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High-energy two-photon collisions will be responsible for a large fraction of events in e e machines

such as PETRA, PEP, and LEP. We suggest measuring the energy pattern of the yy processes, which

would provide very interesting information on the interplay between electromagnetic and strong interactions.
The angular distribution of the hadronic energy (antenna pattern) is calculated for photon-photon collisions.

By using energy-conservation sum rules, we give a model-independent, reliable computation of the
corrections due to color confinement, as well as heavy-quark masses and decays. The contributions from the

quantum chromodynamics (QCD) structure of the photon, which are characterized by three or four jets in

the final state, are taken into account. The energy correlation, i.e.; the hadronic energy radiated through
two calorimeters as a function of the relative angle is also calculated. We evaluate the energy pattern and

energy correlation for the formation of C-even bound states, and find that an extremely good resolution in

the hadronic energy would be needed in order to disentangle the bound-state contribution from the
background. We present a detailed discussion of the two-photon processes as a background in the studies of
the energy pattern of the e +e annihilation into hadrons. By requiring that either the total hadronic energy
or the invariant hadronic mass is larger than 60% of their maximum value, y s, the yy background should

be suppressed enough to allow for the experimental tests of QCD in e+e annihilation which have been

recently proposed.

I. INTRODUCTION

Strong interactions look much simpler at high
energies, offering some support for quantum
chromodynamics (@CD) as the underlying theory.
The essential point in our present understanding
of short-distance phenomena has been asymptotic
freedom which characterizes non-Abelian gauge
theories such as @CD. It allows for a rather spe-
cial use of perturbative calculations in terms of
the running coupling constant u,(s) which becomes
small at high energies. Actually, the present-day
approach to short-distance processes consists of
two steps: a, quark (a,nd gluon) interaction involv-
ing large momentum transfers, followed by the
color recombination, when confined quarks ma-
terialize into the final hadrons in a rather soft
way, in the sense that energy transfers are now
small. The hard interaction between quarks is
assumed to be described by perturbative QCD.
However, only those experimental quantities are
computable which are free from mass singulari-
ties. This in turn requires the use of inclusive ob-
servables, whose prototype is the total cross sec-
tion for electron-positron annihilation into had-
rons.

Recently, Basham et gl. ' suggested that a whole
class of angular distributions should be free of
mass singularities and then calculable in perturba-
tive @CD. Further support to their arguments has
been presented by Tiktopoulos. ' The simplest ex-
perimental quantity studied by these authors is
the energy angular distribution in e'e collisions,

the so-called "antenna pattern. '" It is defined to
be the hadronic energy radiated through a unit
solid angle in a given direction, divided by the in-
cident energy per unit area.

This antenna pattern is also very suitable from
the experimentalist point of view. At high ener-
gies most of the events consist of many particles,
in several flavors, so that the identification of
each particle becomes a hard task, requiring in-
genious apparatuses and reducing the acceptances.
Moreover, it actually gives only secondary infor-
mation on the nature of strong interactions which
are much more concerned with colors than flavors
(with the important exception of the electric
charge, since the strong interacting fermions are
charged while gluons are neutral). This fact
sharply supports the- use of calorimeters, to mea-
sure the angular distribution of the hadronic ener-
gy flow resulting from the interaction, as the pri-
mordial experimental arrangement in the study of
high-energy reactions. It is a remarkable, but not
coincidental fact, that these calorimetric measures
are related to a calculable quantity. ' The color
confinement will affect the antenna pattern in the
sense of a spread of the quark (gluon) energy due
to the hadronization process. Since this is a non-
perturbative phenomenon, its description has to be
done in terms of the empirical fragmentation func-
tions. ' A welcome feature of the antenna pattern
is that the nonperturbative corrections from the
quark confinement can be reliably estimated from
these two general characteristics, independently
of the detailed form of the fragmentation functions.
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The net effect of the confinement corrections is a
broadening of the angular distribution that is pro-
portional to the opening angle of the hadronic jet,
which is as small as (pr)/0 s at higher energies,
(pz) being the mean transverse momentum of had-
rons in the jet.'

Another quantity which has the same character-
istics is the so-called energy correlation. In this
case, one measures the energy radiated through
tuo calorimeters as a function of the angle be-
tween them. The fragmentation of the quark and
its antiquark, which come out back-to-back in
their c.m. system, give an energy correlation
symmetric under the exchange of the resulting jets
to order (pr)/v s, which is the magnitude of the
jet opening angle. Instead, the QCD corrections to
order o.',(s) introduce an asymmetry in the energy
correlation from the fact that a gluon is emitted
from either one or the other quark. This provides
for an elegant test of QCD in e'e collisions. '

In the calculation of angular distributions one
must take care of the threshold effects in the pro-
duction of heavy quarks. They are of three kinds:
(i) bound states and resonances, (ii) dependence of
the production cross sections on mz/v sI and (iii)
the weak decay of heavy hadrons holding the heavy
quark after the fragmentation. The resonances
and bound states can be avoided by working a few
GeV aside their region. The corrections from the
heavy-quark mass and decay could be more diffi-
cult to eliminate, since they are more persistent.
The obvious way to reduce their effect is to go to
an energy region which is far enough from QQ
thresholds. However, there is no pungent reason
to' believe that such an energy region exists inside
the range of present accelerators (PETRA, PEP)
or even of the next-generation ones (LEP). One
can easily imagine a situation where a new quark
threshold opens before the mass and decay effects
of the preceding quarks become small. Interest-
ingly enough, the antenna pattern for heavy quarks
can be precisely computed in a way which is es-
sentially model-independent, a tr ivial energy-con-
servation sum rule eliminating the dependence on
the branching ratios, spectra, and multiplicities
of the weak decays.

It is very well known that QED corrections to
e'e collisions become important at high energies. 4

In the hadronic channel, the relevant processes
are yy collisions, e'e - (e'e )"y""y"-(e'e ) had-
rons. " The essential contribution, which is pro-
portional to o.'1n(v s/m, ), corresponds to the final
leptons going almost along the beams, with the
interacting photons virtually on-shell. ' In most of
the experiments the final e'e" pair is not tagged,
but the yy processes differ from the e'e annihila-
tion by the fact that the total hadronic energy and

ihe invariant hadronic mass of the final states are
less than Ws for the former. Indeed, the largest
part of the 2y-originated hadronic final state will
present low multiplicity and come out at small an-
gles (small transverse momentum). By measuring
at least one of these quantities, one can choose
suitable cuts, in order to select events which are
mostly from one-photon processes, and so the hvo-
photon contribution can be reduced to a tolerable
amount. ' This procedure is slightly easier in the
measure of the antenna pattern and energy corre-
lation since the events are, by definition, weighted
by their hadronic energies.

In this paper, we make a careful study of the
contribution to the energy correlation and antenna
pattern from yy collisions. Ne then discuss how

to disentangle the one-photon and the two-photon
components in calorimeter experiments. Since
the ultimate purpose of these measurements could
be to test QCD as suggested in Ref. 1, the sup-
pression of the two-photon-originated events should
be very efficient. We shall conclude that QCD
could be tested in principle if one is able to select
those events with either total hadronic energy or
invariant hadronic mass larger than about 60%%up-'IO%%up

of their maximum value, Ws. The first alternative
looks particularly interesting since it could be
more easily achieved in calorimeter experiments.

As a rnatter of fact, yy physics is a very impor-
tant field in its own, which would contribute to a
great extent to our knowledge of both the electro-
magnetic and the strong interactions of had-
rons. '"~' " In the light of our present belief in
QCD as the theory of hadronic matter, this is par-
ticularly true for yy collisions at high energies,
large momentum transfers, such that asymptotic
freedom and pertur'bation theory can be applied.
But, as already stressed, one has to look care-
fully for those observables which are free from
mass singularities.

In this paper, we suggest measuring the antenna
pattern and'the energy correlation as a function of
the hadronic invariant mass (or, possibly, the
total hadronic energy) in yy collisions. This would

provide very interesting information on the quark
interactions, as well as a determination of (p, @~4)

as a function of the available energy for quark pro-
duction.

Perhaps the most exciting experiment inyy
physics is the test of the QCD structure of the
photon. As first pointed out by Witten, ' the struc-
ture functions of the photon are completely com-
putable at very large momentum transfer in QCD.
They can be presumably measured in photon-pho-
ton scattering. This possibility will be discussed
in Secs. VII and VIII, from the viewpoint of calo-
rimeter experiments.
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Another interesting aspect of two-photon physics
is the formation of quark-antiquark bound states
with even C parity. The contributions of these
bound states to the antenna pattern can be eval-
uated through the use of semiclassical sum rules.
These angular distributions are very different
from the background,

'

which is essentially due to
the production of light quarks. Unfortunately, our
calculations indicate that the separation of the
bound-state contribution should be presumably un-
feasable.

