
<Luv>spin = 4Q-y) uY l+(1-§g)2 MV 4 e Me )
2 2 “0% 2 T°T " %8
Q y y
1
22-9(A-y7 ( v, v) 2(1-y) ( w.v_ _u v)
+ 5 EOET-+€ e )+ 5 Eq€q = E.E . (B.4)
y y
We define the hadronic tensor
W Pepin = <pllJu(0)Ipz,p3><p2,p3|Jv(0)lp1> (B.5)

with the normalization

plp™> = @m> 2% 6(3-37) ) (B.6)
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The crods section is then given by

3 3 3 22
1 d’k, d’p, d Py (4ﬂaem) e
40 = 5k 3,0 3. o 3. 0 4
P1"%1 (@m 2k) (2m)°2py  (2m)72p, Q
(Y _ _ _
x <L >sp1n<wuv sp:m(2 ) § (qu-pl k2 Py p3)
3 3 2 2 uv
] 1 d k2 d P, (4ﬂaem) eq <L >spin -
. AV] 1
4p1 k1 (2ﬂ)32kg (2ﬁ)32pg QZ QZ UV spin
x (21) § ((P1+q P,) )| . (8.7)
q= k k2
Since we have
+ 2 2 % 2
8 ((p1+q-p2) ) = zp6<pT - %, (1-x,) (1-z,)Q > , (B.8)
d?’p2 dp% dz d¢
e 3p , (B.9)
(2m) 2p2 (27) ézp
d:*}k2 y dy dx
-———-—————3 p = 'n'pls k_l -————————23 ) (B. 10)
(2m) 2k2 (2m)
we finally obtain
' uz e2 <M
- do _ _em sgln S
ax, dy dz dp% do 321r2 Q2 Q? Wy spin
—R - .
X 6< Pp - XP (1-x )(1 -z )Q > . (B.11)

When the initial parton is a quark, we find
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2 Pt q Pi°d
Vs = 22 =29 w_oZ1 T owyfv_ 17w
spin gs(Q )CZ(R) (pl-p3) (pz'p3) Py 7 4 Py 7 4

q q
2 2
()" + (pyr Q) MV
1 2
T (pyerpy) + 2 g - -
q q
LV, uwv
= 41Tas (QZ) C2 (R) (1_x4;{121_z ) zxp _P!.pl_-;p.z.p_z.
P P Q
2x 2z + (12 )%+ (1-x )% §
- —B-P 2}2 P gu + (terms proportional to qu,q Y-

P
(B.12)

For a gluon as the initial parton, we have

2 P, q Py g
uv. G 2,2 - 2q u 2 u v 2 Y
WD - < - L
< spin gS(Q ) T(R) BRI p3) [(pz 54 ><P2 5 )

i

q q
2 2
Py )"+ (proq) TPRY
2 3 W q°g
q q
bx PPy + by
= 4no (Q2) T(R)———-P-— 2% ~272 "33
s z (1-z ) P 2
[ P Q
1—2(2 (1-z ) +x (1-x )) v bV
- P 2:; P P g"l + (terms proportional to q ,q )|.
P
(B.13)
Using the relations
vwo_ _Q v, Q i__Z;E u
Py = oy [(1—XP)(1-ZP)+XPZP eo+ 5 1~ - er
P P
1.
VA 2
_b _ _ u
+ Q[X (1 zp) (1 xp)] cos¢eT
P
z Y .
_P - - s -
+ Q [Xp (1 zp)(l xp)] s1n4>s:S s (B.14)
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pl; = E%; [xp(l—zp) +zp(1—xp)] sg + %(1 - %)ez
rz %
- QL-;;R (l—zp) (1—xp) cos ¢ e;f
P J
- Q[—Z'P-(l—z Y (1-x )--1/2 sin ¢ e , (B.15)
Xp P P ] s

we obtain the formulae in Sect. 3.

If we calculate with scalar gluons, (B.12) becomes

<wuv>scalar « g2 - gz <pu _ P34 qu>(Pv _ P3'4 qv)
i . . 3 2 3 2

(p3'q)2 v TR
S -
q q
ITIRY) _ 2
N SN PO WGk MY
- - 2 2
(1 Xp)(l zp) P Q Xy

+ (terms proportional to qu, qv) . (B.16)
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FIGURE CAPTIONS

The photon structure functions with three quark flavors.

The electron structure functions with three quark flavors.

Kinematics, k1 and k2 are the momenta for incident and outgoing

electrons which couple to the virtual photon. Py is the momentum

of the incident parton. p. and p, are the momenta of the scattered
2 3

partons.

The Feynman -graphs for parton cross sections.

(a)
(b)
()
The
The
L)
(2)
(3)
(4)
The
(1)
2)
(3)
(4)
The
1
)
(3)
@)

Electron-quark scattering.
Electron-gluon scattering.

Electron-photon scattering.

experimental determination of ¢.

XH—dependence of <cos ¢> without Pp cutoff.

QcD.

. 2 2
NPM with <kT> = (400 MeV)“.
(1) + "direct photon'.

(2) + "direct photon'.

XH—dependence of {cos ¢> with the condition P z 300 MeV.

QCD.

NEM with <k2> = (400 Mev) 2.
(1) + "direct photon'.

(2) + "direct photon".
Qz—dependence of <cos ¢> at X
QCD + "direct photon'" without
NPM + "direct photon" without
QCD + "direct photon'" with P

NPM + "direct photon" with Pp

0.2,

P cutoff.

Pr cutoff,

z 300 MeV.

2

i

> 300 MeV.
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The' x,~dependence of {cos 2¢> without p, cutoff.

(1) Qcb.

(2) NPM with <k2> = (400 Mev)”,

(3) (1) + "direct photon".

(4) (2) + "direct photon'.

The XH—dependence of <cos 2¢> with the condition Pp 2 300 MeV.
(1) qcp.

(2) NPM with <k2> = (400 MeV),

3) Q) + &direct photon",

(4) (2) + "direct photon'".

The Q2—dependence of <cos 2¢> at xy = 0.2.

(1) QCD + "direct photon" without Pr cutoff.

(2) QCD + "direct photon" with Pp 2 300 MeV.

The xH—dependence of the total cross section for electron deep
inelastic scattering (Vs = 100 GeV).

The Qz—dependence of the total corss section for electron deep
inelastic scattering (Vs = 100 GeV).

The XH—dependence of the azimuthal asymmetries with the improved
definition of ¢ (without Prp cutoff). As to the "direct photon"
events, the result is almost Q2—independent.

The XH-dgpendence of the azimuthal asymmetries with the improved
definition of ¢ (with the condition Pp 2 300 MeV).

The Qz—dependence of the aximuthal asymmetries for the "QCD events"
(XH = 0.2). Broken line: without Py cutoff. Solid line: with

Pp 2 300 MeV.
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The Qz-dependence of the azimuthal asymmetries for the "direct
photon" events (xH = 0.2). Broken line: without Pr cutoff,
Solid line: with Pp 2 300 MeV.

The xH—dependence of the cross section for the '"direct photon"
events. Broken line: without Py cutoff. Solid Line: with

Py 2 300 Mev,.
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