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We discuss the possibility to measure the parton, and especially gluon, content of the photon at
the forthcoming DESY ep collider HERA. We first reemphasize that the production of two jets
with high transverse momentum pT is dominated by events where the photon is resolved into quarks
and gluons for pT 40 GeV. We then show that these "resolved" contributions, and in particular
those that are initiated by a gluon from the photon, are especially important at large jet rapidities.
Rapidity distributions also allow us to isolate the direct photon-gluon fusion contributions to bb

production. This makes it possible to use this process to determine the gluon content of the proton.
However, a direct measurement of the gluon content of the photon will only be possible if the spec-
tator jet from the photon can be detected. We find that this jet typically has an energy of 10—12
GeV and estimate its opening angle to be around 15, which should allow for its detection.

I. INTRODUCTION

The hadronic structure of the photon has, for some
time, been thought to be an ideal testing ground for per-
turbative QCD. This optimism was triggered by Witten's
discovery that in the limit of very-high-momentum
transfer Q the quark and gluon distributions inside the
photon are completely calculable; this calculation has
subsequently been extended to two-loop order by Bardeen
and Buras. However, these "asymptotic" solutions of
the evolution equations for qr—:(q;,G ) lead to unphysi-
cal x~O divergences in F2,' the degree of the pole in-
creases in higher order of perturbation theory. ' On the
other hand, if one introduces input distributions q;7(Qo),
Gr(Qo) at some scale Qo such that F2(x, Qo ) is finite for
all x, the solution of the evolution equations automatical-
ly leads to a well-behaved Fz at all values of Q .

Of course, the introduction of the unknown functions
qr(Qo) and Gr(QO) means that only the Q evolution
can be predicted by QCD. Antoniadis and Grunberg
therefore suggested to keep only those parts of qr(QO)
that are necessary to remove the x ~0 divergences in F2.
In second order this amounts to the introduction of two
unknown parameters instead of three unknown functions
of the aforementioned approach; moreover, the value of
these parameters only afFects the region of small Bjorken
x. However, it is a priori not clear that the unknown
purely hadronic component of q~ is only relevant for
small values of x. Note that the Q dependence of this
part of q~ is exactly like that of the parton distribution in
any hadron, i.e., rather weak; it takes therefore many de-
cades in Q /Qii to "shrink" qr(Qo) to small x values.
Even though the "asymptotic" or "pointlike" part of q~
increases -lnQ this means that qr(QO) affects the pre-
diction for F2 even for medium and large values of x for
all values of Q accessible at the DESY e+e storage

ring PETRA, i.e., Q 8 100 GeV, even if one chooses Qo
as small as 1 GeV .

Theoretically, the problem of whether or not the
"asymptotic " prediction of q~ is reliable is still not set-
tled. This question is quite important since a fit of F2 as
predicted in Ref. 6 to existing data yields a value of the
QCD scale parameter AMs with a very small statistical er-
ror. ' (MS denotes the modified minimal-subtraction
scheme. ) However, the same data are compatible" with
bigger values of AMs if one allows for a nonvanishing

qr(QO), and can even be explained' in a naive quark-
parton model (QPM) with "reasonable" constituent
masses for u, d, s quarks. Obviously, additional experi-
mental information is necessary.

Unfortunately, deep-inelastic scattering experiments at
e+e colliders will probably not be able to provide this
information, for the following two reasons.

(i) The cross section for the scattering of a virtual prob-
ing photon with squared momentum —Q off an on-shell
photon is very small, O(a, (s/Q )ln(s/m, ); it will
therefore be hard to accumulate enough events.

(ii) The electromagnetic structure function Fz mea-
sured in this type of experiment depends only very weak-
ly on Gr. A real test of QCD as opposed to the QPM
will therefore be hard.

Another possible source of information on the hadron-
ic structure of the photon is the two-photon production
of two high-pT jets at forthcoming e e colliders. Since
now both photons are almost on shell, the corresponding
cross section is somewhat bigger than in the deep-
inelastic case, O(a, pr (1ns/rn, ) ). However, since
both the photon distribution inside the electron and the
gluon distribution inside the photon are rather soft, the
next generation of e+e colliders [SLAC Linear Collider
(SLC) and CERN LEP] will probably not be able to mea-
sure the gluon content of the photon. In contrast,
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photon-hadron scattering ofFers large cross sections and
is sensitive to G ~.

It has been realized some time ago by Owens' that in
principle predictions for the production of inclusive or
semi-inclusive final states in hard yp scattering depend on
q~. However, since the energy of existing photon beams
is rather small [&s (yp ) 5 15 GeV] the contributions pro-
portional to q~ are rather small' ' in the kinematic re-
gions where perturbative QCD is applicable, i.e.,

pT ~ 2 —3 GeV.
As we have shown in a recent Letter, ' the situation is

very different at the forthcoming DESY ep collider
HERA where &s (yp ) can be as large as 300 GeV. Here
contributions proportional to q, Fig. 1(a), dominate the
two-jet cross section up to jet transverse momenta
pT &40 GeV; for pT ~ 10 GeV these contributions where
the photon is resolved into quarks and gluons ("resolved"
contribution) are at least 4 times bigger than those where
the photon couples directly to the partons in the photon
["direct" contributions, see Fig. 1(b)]. This clearly shows
that the resolved contributions should not be treated as a
rather small correction to the direct ones, on a par with
higher-order QCD corrections. Note that the "asymptot-
ic" part of q~ is proportional to u, /a, ; direct and
resolved contributions are therefore of the same order in
a, and a, . In this paper we investigate the possibility to
measure q~, and especially 6~, via the resolved contribu-
tion to the production of two jets or a heavy-
quark —antiquark pair.