The paper is organized as follows. The formal-
ism is developed in Secs. II, III, V-VII, while
most of the numerical results are presented and
discussed in Secs. IV and VIII, with particular em-
phasis on the energies in the ranges of PETRA/
PEP and LEP performances. Expressions for the
antenna pattern and energy correlation in two-pho-
ton processes are calculated: in Secs. II and III
for the production of light quarks, in Sec. V for
the formation of QQ bound states, in Sec. VI for
the production of (weakly decaying) heavy quarks.
Section VII contains a brief discussion of the im-
portance of the photon structure functions, as well
as the calculation of their contribution to the an-
tenna pattern. Confinement corrections and effects
from quark masses and decays are studied in de-
tail and presented in four Appendices. In Sec. IV
the one-photon and the two-photon contributions
to the antenna pattern and energy correlation are
compared and possible ways to disentangle them
are discussed. In Sec. VIII w'e present our numer-
ical estimates of the antenna pattern at fixed val-
ues of the total hadronic invariant mass. We end
with a few remarks in Sec. IX.

II. ANTENNA PATTERN FOR e+e ~e+e qq

We will perform our calculations in the equiva-
lent-photon approximation (EPA). In most of the
experiments the scattered electrons are not tagged
and the dominant contributions to the cross sec-
tions are from processes where the radiated pho-
tons acquire a negligible transverse momentum
and are almost onshell. In EPA, one then assumes
that the processes of the type e'e -e+e "y""y"

where v s is the total energy, x,v s/2 and x2v s/2
are the fractions of the e' and e energies carried
by the radiated photons in the e'e c.m. system,
and x,x,s =MB' is the square of the invariant mass
of the produced hadronic system. In the leading-
logarithm approximation, which is valid for
In(v s/m, )» 1, N (X) is given by

N(x) = —ln [I+(I-x) 1 .
7 2m.

(2.2)

It can be interpreted in Eq. (2.1) as being the mo-
mentum distribution of the radiated interacting
photon. It is convenient to work with all energies
and momenta given in units of Ws. We introduce
the following notation:

1 2
'

~
1 2x+x x —x

2 ' 2

x, -x,u= —=
x, +x, '

(2.3)

where v' vs=M„ is the invariant mass of the two-
photon system, /as and $Ws are the total energy
and momentum of the two interacting photons, and
p is the velocity of the 2y c.m. frame in the collid-
ing-beam c.m. system. For any produced particle,
the scattering angles, 8 in the e'e c.m. system,
and 8* in the 2y c.m. system, are related by the
appropriate Lorentz boost as follows:

COS8 —v COSH + vcos8*= cos8 =
1 - v cos8 1+v cos8 (2 4)

In EPA, the hadrori inclusive differential cross
section in the e'e c.m. and the antenna pattern are
given by

-e'e + hadrons are well described by the process
yy- hadrons with an equivalent flux obtained by
taking the limit, of the Feynman diagrams where
the photons are on-shell. One obtains for the
cross sections in EPA

dO (S) (e+e ~e+e +hadrans)

~I x2

'd "'dx ' N(x, )N(x, )
(j xy + o x2

i
I

1 d, do, „x2s &g~~0 o x, '
o x, ' 2E. (d p. /2@. )

where the index i runs over the produced particles
and, 0,. is the yy-p inclusive cross section. The

noncovariant components of Eq. (2.5) (E, and 0&, A)
can be transformed by a Lorentz boost and we get,
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w=x~x2~ 2f-&=x~+x2-& ~ (2.'I)

For P & 2 this condition is trivially satisfied.

by introducing the variables (2.3},

dv d7' |d$ N(t;+ $)N(t; —g) d&(vs)
dA r l (f —$ cos8)' dQ*

dZ dr d& N(g+ g)N(g —F),d&(rs)
dQ v g (t; —$ cos8}' dA*

Here da/dA* and dZ*/dQ* are the inclusive cross
section and the antenna pattern for the yy- had-
rons process in the 2y c.m. system; the angle 8*
is related to 8 by Eq. (2.4).

One can now distinguish bebveen two possible ex-
perimental situations:

(a) The invariant mass v rs of the whole system
of produced hadrons is measured to some extent.

(b) Only the total energy of the final hadrons can
be measured.

In (a} one can select those events whose total in-
variant mass Wv(in units of Ws) is larger than
some minimum value ~v, . In this way one could
eliminate. the events with small values of v v,
which give most of the contributions to the e+e
—e'e + hadrons cross section. However, in order
to do so (in a calorimeter-type experiment), in
principle, one has to measure the energy through
each element d Q of solid angle in ~L$ directions
for each event.

In (b) one can use a simpler experimental setup,
but in order to depress the contribution from 2y
processes one has to require that the total energy
1' (in units of v s) of the accepted events in the e'e
c.m. system be larger than some fraction &, of the
colliding beams energy v s. In some sense, case
(b) is more in the spirit of a calorimeter experi-
ment. However, as already stressed in the intro-
duction, this procedure could be inefficient since,
at fixed energy P, the events tend to be concen-
trated in the region where the invariant mass v r
is small. This corresponds to events with only a
few particles being produced within a small solid
angle around one of the beams. The production of
such hadronic system with low invariant mass is
typically a problem of confined quarks and, there-
fore, it could be hardly estimated. The best thing
to do is to prevent the data from the potentially
huge contamination by these events, by an experi-
mental cut Mr, on the mass of the hadronic system

Interestingly enough one can do that without
going back to case (a), by a convenient choice of
the lower cut f, on the total energy. This possi-
bility, which results in a simple but efficient ex-
perimental tool, follows from a trivial kinematical
condition. Since both x, and x, in Eqs. (2.3) take
values between 0 and 1, one has the condition

But for (= —,'+ E&—,
' one gets v& 2a. Therefore, by

choosing

(2.8)

as the experimental cut on the total hadronic en-
ergy in the calorimeter, one can eliminate all the
events with M~'&y, g.

It is convenient to write the antenna pattern, Eq.
(2.6), in one of the following forms:

dQ g t ( i)/& ~i) (1 —v cos8)

(2.9a)

dZ
2

' dg "'~~) N(f, v)N(t;, -v) cK*

(2.9b)

where [cf. Eq. (2.2)]

v, =Min, 1-—,'
~

)1/2

g2) r

N(r, v)N(~, -v) = C(s) 1+—+
2r . v v'(2+ r)

v2 1 v2 ). /2

= N(f, v)N(1', -v)

= C(s) [1 —2/+ 21' —f (1 —v')

+ ~ f'(1-v')'], (2.1O)

C(s)=
~

—ln 4', )

Equation (2.9a) applies to case (a) for an experi-
mental cut 7&r, on the data, while Eq. (2.9b) is to
be used in case (b) for a cut f & f, on the total calo-
rimeter energy.

In order to evaluate Eqs. (2.9a} and (2.9b) the
antenna pattern for the process yy hadrons is
needed. If the invariant mass of the 2y system is
large, this process can be estimated in a simple
perturbative approach. Assuming asymptotic
freedom, one has to calculate yy-qq to lowest or-
der. If needed, one can take into account radiative
corrections to the appropriate order in 0, As re-
marked in the Introduction, this calculation make
sense, provided n, «1, because the antenna pat-
tern should not have mass singularities in the
perturbative expansion. For the purposes of this
paper it is enough to use the lowest-order expres-
sion for the antenna pattern of the process yy-qq,
which reads
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do*
dn* dn*

o"Q' 2, 1 —p'+ p'cos'8* —p'cos'8* '

(1 —P2 cos28g)2

(2.11)

where Q is the charge of the quark in units of e,
and p is its velocity in the 2y c.m. system,

2

(1 —v') sin'8(1 —v' cos'8)v, 8)=

1+3v' cos'8
(1 —v' cos'8)'

&(f, v) = 1 —2f+ 24' —0'(I —v')+ g'(I —v')'/4.

This can also be written in the following way:

(2.12)

By adding the contribution of all light quarks,
one gets in the limit m, '/s -0, P-1,

dg* s f
I,sin'8*

21- o 8

f

x„„(&,4)=&2(E q,')c(s)

O. -C'0) / C'0

x J dvE(v, 8)J(g„v),
0

(g )
1

2&
f (o1 —v) gp(l —v)

0$
g

0

(2.16)

This calculations can be improved by the addition
of the so-called confinement corrections. This is
done on phenomenological grounds by implement-
ing Eq. (2.13) with the fragmentation functions of
quarks into hadrons. As already noticed by
Basham et a/. in the simpler case of the ly con-
tribution, the confinement corrections to the an-
tenna pattern are proportional to (pr)/v s, where

(pz) is the average transverse momentum of had-
rons in a quark jet (empirically, (pz)-300 MeV).
This is shown in Appendix A, where the confine-
ment corrections are calculated and discussed in
detail.

As a matter of fact, one expects the jet spread-
ing from QCD radiative corrections'to be more
important than the confinement effects at very high
energies. Contributions from the QCD structure
of the photon, which are discussed in Sec. VII,
should also have a significant magnitude. How-

ever, the main aim of Sec. IV being to compare
the 2y contributions with the QCD radiative cor-
rections to the one-photon antenna pattern; the
QCD corrections to the 2y processes should not
have any relevance in our discussions there.

Let us first consider the simpler case (b) above
and assume that the experimental cut on the total
energy is in the interesting region f, = —,(1+v, )

Inserting Eq. (2.13) into Eq. (2.9b) one gets

0.1

R
0
C

C

0.001
5o

I

150
e (degrees)

30O

+ 2 ln[L, (1+v)] ——"(1+v)+ -'+
g2 3(1+v)

This antenna pattern is shown, in units of n'/s,
in Fig. 1, for Ws= 30 GeV. The very simple ex-

45o

with

12 f' Cs

1 dg O. -f)/g
x 2

O'UH gqv F vq8
o~

(2.14)

FIG. 1. Angular distribution of the energy flow (anten-
na pattern) for yy collisions in units of o.2/s. The dashed
lines are the antenna pattern at small distances and the
solid lines are the corresponding results after the color
confinement corrections are included. As explained in
the text, in A~(gp) only events with hadronic energy Ez
& /ps are taken into account, while A~(7p) is the an-
tenna pattern of events with total hadronic invariant mass
Myg ~ (1 pS)
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pression.

A„„(8,5)=,(1.55 x10')(5g Q~')

xln, 2,
fits Eq. (2.16) with an accuracy which is better
than 20%%up for g&0.52, 8&5'. It is worth noticing
that (i} there is a strong dependence on the f, cut,
(ii) the antenna for e'e -e'e + hadrons has rough-
ly the same angular distribution as the antenna for
the elementary (yy- hadrons) process.

This expression has to be corrected for the
quark confinement by the addition of the term
A„'„', defined in Appendix A. A discussion of the
numerical. results is presented in Sec. IV.

As already remarked, these expressions are
only valid in the asymptotically free region, which
here is defined by. o(,(70s) «1, corresponding to
values of (7,s)'~'= [(2t;, —1)s]'~' larger than a few
GeV.

I et us now consider the more sophisticated ex-
periments of the kind (a) above, where one as-
sumes that those events with M~ +Tps have been
eliminated from the data. The value of v, has to
be chosen such that (7Qs)'~' is large enough (more
than a few GeV) in order to exclude the "reso-
nance region" where our approximations do not
apply. From Eqs. (2.9a) and (2.13) one then gets

2

dQ

A„(...8)=5(g Q, )C(.)

2T
+

(1 — ')'~, VQ.(2+ r) —
8

(1 —r,)'i' 1+ cos'8
To 1 cos '8

(2.19)

which reproduces Eq. (2.18) with a (10%%u()-20%%up) ac-
curacy. Again, the angular dependence of the yy
processes is not much affected by the weighted
average on the velocity y.

A useful quantity in order to study yy processes
would be the differential antenna pattern as a func-
tion of the hadronic invariant mass Wv (in units of
vs):

dZ = —a(~„8),
d~zdQ s

a(r, 8)=15(g Qz
C(s)

(2.20}

(1 T)/ 0+&)
X dv a (v, zr)F(v, 8) .

0

This antenna pattern at fixed hadronic mass will
be discussed in Sec. VIII.

III. ENERGY CORRELATION FOR e+e ~ e+e qq

%e will discuss here the contribution of the two-
photon processes to the energy correlation. As in

Sec. II, the calculations will be performed in the
equivalent-photon approximation (EPA). The nota-
tions are the same as in sec. II.

From Eqs. (2.1) and (2.5} one obtains for the
2y contribution to the energy correh. tion

and E(u, 8) is the function defined in Eq. (2.15).
This antenna pattern is shown in Fig. 1 for 5) s

= 30 GeV. For &, not too small, &, &0.01, one can
evaluate A„'„ from the simple fit:

A„'„(8„8)= (1 0 x 10') (5 P Q~') ()n,)

where cr,, is the yy-z+ j inclusive cross section, the indices z and j running over all the produced particles
(the "transparent" term i =j has also to be taken into account). With a Lorentz transformation of the non-
covariant variables, Eq. (2.19) can be written in the form

d'Z dr dg N(g+ $)N(g —$) Q
d'Z*

dQdQ' r f (f —( cos8) (f —'$ cos8')' dQ*dQ'* (3.2)

where d'Z*/dQ*dQ'* is the energy correlation for the yy-hadrons process in the 2y c.m. system; the an-
gles 8* and 8'* in the 2y c.m. system are related to 8 and 8' through Eq. (2.4).

We can now use as integration variables the energy g and the velocity v, defined in Eq. (2.3), and we write
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Eq. (3.2) as follows:

d'Z 'ag "-"«(I-v') N(g, ~)X(g, -~) rd'Z*
dQdA'

&, 0 &, &&«(1 —u cos8)'(1 —v cos8')' dA*dA'*
(3.3)

We are interested here in the situation where the events with hadronic invariant mass M„ less than
some va. lue r,s are removed from the data. If T,s is large enough (more than a few GeV, say), then the
energy correlation for 2y hadrons can be calculated through the yy-qq subprocess (assuming asymptotic
freedom). The confinement of guarks could be taken into account phenomenologically by using the frag-
mentation functions of quarks into hadrons. The QCD radiative corrections are more persistent, espe-
cially those related to the QCD structure functions of the photon. Since our aim in Sec. 1V is to compare
the order of magnitudes of the energy correlations in two-photon and one-photon processes, we will neg-
lect these corrections until Sec. VII.

Within these approximations we identify the energy correlation for yy-hadrons to the yy-qq one. For
light quarks m, '«s, the yy- qq. energy correlation is

v.d'Z* a'
3 g Q&', ~ 5(p+ v —p')5(cos8*+ cos8'*),1+cos'8*

1 —cos'8*
f

(3.4)

where the 5 functions correspond to the quarks going back to back in the two-body final state. By trans-
forming 8* and 8'* into the e'e c.m. angles 8 and 8', one gets

The 5 function here relates the velocity v of the

2y c.m. system to the scattering angles 8 and 8'
in the usual way.

The 6 function on the azimuthal angles expresses
the coplanarity of the final state, which is a trivial
consequence of our approximations. It will be
smeared out by the following effects:

(i) The angular spread of the photons relative to
the initial electrons, which is not taken into ac-
count in the simple version of EPA considered
here, is of the order of m, /Ws and can be safely
neglected at high energies.

(ii) The opening of the jets from the confine-
ment is expected to be of the order of (pr)/Ws.

(iii) The QCD radiative corrections, which are
proportional to n, and then should decrease only

as (Ins) '. It should be dominant at very high en-
ergies.

The acoplanarity resulting from all these effects
are expected to be small. We get rid of it by av-
eraging on the azimuthal angles. We then insert
Eq. (3.5) into Eg. (3.3), perform the trivial inte-
grations on g and P, and get for the energy corre-
lation from the 2y processes (averaged over the
azimuthal angles)

",=" 3P q, "'X(8,8)
dQdcos8 8

x H(f, v) 8(a(—&) —8},

(8+ e')

-(-' ') '

(3.6)

where

X(8, 8') =
jn2 + s jn2

-"(-"') '-'("')--"(' '):"

H(f, &) = 1 —2&+ 21' —f'(I —P)+ —,
'

& (1 —u')', (3.7)
1l2

a(f) = MinI I ——l (' C)/i:
I
. —

The constant r, is the experimental cut on the
invariant mass of the final hadronic system. Now

we can distinguish again the two experimental
situations, (a) and (b), discussed in the Sec. II.
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In case (b), the total energy of the produced had-
rons in the e'e c.m. system is required to be
larger than some value g,Ws. As pointed out in
Sec. II, in order to remove the huge contribution
from events with low M~, one has to take g,
—=—,

' (1+r, ) &-,'. Performing the t' integration in Eq.
(3.6) we obtain

dZ
dfldcos8' s

88'C)

R„„(&,e', 0)=(3Q Qz') 2 E(8, 8')1Ã, L),
(3 6)

g,'(1-v')
+2&0-&0 +

3

g4 1 +22
8(1 —g,(1+8)},

where v, —= 2f, -1&0. The 8 function defines the
phys ical region.

In case (a), where the hadronic invariant mass
is required to be larger than some value Vv, V s,
Eq. (3.6) becomes

d Q s p q,');. x{e,s )

"dr
if(

r 'le"* .'Iiip
1 —v .

)1 —v2& '
~ 1

(3.9)

where the functions 0 and K, and the constant 8
have been already defined in Eqs. (3.V} and (3.6),
respectively. The integration over & gives

Q
, =—R„„(e,e', T,),dgdcos8' s

R„„(8,8', r) = 3Q Q~ K(8, 8')I(8, ro),
C(s)

(3.10}

I v, &0
3$' —86/ —61 1 —g 270

2 ~~ (r, +o6)"
8

8 3 (1 —&')'~' 1+7,
8+ 8'

8= cos
2

with

1 1+z'(8, X)
sin'(X/2) [I g'(8, X)j' '

cos h/2) sin(8 —X/2)
cos(8 —X/2)

' »n(X/2)

(3.13)

(3.14)

From these expressions and from Eqs. (3.8)-
(3.12) 'one can easily realize that the energy cor-
relations R (8, X, fo} and R„„(8,X, g,) can be strong-
ly asymmetric under the exchange X m -X, which
corresponds to the interchange sinX/2 cosy/2,
sin(8 -x/2) —cos(8 -x/2). Therefore, the asym-
metries D (8, X, f,) and D„„(8,X, r,) are expected
to be important.

An integration over the azimuthal angle is as-
sumed. This situation is illustrated in Fig. 2. In '

our case (without the confinement corrections)
this configuration allows for two possibilities: 8'
= X —8 and 8'= 2m —8 —X. The corresponding en-
ergy correlation is then

R„„(8,X, C.)=R„(8,X 8-, ~.) R„„(8, X-8-, ~.)

(3.11)

An analogous expression holds for R„„(8,X, 7',)
Now, one defines the asymmetry of this energy

correlation about X= m/2,

D„„(e,X, t;.) = R„„(e,v Xgo-) -R„„(8 X t;o) (3 12)
A

and analogously for D„„(8,X, v,). The usefuiness
of this asymmetry comes from the fact that the
leading confinement corrections, of order (p )/
Ws, do not contribute to D(8, X, fo), since they are
symmetric' under the interchange X m —X. Only
the confinement corrections of order (pr)'/s
could affect the free-quark calculation. Ne mill
neglect these corrections.

In terms of 8 and X the function K(8, 8'), defined
in Eq. (3.V) reads

As pointed out by Basham et al. , we can get rid
of the confinement corrections by defining the fol-
lowing asymmetry. %e consider the energy corre-
lation in an experiment where the first calorim-
eter, of solid angle dQ, is in the direction defined
by the angle 8; and the other one has a solid angle
dQ', the angle between the two calorimeters being

FIG. 2. Illustration of the angles 8, 8, and y which ap-
pear in the definition of the energy correlation (see text).
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In comparing these asymmetries in yy processes
with that predicted from @CD radiative correc-
tions to the one-photon contribution, we will be
particularly interested in the case 8= v/2, for
which the expressions (3.13) and (3.14) become
simpler, namely,

1
K w/2, x =

sin'(X/2) cos'X '

photon processes to the measured antenna pattern,
they all have characteristic energy dependences
and angular distributions, so that one can, in prin-
ciple, study each one by varying the experimental
conditions.

A. Antenna pattern

~(v/2, X) =
I
cot(X/2)

I
~

(3.15) The antenna pattern in e'e collisions can then be
written as

In Sec. VII we discuss the possibility of studying

yy processes from the energy correlation as a
function of the hadronic invariant mass MH= ~7's.
The contribution of light quarks to the differen-
tial energy correlation is

dg Q~—=—A(s, 8),
dA s

A(s, 8) =A,(s, 8)+Aoq(s, 8)

+A@co(s, 8)+A„„(s,8) .

(4 1)

d'5
, = —~„„(~,8, x),

dv rdQd cos8'

r„(~, &, X)= () P 2,' —

2
X(e, X)

, C(s)

f

(3.16)

The contribution from e'e"- "y"-qq to order
(n, )' is given by

A,(s, 8)= —,'() g Qz )f

IV. COMPARISON BETVfEEN THE CONTRIBUTIONS
FROM 2y PROCESSES AND QCD CORRECTIONS

TO THE ANTENNA PATTERN AND TO THE ENERGY
CORRELATION

In e'e collisions, the energy pattern and the en-
ergy correlation of the hadronic final states ac-
quire contributions essentially from two different
processes, corresponding to the production of
hadronic energy either through one virtual photon
or through two-quas ireal-photon collisions. The
second contribution cannot be completely disen-
tangled from the one-photon processes since the
additional e'e pair are almost collinear to the
colliding beams and are not tagged in most current
experiments. In two-photon processes the total
energy and the final hadronic invariant mass are
both less than v s. The yy induced events can then
be suppressed by asking for data with either one
or the other of these quantities being as near as
possible to their maximum value. But they cannot
be completely eliminated and it is important to
know how large they should be for a given experi-
mental setup.

When discussing the one-photon contribution to
the antenna pattern we shall separate it in several
terms, so establishing a sort of hierarchy, ac-
cording to their dynamical origin. Indeed, even
if all these terms contribute together with two-

Ao~(s, 8) = —(1+P') —1+ tanh 'P
3Q' P 2 (1 —P')'

4

x (1+cos'8)+A„(s, 8),
3 2

A„(., 8) = PP(1-P') -(1 —P')'ta~ 'P]

x(1 —cos'8),

(s —4mo')" '
(4.3)

As a matter of fact, Eq. (4.3) is just a good ap-
proximation to the exact result, which is given in
Appendix D.

In the plots presented hereunder we will prefer
to include the term with the (1+cos'8) angular de-
pendence in the contribution given by Eq. (4.2). In
this way, the other term, A„(s, 8) can be more

x (1+cos'8)+ ' (1 —3 cos'8)mC( z

4&s
(4.2)

where the first term corresponds to the (1+cos'8)
dependence obtained in the "naive" calculations
(i.e. , with ultrarelativistic free quarks), while the
second term gives the correction from the con-
finement of quarks as evaluated by Basham eI; g$.'

The second contribution to Eq. (4.1), Azz, con-
tains the corrections which are needed in Eq. (4.2)
when the final quarks in the processes e'e - "y"
-QQ are heavy quarks. The ca,lculation of A@& is
presented in Appendix D and results in the expres-
sions:
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Fgo. 4. (a) Same as Fig. 3(a) for v s = 100 GeV, with six flavors. (b) Same as Fig.. 3(b) for v's = 100 GeV, six flavors.

actions become sizable, and bothy, and A.QcD are
increased by a numerical factor of O(l), outside
the Z' pole. This factor would be of O(1/o. ) -100
on the top of the Z' pole, v s=M~O, where the 2y
background should be negligible. However, an ex-
perimentaI. determination of the s dependence of
the antenna pattern is always necessary in order
to eliminate the effects from heavy-quark masses
and decay.

B. Energy correlation

%'e now turn our attention to the asymmetry in
the energy correlation, which we divide into three
main contributions as follows:

I"2'

0 h

=—[D.(8, X)+Doco(8, X)+ D„„(8,X)1, (4.5)
S

where 8 ig the angle between the first calorimeter
and the positron beam, while X is the angle between
the calorimeters. We have integrated over the
azimuthal angle between the calorimeters in order
to eliminate the effect of both the quark confine-
ment and the QCD corrections on the azimuthal de;
pendence.

The first term in Eq. (4.5), D,(8, x), is defined
as the contribution to the energy correlation from
e'e -"y" qq, to order o".„ i.e. , without QCD
radiative corrections. In the limit where the
quark confinement is neglected, this term van-
ishes, since the energy correlation becomes tri-
vially proportional to the sum of two 5 functions.
The confinement corrections of order (pr)/u s
will produce some smearing of the 5 functions but

the result remains symmetric under X- m —X. It
is easy to realize that the confinement corrections
of order (pr)'/s could introduce some asymmetry
in the energy correlation. Therefore, D,(8, x) is
proportional to (Pr)'/s and can be neglected at very
high energies.

The second term in Eq. (4.5), Dzcn(8, X) comes
from the QCD radiative corrections. It has been
calculated in Ref. 1 to order o., (gluon emission
and virtual-gluon exchange).

The last term in Eq. (4.5), D„„(x,8), is the asym-
metry in the energy correlation for. yy processes,
which has been discussed in Sec. III. According to
the characteristics of the experimental setup, the
events should be selected in a manner consistent
with one of the criteria, (a) or (b), discussed in
Secs. II and III. The asymmetry D„„(X,8) will then
be given by Eqs. (3.11) and (3.12), respectively,
supplied with Eq. (3.10) or Eq. (3.8).

Typical predictions for the contributions to the
energy correlation asymmetry, Eq. (4.5), are
shown in Figs. 5 and 6. These numerical results
can be easily understood from the fact that 2y-
originated events are concentrated at small an-
gles. If the angle 8 is fixed, which means that one
jet comes out around this direction, then the other
jet will tend to be produced as near the forward
direction as allowed by the kinematical constraints,
that are essentially given by the 6 functions in Eqs.
(3.8) and (3.10). This explains the existence of a
peak in D „(8,X), followed by an abrupt decrease,
which occurs very near to the point (defined by the
,
8 functions)

tan -- — =~, tan—
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PIG. 5. (a) Asymmetry inthe energy correlation (see text) for yy initiated events for several cutoffs in the hadronic in-
variant mass MH, at Ms= 30 GeV, and 8 = 30'. The dashed t.ine is the corresponding @CD asymmetry Ief. 1) for the an-
nihilation channel (e'e hadrons). (b) Same as (a), but at g = 90'.

for a fixed value of v, [v, = (2), —l) in case (b)].
This pattern of the energy correlation asymmetry
is a general, but very characteristic, property of
yy collisions. The steepest part of D„„(e,y) could
be more affected by confinement corrections [of
O((pr')/M„')] and QCD radiative corrections, but
its general trend should remain.

In general, the yy background in measurements
of DzcD should be relatively small for 61&30'. Ex-
perimental cuts like M„)0.4v s or Ez) 0.6&s are
enough to reduce the 2y contribution to a reason-
able amount. At 8= 90', where DzcD is maximum
and mostly easily measurable, D is essentially
flat in X and rather small in magnitude.

V. CONTRIBUTION OF NARROW BOUND STATES
TO THE ANTENNA PATTERN AND TO THE

ENERGY CORRELATION

In this section we evaluate the antenna pattern
and the energy correlation from the formation of
bound states of heavy quarks""' in yy collisions
(as b and t quarks), below the threshold for the
production of new-flavored mesons. These are
narrow states which mostly decay into two gluons,
since the bound states produced by the two-photon
system have to be even under charge conjugation.

Here we shall take into account only the S and
P waves, the D waves giving a much smaller con-
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I i I I I I

~s =30 GeV

8= 30
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I I & I
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8=eo

X DQCD

E
E

cn IQ
E„)16GeV

EH & 16, 5 GeV
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FIG. .6. (a) Same as Fig. 5(a), but for several cutoffs in the total hadronic energy, Ez, at p =30'. (b) Same as (a),
but at 8 = 90'.'
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tribution to the cross section. The C-even P
waves (1")do not couple to two real photons so
that they do not contribute in the EPA. So we re-
main with the 0+', 0"', and 2+' states.

In the narrow-width approximation, the contri-
bution of the spin-zero states to the 2y-2 gluons
cross section is

0++~ p0++
=27&+ " "" 5(vs —M„'), (5.1)

x (cos'8*+ 6 cos'8*+ 1) .
t'

%e introduce the notation

AC
y(JPC) g n

n

(5 2)

The cross sections (5.1) and (5.2) become then
proportional to the dynamical factors (5.3), which
depend on the quarkonium wave functions at the
origin and their derivatives. A determination of
y(0") which does not assume any specific form

where we have summed over all the radially ex-
cited bound states below the threshold.

In the nonrelativistic limit, which is hopefully
good for such a heavy quark, the 2" state couples
to two real gluons (or photons) only with helicity
+2." Under this assumption the contribution of
the 2" states to the 2y 2 gluons cross section in
the narrow-width approximation is

dg ""' 2571 I'"'257& ~ I'„yy
dg* 8

n

of the potential is provided by the %KB sum
rules. This method is described in detail in Ref.
12. In this approach, the overall contribution of
the 0 ' states is g.'ven by (in the ease of a quark
of charge -', )

277& 2mo, (1+hx/2m')' '

(5.4)
where 6 is the gap between the first bound state
and the threshold for flavor production. For yn~
= m, -10 GeV one expects a gap 1 &6 &2 GeV, so
that, Eq. (5.4) gives

2x10 say(0 ')s 5x10 '.
A. Antenna pattern

From Eqs. (5.1), (5.2), and (5.3) one. gets for
the contribution of the bound states to the antenna
pattern in the yy c.m. system:

dZ""' n' 4m '
=—(27&)y(0")5 'r-

dQ*- s s
(5 5)

dz"" a'
(25m) (

.,
) (

4mq')

x (cos'8*+ 6 cos'8*+ 1) .
Introducing Eq. (5.5) into Eq. (2.9a) one obtains

for the antenna pattern in the e'e" c.m. system
from the bound states

dZ Q ~&gPc )(8)
dO s

IO

vs = 30 GeV

X&" &(8) = 2vC(s)y(0")

H(7'~, v)
"(1—v cosH)' '

'(8) = C:(s)y(2-)

(5.6)

C
CD

D~ IO'
U

CD

IO

IO

I

50
I

50
I

70 90

FIG. 7. Energy pattern from C-even bound states pro-
duced in yy collisions [see Fig. 9(h) J. The contributions
from J= 0 and J=2 statbs are shown separately for (bb)
bound states (m~=5 GeV) and (tt) ones (m&= 10 GeV).
The e'e c.m. energy is Ms=30 GeV.

t "ad -( )
z'(8, v)+6@'(8,v)+1

(1 —v cos8)s
B

r„=—(4mo'/s), v„= 1
", z(8, v) =11+T~' ' 1-vcose'

where H(r„, v) is given by Eq. (2.18) with v= r„
The overall antenna, pattern, resulting from the

addition of the three terms in Eq. (5.6), with the
y(JPc) factors given by a harmonic-oscillator mod-
el with frequency estimated from the P' —P split-
ting, is shown in Figs. 7 and 8. Since the angular
dependence of the bound-state contribution to the
antenna pattern is much flatter than that for the
yy- qq processes, we could be inclined to study
the C-even bound states from their contribution to
the antenna pattern at large angles. In order to
check this possibility, we compare Eq. (5.6) with
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io'

Io

B. Energy correlation

The contributions of the bound states to the en-
ergy correlation in the yy c.m. system, which are
obtained from Eqs. (5.1), (5.2), and (5.3), read

d2g (0+") ~2 4 2

dA*dA'*dQ*dA'* s S

C

O
CL

x 6(cos8*+ cos8'*)5(&5+)(—(t)'),

d Z n 25m' „4m@
x (cos'8*+ 6 cos'8*+ 1)

x 6(cos8*+cos8'*)6(p + 7( —y ') .

(5 S)

lo
The variables 8* and 8'* are related to the angles
in the e'e c.m. system as follows:

Io'
I

50'
I

50'
I

70 90'
cos8 = -cos8 = —sin

8 8

2
.„(e+8')

FIG. 8: Same as Fig. 7, but at v s =140 GeV.

. , 8+8'

2 cos

(5.10)

the antenna pattern of the lighter quarks, given by
Eq. (2.20), at 8= n/2 We c'all. 6 the experimental
resolution in the hadronic mass Mz (r~s)' -', and
we keep just the 0 ' states which give the domi-
nant contribution. %e find for the ratio between
the contribution from the bound states and that
from the lighter quarks,

X('-')(~/2) ~y(0-')v'~,

i) a(, 7(/2) 35 (Q Q ')[2p(rg 1]

Introducing Eqs. (5.S) and (5.10) into Eq. (3.3)
and performing the trivial integrations on the 5
functions, one finds for the energy correlation
from the bound-states in the e'e c.m. system, in
terms of the variables 8, X, defined in Sec. GI:

(gPC )
[It' '(8, v.)+ ft' '(8, -)t)],dgd cos8' s

where

p(T~) =
Jl dv

p "z H(r I(, v)

~V8
1- dvH(rz, v) &1.

(5.'l)

Assuming that N-quark doublets with Q = —, and Q
= ——, are contributing to g„„, and approximating
y(0 ') by the WEB sum rule, Eq. (5.4), we esti-
mate

my(0 ')vv„1 & b,' )" 1 b,
, (5.8)

6 6 (3g q 4) 5 (2mQs 5 2mQ

~y(0")C(s)G(~, 8, X)
2sin'(y/2)[1 -z'(8, X)]

'

(0++)
~(2++)( 8 )

2 (2++)
g 6 (0++)|'

x [~'(8, X)+ 6~'(8, X)+1],
where z and v are defined in Eq. (3.14), and,

(5.11)

so that measuring the antenna pattern from bound
states would require an experimental resolution
6«(h/2mQ)' '. This could hardly be obtained for
a quark mass m ~ 10 GeV, and a gap b, S 2 GeV.
Vfe conclude that the antenna pattern from the C-
even bound states is too small to be measurable
at this time.

These expressions account for the global contri-
bution of all bound states to the energy correlation
in.any interval of the hadronic mass that includes
the resonance region. It can be useful in studying
the C-even bound states only if one is able to ex-
perimentally disentangle this term from the contri-
bution of the lighter quarks, given by Eq. (3.16).
In order to test this possibility, we assume an ex-
perimental resolution 5 and we consider the ratio
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between the energy correlation from 0 ' states,
which are the dominant resonances, and that from
the lighter quarks. %e find

g (2n+ l)E,„(P)P,„(cos8*),
dQ* &s.

&" '(8, y) « —s'(8, X)

6~„„(~„8,X) 6 1+s'(8, X)
' (5.13)

p= [(s -4mq')/s]"',
where (( is given in Eq. (5.6). This ratio is small
for any reasonable value of 5. Therefore, it
would be practically impossible to measure the en-
ergy correlation from the production of C-even
states in yy processes.

where Q„(~) are Legendre functions of the second
kind. The antenna pattern in the yy c.m. system
is then obtained from Eq. (B6) of Appendix B:

g (2n+ l)E,„(P)B,„(P)P,„(cos8*),
dZ* 3()( Q'

VI. ANTENNA PATTERN FOR HEAVY-QUARK
PRODUCTION IN TWO-PHOTON PROCESSES

The quark masses have been neglected in the cal-
culations of Sec. II. The results there apply when-
ever the quark masses are very small as com-
pared to the energy. This is always the case for
light quarks, since the perturbative calculations
make sense only if a, «1, which occurs at high
energies as compared to the light-quark masses.
On the other hand, the quark confinement affects
the free-quark calculations only by corrections of
the order of (pr)/v s. The @CD radiative correc-
tions are also relatively small.

For heavy quarks, whose masses are such that
u,(mqs) «1, the free-quark calculations are prob-
ably reliable even at energies which are not very
far from the threshold for heavy-quark production.
As a consequence, one has to take care of two ef-
fects. First, the cross sections cannot be always
calculated in the ultrarelativistic limit, and
threshold effects have to be taken into account.
Secondly, in the course of the fragmentation mech-
anism, most of the heavy-quark energy goes to a
heavy hadron, which carries the quark flavor and
so must weakly decay into light particles. The
spread of the decay of the heavy hadron is of the
order of mJWs and has to be included in the cal-
culations. A simple way to obtain the antenna
pattern for heavy quarks is presented in Appendix
B. It is a trivial general. ization of the formalism
developed in Ref. 14 and gives the partial-wave
decomposition of the antenna pattern in terms of
the partial waves for quark production. In Appen-
dix C, the resulting formulas are improved through
the introduction of the fragmentation functions.

Vfe. will now use this machinery in the calculation
of the antenna pattern for yy-QQ. The cross sec-
tion for this process is given in Eq. (2.11). Its
partial-wave decomposition is

(6.3)

In the P-1 limit, B„(P)-I and Eq. (6.2) reduces
to Eq. (2.11) in this limit. Introducing Eq. (6.2)
into Eq. (2.9a) one gets for the antenna pattern
from yy- heavy quarks in the e'e e.m. system:

Q
=—aq(~, 8),

dv rdQ (6.4)
„C(s) " "~"'" a(7, v)Fq(v, 8)

Qq(T 8)=2 3 ) d'0 3(, , )((„,) (1 —v cos8)

Eq(v, 8) = Q (2n+ 1)E,„(p)R,„(p)P,„(cos8*),

VII. CONTRIBUTIONS FROM THE QCD STRUCTURE
OF THE PHOTON

Until now, only the process yy-qq of Fig. 9(a)
has been considered. Radiative corrections from
gluon emission, have also to be considered. For
instance, the process in Fig. 9(b} where a quark
is produced at large angle and almost on-shell,
and then it radiates a very collinear gluon. This
kind of correction is interesting because it can be
a source of mass singularities. The antenna pat-
tern is defined in order to be free of these singu-
larities. Virtual and real gluon emission should
only introduce corrections of the order of [o.,(s)/
v], which are being neglected in this work. How-
ever, processes like those of Fig. 9(c}, where one
photon has a deep-inelastic collision with a con-
stituent (quark or gluon} of the other, have to be
taken into account. Indeed, Kitten' obtained the
remarkable result that the leading contributions
to the photon structure functions can be exactly
calculated in @CD. More recently, several auth-
ors' have derived the same result by using differ-

where cos8* is given by Eq. (2.4) and H(7', v) is de-
fined in Eq. (2.18).
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Q 2

G,;,(x, Q') = C' '(s)
(

',
)

q(x),

( )
(1 -x)f(x}

Q X

(7.1)

(7.2)

where C(s) is given in Eq. (2.10) and f(x) is
plotted in Fig. 1 of Ref. 10. This is to be com-
pared to the photon momentum distribution in the
electron as defined in the EPA [cf. Eq. (2.2)]

N(x) = C' ~'(s)h(x),

„( )
1+(1-x)'

(7 3)

('7.4)

The antenna pattern of the processes in Fig. 9(c)
can be nom easily obtained from the analogous one
of Eq. (2.6) with one of the photon distributions,
A%7(x,.) (2=1,2), replaced by G,&,(x,, Q2). The an-
tenna pattern for q y - qG in the (qy) c.m. system
ls~

ent techniques. This can be most easily inter-
preted as follows. The momentum distributions of
quarks G,&„(x,Q') [and gluons G«„(x, Q') ] inside
the real photon is essentially known (at large Q').
Interestingly enough, they are proportional to
[n,(Q')] '. One of these constituents can have a
large-momentum-transfer strong interaction (Q'
large), whose rate is proportional to n, (Q2). The
a, ' factor in the structure function then cancels
the n, factor in the interaction and the final result
is independent of o.,(Q').

We now proceed to calculate the contribution of
this kind of processes, due to the QCD structure
functions of the photon, to the antenna pattern.
First of all we notice that the gluon distributions
G«„(x, Q') are relatively small' and can be neg-
lected in a first approximation. Then, we remark
that this kind of yy interaction will produce three
hadronic jets in the final state [one gluon+ one
quark+ photon fragments, in Fig. 9(c)]. Since
the fragments go either forward or backw'rd, , we
shall not include them in the final hadronic energy
and invariant mass, which are assumed to be mea-
sured outside the beam direction. With this
choice, only the energy carried by the initial con-
stituent, a quark in Fig. 9(c), is important. Since
me know the equivalent-photon content of an inci-
dent electron N(x) given by Eq. (2.2) (due to the
@ED structure of the electron), as well as the
quark distribution in the real photon G,&„(x,Q')
(due to the @CD structure of the photon), we can
calculate the quark structure function of the elec-
tron. " The result is

1+3v' cos'8
(1 -v' cos'8)' '

H (v', v) = (1 —v')'~'[h(x, )q(x,) + h(x, )q(x,)],
(7.6)

1+v 1 —v

Notice in particular the similarities between Eq.
('l.6) and Eq. (2.20). For large values of Wg the
contribution of Eq. ('7.6) is an order of magnitude
smaller than the antenna pattern in Eq. (2.20),
since q(x) «h(x) for x-O(1). For very small val-
ues of Ws, both contributions can become equally
important.

As a matter of fact, there are also contributions
from the hard scattering between two hadronic
constituents, one from each photon. Exampl. es are
pictured in Figs. 9(e), 9(f},9(g}. However, these
contributions become important only at very l.ow
values of v r. They will be neglected in our nu-
merical calculations.

The antenna pattern as given by Eq. ('7.6) has to
be corrected for the nonperturbative effects of
confinement. This can be done by following the
lines of Appendix A. The final, corrected result
is then obtained by replacing in Eq. (7.6):

E,(v, 8) -E,(v, 8)+ E„(v, 8),C(Pr}
~vs sin'8

where E„(v,8) is defined in Eq. (A10).
The energy correlation for the processes in Fig.

9(c) can be evaluated from Eqs. ('7. 2) —(7.4) and
(3.3). The calculations are analogous to those

('7.7)

The kinematics here is exactly the same as in
Sec. II. In particular the relations given in Eq.
(2.3) remain unchanged. Notice again that the fac-
tor n,(Q') in the numerator of Eq. (7.5) will balance
the same factor in the denominator of Eq. (7.1),
so that the resulting antenna pattern is independent
from a,(Q2). This is to be contrasted with the ra-
diative corrections, like the gluon emission in
Fig. 9(b).

From Eqs. (2.9a), (2.4), (2.3), (7.1)-(7.5), one
finally obtains for the antenna pattern of the pro-
cesses which we are considering here„as a func-
tion of the hadronic invariant mass, M„=(7s)'~'.

dg~ a2
= —a~(7, 8),

dQdv v

a (r, e)= (16+ Q~')
f

(1 &)/ (1+&)

X dvH (T v)E (v, 8),
0

2E (v, 8)=
(1 —v') sin'8(l —v' cos'8)
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performed in Sec. III, and the resulting expression
1s

d'g(8, 8') n'

dAd cos8'dv v

r (s, II;tl)= (2+ Qt' — H (a„x)tA (tt, a'),, C(s)

f
e'

e+

e+

(b)

a (x„x,) = I (x,)q(~,)+ q(~, )I (x,),
1Z' (8, 8')=

. 4 8+8'
(7 8)

e+

jn2 s in2

.'-'("')--"(' '):"
"= (',:)"' "= = (":)"'

aas( )

e+

quark

e-

e+

gluon &~& photon

G

bound

~states se

e=
(h)

6

Before ending this section, we would like to com-
ment on the validity of the photon structure func-
tions in Eq. (7.1). This is the leading term in the
Q'- ~ limit, being proportional to 1/n, (Q'). For
finite values of Q', one has to take care of three
kinds of corrections to Eq. (7.1): (i) next-to-the-
leading-order terms, of O(inn, (Q')), O(1), . . . ,

"
(ii) corrections due to the quark masses, in parti-
cular, for heavy quarks, "and (iii) contributions
to the y structure functions from hadronic reso-
nances.

Corrections of types (i) and (ii) are in principle
computable in QCD. Once they are known, they
can be easily included in our calculations by intro-
ducing the corrected quark distributions in place
of Eq. (7.1). The corrections of type (iii) have
been discussed by Witten. '

As a matter. of fact, the yy processes at large
Mz/vs give interesting information on the photon
structure functions at large x, where the QCD
predictions mostly disagree with a naive QED cal-
culation. ' In this region the corrections from had-
ronic resonances are expected to be rather small,
while the computable corrections [types (i) and
(ii) above] could be more relevant.

VIII. NUMERICAL ANALYSIS OF THE ANTENNA
PATTERN IN yy COLLISIONS

The results obtained from Eqs. (2.20) and (7.6)
are shown in Figs. 10-17, for v s = 30 and 100
GeV. Confinement corrections have been included

10

+C

'Z3

y)
CV

1Q
6

I

12

M„(Gev)

FIG. 10. The antenna pattern from the process in Fig.
9(a), as a function of Mz at typical values of (9 andes
=30 GeV. The curves are the contribution from a sin-
gle doublet (a Q= 3 quarkplusaQ = —

& one). Theresults
of our calculations are shown both before (dashed lines)
and after {solid lines) confinement corrections are taken
into account.

FIG. 9. Dominant processes in e'e e'e + 2 jets
+ ~ ~ ~: (a), QED diagram for quark-production (b), QCD
radiative correction to the graph (a); (c)-(d), contribu-
tion from the QCD structure function of one photon; (e)—
(g), typical interactions between the constituents of the
photons (the blobs represent the QCD structure functions
of the real-photon; the photon fragments come out essen-
tially along the beam direction); (h) formation of C-even
bound states which mostly decay into two gluons.
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FIG. 11. Same as Fig. 10 for the process in Fig. 9(c).
The overall antenna pattern is essentially given by the,
sum of the corresponding contributions in Figs. 10 and
11.

(solid lines) according to Egs. (A10) and (7.7). The
curves are separately plotted for the processes in
Figs. 9(a) and 9(c),9(d). The global antenna pat-
tern from yy collisions is essentially given by the
sum of these contributions, as stated before. The
angular dependence is very sharp in both cases.
Then, the confinement corrections are positive
and can be rather large, even if the corresponding
broadening is relatively small, of O((pr)/M~). In
any case, the next correction is O((pr)/Mz) with
respect to the first one. Therefore, Egs. (A10)
and (V.V), as well as the results in Figs. 10 and

1V, should be a reliable approximation for con-
finement effects, even if the corrections are large.

The contribution from the process yy-qq is
roughly one order of magnitude larger than the
qy-qG contribution, in the regions which are
shown in the figures. However, it is possible to
get information on the photon structure functions
if one requires events with a third jet which comes
out very close to the beam di:rection.

The peculiarities of the antenna pattern from yy

FIG. 13. Same as Fig. 11, but at v s =100 GeV.

collisions (sharp angular distribution, strong de-
pendence on Mz/~s are important enough to en-
courage calorimetric experiments in this direc-
tion. As a second step, one could think of more
accurate measurements of the antenna pattern
such as to allow for a study of QCD scaling viola-
tions.

IX. SUMMARY AND CONCLUSIONS

In the first part of this work we have studied the
background from yy processes in calorimetric ex-
periments. In order to measure the energy pattern
for e'e annihilation into hadrons to order O(o.,n'),
one has to suppress this background by selecting
events which have either hadronic energy or had-
ronic invariant mass larger than 60fp or 70%%up of
v s in the range of energies of PETRA or I EP.
The two-photon contamination is less important
in the energy correlation so that it can be elim-
inated by slightly weaker requirements. The de-

10

102

a [u) io

x
8 Q
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v) Qp

cv
I o

10-1

QM to
C

XC

10

co Cl
ee Zl

o
U 10"1

10 30 50
8 (degrees)

70 9Q

10 2

10

M„(GeV)
30

FIG. 12. Same as Fig. 10, but at Ms=100 GeV.

FIG. 14. Angular dependence of the antenna pattern
for the process in Fig. 9(a), for several values of the
hadronic mass, Mz, at v s = 30 GeV. Solid lines (dashed
lines) are the results including (without) the confinement
corrections.
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2y c.m. system). Energy conservation fixes the
normalization of the fragmentation function as fol-
lows (a summation over all final hadrons is under-
stood hereunder):

where dZ*/dQ is the antenna pattern obtained [cf.
Eq. (2.1S)] by neglecting the corrections from the
quark confinement [confinement corrections (cc)].
The latter is given by

00

dz d 2p rzD( z, P r) = 1.
0 0

(A 1)
dZ,*, dZ* dZ*
dn* dn* du*

—= Jt d'P r [zD(z, P r) ], , (AS)

The integration of zD(z, P&) over the phase space
of the hadrons gives the mean multiplicity of the jet

r zD(z, P r} (n)d pr-, 2 4 2 },/2 — --2(C ines+ const)
(z + 4Pr s)

(A2)

((n) being the mean multiplicity for two jets to-
gether), where C is a constant

where

2 4

dzd'p zD(z, P )7's

sin2r/ —(1 —cos r/) sin' 8*
sin'8*(sin'8* —sin2r/)

(z2+ 4 P 2/s)1/2

2Pr/Ws
(z2+ 4 P 2/s)1/2

r d pP zD(z, p, )

Pr [zD(z, P,)], ,2 I' d3p

'
(A4)

The antenna pattern for yy- hadrons taking into
account the fragmentation of the quarks is now

d'

x 5(Q,. —f1*)

= 2 Jt P,.'dP,.—d~l, „„(8,)zD(z, P,),

cose, = cose* cos1) —sine* sin2) cosf,
where 0,= (8,, (t),) are the angles defining the di-
rection of the quark momentum and (r/, (P) are the
angles between the quark and the hadron. At high
energies

which is empirically -2.5. The average transverse
momentum of the jet is

d p
2E PrzD(z, P, )

(P )I(8 )
S . ~TS (A9)

I(8*)= . tanh '(sine*)+ ——sin8*sin'8*„2
Using (A9) in (2.9b) after replacing 8* with the

expression in Eq. (2.4), one gets for the confine-
ment correction to (2.9b)

2-=—x-(8 s)
dA s

A„'„'(e,s)= ()2+ q/)(:(s)
C P, 1

"0-L)/c ff(g v)
3 dv

(1 2)1/2 F„(v1 ),
0

(A10)

The important contributions to the z integral in
(A8} come from the region z & Pr/v s «1. Assum-
1ng tha«D(z, Pr) is relatively smooth in this re-
gion, it can be replaced by its z-0 limit, and one
gets from (A4),

~„=™,.
— A'2„(*))(*,A, )1. .( ')&(&')

(1,)= @'

( . , —1) (A6) (1-v')"'sine
(1 v ) / 2 (1 v cos 8)

is the cross section for ZZ-qq. The factor ef 2 in
Eq. (A5) appears since the contribution from both
3ets are to be taken into account. Performing the
integration over the azimuthal angle in (A5) with
(Ae)

dZ dZ* dZOO

dA* dQ* dQ*

2o."Q~ d'p 2 cos3}
7S V1S

*a*.), ) .,„, ,„. - 1),sin —sin g

(A7)

1 (1 —v')'/'+ s ine
2 (1 —v')'/' —sin8

with H(t', v) as given in Eq. (2.15}.
The importance of this correction. is illustrated

in Fig. 1. It is always positive and roughly pro-
portional to (sin8) '.

In an analogous way, one gets the corrections to
the antenna pattern in the case (a) discussed in
Sec. II. The corrected antenna pattern is obtained
by adding to Ai„'„(r„e), defined in Eq. (2.18) the
following term:
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(All)

where H(T, ()) and Il„(v, 8) are respectively given
by Eqs. (2.1S) and (A10). This correction is shown
ln Flg. 2.

The analogous correction for g(r, 8) defined in

Eq. (2.20) is obtained by suppressing the v inte-
gration. Its effect is shown in Figs. 10 and 12.
Notice that the correction can be quite large for
small r and large angles. However, the corrected
result is still a good approximation, since the
next correction is of order O(pr/vrs) with respect
to the first one.

dZ* d& (1 —P')'
dQ* 'dQ, (1 —pcos2))2

dQ

d6; dN
~

—..'. ..,,„-,)
=—(1 —P')' dQ

d& 1
4& J 'dQ, (1 —P cosy)2

since, by energy conservation,

APPENDIX 8

%'e will calculate here the antenna pattern for
the production of heavy quarks. The fragmenta-
tion of the quark into hadrons will be neglected
for simplicity. The results will then be improved
in Appendix C, where the confinement of quarks
will be taken into account.

We assume that a pair of heavy quarks is pro-
duced with a differential cross section (do/dQ) m
the QQ c.m. system. The heavy quarks will then
weakly decay into light particles (v, K, l(, e, p)
which are observed (in general this process may
occur through a cascade decay). The phase-space
distribution of a final light particle i will be de-
noted (2E,d'N, ./d' p,). T.he antenn. a pattern for such
a process in the QQ c.m. system in then,

With the partial-wave decomposition

= Q o„(P)P„(cos8,),
n

cos8, = cos8~ cosy+ sin8*sin2)cosp,

one can perform the angular integration in (B3) to
obtain

«. = g .-„(P)~„(.os8*)R„(tl),
dZ*

where (I)„'(x) is a Legendre function of the second
kind. The weights R„(P) have the property

R„(e)
g~l

so that, for P-l, one recovers the simple rela-
tion

(Bs)

dZ*
2

d'p.
t

E; 2E;de, do.
dQ* ~ 2E,. " '(s)'~2 d'p,. dQ,i

x &(Q,. -Q*)

f&'d2 (22 d'&;)(.«
i

Introducing the energy of the particle z in the
quark rest system

which is valid for light quarks (up to confinement
corrections) Notice . that the resulting antenna
pattern is independent of the quark-decay distri-
bution. Ii depends on the fragmentation function
in a simple way which will be discussed in Appen-
dix C.

K(=(1 p~ ) (2 (1 —Pcos'g),

with p being the quark velocity and 2) the angle be-
tween the quark and the direction (8*,(I))*) of the
particle i in the QQ c.m. system, one gets

APPENDIX C

A more realistic calculation of the antenna pat-
tern from heavy-quark production should also
take quark confinement into account. The frag-
mentation of ihe heavy quark must produce a heavy
hadron, which carries the heavy-quark flavor,
plus a certain number of light hadrons (7('s, If's),
which we will call "primary. " The heavy hadron
will then weakly decay into light hadrons and lep-
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tons, that will be designated as "secondary. "
(Notice that, for convenience we also include in
the "primary" class the particl. es produced through
the decay of, strictly speaking, primary hadrons. )

Correspondingly, we will separate the fragmen-
tation function of the heavy quark into a light-pri-
mary-hadron part plus a heavy-hadron one,

-10-15 GeV). For very small values of z, we ex-
pect D'(z, pr) to be dominated by Di(z, pr) with a
plateau height, defined as in Eg. (AS), quite simi-
lar to the light-(quark one (C -2.5).

The contribution of the light "primary" hadrons
to the antenna pattern in the QQ c.m. system is
then,

D(., p, ) =D.(., p,)+D„(., p,),
which are normalized as follows:

Jidzd'pr zDi(z, p„)=7).,

dz d' przD„(z, p r ) = 1 - 7(. ,

(C1)

(c2)

3~ r))(r

(cs)
This contribution is analogous to Eq. (A5) and one
can. proceed in the same l.ines as in Appendix A

and Ref. 1 to show that

dad'p ~ z, p~ =1,
dZ g. do' dZ cc
dn* dn* dn* (C4)

where A. is the average energy lost by the heavy
quark in its fragmentation and materialized into
"primary" hadrons. From simple arguments"
the parameter X is expected to be small for heavy
(luarks (an educated guess would be 0.2-0.S for
the b quark and 0.1-0.2 for a t quark of mass

The corrections from confinement have the same
pattern as for light quarks, being proportional to
( p,)H~.

The contribution of the decay products of the
heavy hadron to the antenna pattern in the QQ
c.m. system is

(c5)

where the indices H and i refer to the heavy hadron
and to the final light particles, respectively; 0
and N,. are defined as in Appendix B. Performing
the trivial integrations and using Eq. (B4), one
gets

dg* 4m p " ' dQ (1 —p„cosy)' '

(1+P)z -(1 P)—
(1+P)z+(1 P) '—

where cosy is the angle between the hadron H and
the calorimeter direction (8*,(t)*). As far as con-
finement is concerned, we expect the P'~ distribu-
tion of heavy hadrons to be roughly the same as
that of the light "primary" hadrons. The angle be-
tween the heavy hadron and the heavy quark is then
of the order of 2(pr)l(z) s= 2(pr)l(1 —X)Ws. One
can take into account this angle by applying to Eq.
(C6) the same procedure as in Appendix A and Ref.
1. However, since zD„(z, pr) is expected to be
very small for z-0, this would just lead to neg-
ligible correction. Therefore, one can safely
identify the angle g to that between the heavy quark
and the calorimeter direction, and perform the

x dzd'pz, @DE z, pz R„z, C7

where the partial waves, o„(P), and the weights,
R„(P„), are defined as in Appendix B. By using
E(l. (C2), this result can also be written as

A

"=(1-X) -Q P„(cos8*)a„(P)S„(P),(C8)

where

s (()) = f r(zr(*.)r,zD„(r. , ),) 7( -. )( ())„)7,

S,=O, S„--O.
g-+ 1

(c9)

Finally, the total antenna pattern from heavy
quark in the QQ c.m. system is obtained by adding
E(ls. (C4) and (C6)

A

d ~ =
d ~ —Q P„(cos8*)&„(P)S„(P)+dQ* dQ* (C10)

angular integration in (C6) on the same lines as in

Appendix B to obtain

P„cos8* 0„
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APPENDIX D

It has been stressed in Sec. VI that the antenna
pattern for heavy-quark production may be very
different from the light-quark one. Both the rather
persistent threshold effects and the heavy-hadron
decay will affect the ultrarelativistic limit which
is usually assumed in light-quark calculations.
Remarkably enough, the effects of the quark
masses are easily estimated. A very simple gen-
eral formalism is presented in Appendix 8, which
is just an extension to the antenna pattern of the
approach developed in Ref. 14.

These results will be applied here to the one-
photon production of heavy quarks in e'e" colli-
sions, i.e. , e'e -"y"-QQ. The cross section for
this process is

P(2 —P'+ P'cos'8),
dA 4s

and the definition, Eq. (B6), of R,(P) gives

1-ft (P)= ( P ) 1-( P ) t nh- P . (D42P' P

Putting everything together, one gets for the an-
tenna pattern for e+e -QQ,

dgq A

dn s
= —Ao(s, 8),

Ao(s, 8) = P —(1+cos'8)
3q2 3 P2

)

—p(P)(3 cos'8- 1)

p(p)= () —p ) () ~++~ p).2P

These results are valid in the limit where the
energy loss in the fragmentation of the heavy
quark into a heavy hadron is neglected. They can
be corrected for this confinement effect, as shown
in Appendix C, by replacing the weight, Eq. (D4),
by its effective value:

and the antenna pattern, once the heavy hadron de-
cay is taken into account, is obtained from Eq. (B6)
as follows:

o =—-- o,(P)[1 -B,(P)](3cos'8 —1), (D2)

p,(p)= Jpsp'p, z()„(z, pr)[) p,(p„)),
(D6)

Q
~,(P)=

2
P', (D3)

where o, is the D,(cos8) component of Eq. (D1),
As already noticed in Sec. VI, these confinement
effects should not be very important for heavy
quarks.
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