The remainder of this paper is organized as follows. In
Sec. II we reanalyze the transverse-momentum distribu-

tion do. (jj)/dpT of two-jet events; we address technical
points such as the reliability of the Weizsaeker-Williams
approximation' (WWA) and the question to what extent
the parton distributions in the proton have to be known
before q~ can be measured. In Sec. III we investigate in
some detail the triple-differential two-jet cross section
d o(jj)/dpTdy, dye where y, 2 are the jet rapidities. We
find that direct and resolved contributions populate very
different regions in (y„y2) space; even contributions pro-
portional to q;~ might be separable from those -G~ by
virtue of their different rapidity distributions. In Sec. IV
we use similar methods to study bb production. Even
though the total cross section here is dominated' by
direct photon-gluon fusion, a determination of G~ might
be possible by focusing onto the region of large rapidities,
y ~3, even in the absence of any other criterion to
separate direct from resolved contributions. In Sec. V we
assess the question whether the existence of a second
spectator jet in the resolved events [see Fig. 1(a)] might
allow us to tag directly on this class of events. We find
that the average jet energy in the laboratory frame is
rather low, (E ) = 10—12 GeV, which presumably indi-
cates a rather broad jet, the existence of which should not
be too hard to verify. Finally, in See. VI we summarize
our findings and draw some conclusions.

II, THE TRANSVERSE-MOMENTUM
DISTRIBUTION OF TWO- JET EVENTS

The general expression for the ep photoproduction
cross section for two high-pT jets is, in the Weizsacker-
Williams approximation' (WWA),

=2pT I, dz f~i, (E,z)J, dx~ J, dx~V (x,g )V (x,g ) (s, t, u) .
pT 4pT /S 4pT /S 4pT /X S QfpT

(2.1)

Here, s=(314 GeV) is the squared center-of-mass-system
(c.m.s.) energy of the ep system, s—=zs is the squared
c.m.s. energy of the yp system, and s =x x s is the corre-
sponding quantity in the parton-parton system (where the
photon is counted as a parton in the case of the direct
contributions). The functions V and V are the parton
densities inside the proton and photon, respectively, with
V~(x~,g )=5(1—x~) for the direct contributions. The
parton-parton scattering cross sections & can, e.g., be
found in Ref. 17 for the resolved contributions and Ref.
13 for the direct ones where for processes with two
nonidentical final-state partons the t~u exchanged con-

tribution has to be added. The Mandelstam variable t is
given by

n s 2m
2 s

' 1/2
4m +4pT

S
(2.2)

where for further use we have allowed for a nonvanishing
mass m of both final-state partons; in Secs. III and IV we
will only consider the case m =0.

The function f~~, describes the photon Aux that origi-
nates from the electron beam. In leading-log approxima-
tion it is given by'

(
—

)
~em 1+(1—z)

1
E

27T z m e

(2.3)

OOOO

(b)

FIG. 1. Typical Feynman diagrams for (a) resolved and (b)
direct contributions to two-jet production at HERA.

The question of what one should use for E is similar in
nature to the problem of choosing the scale g in a, (g )

and the parton densities in Eq. (2.1). However, in the
former case we can directly test the quality of the WWA
for different choices of f~~, or E by considering only
direct contributions where do(jj)/dpT can be computed
without using the WWA. We focus here on the produc-
tion of a massless quark-antiquark pair via photon-gluon
fusion; the cross section is given by'
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dO

dpT
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(2.4)

where Q =xys and s =Q (z/x —1).
In Fig. 2 we show the ratio of the WWA prediction for

d a (qq )/dpT and the "exact" prediction according to Eq.
(2.4) for various choices of fr~, . The short-dashed, dot-
ted, and solid curves have been computed using the form
(2.3) with different choices of E, whereas the long-
dashed curve has been obtained from the fr ~, function of
Brodsky, Kinoshita, and Terazawa' which also contains
terms that do not increase logarithmically with the elec-
tron energy. As we will see later, the region pT -25 GeV
is of particular interest for the purpose of extracting q~.
Therefore, from now on we will choose E =x s, which is
the squared energy of the photon-parton system, unless
stated otherwise. This ansatz has also been shown to
reproduce the total cc and bb production cross sections
quite well. However, for larger values of pT the ansatz of
Ref. 19 or even the simple choice ' E =pT work better.

Obviously, the two-jet cross section alone cannot be
used to measure q~, since it also depends on the parton
densities inside the proton. This is demonstrated in Fig.
3 where we show the ratio R of resolved-to-direct con-
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FIG. 2. The ratio of the cross section for the production of

massless qq pairs as predicted by Weizacker-Williams approxi-
mation, divided by the result of the "exact" calculation accord-
ing to Eq. (2.4). Only the direct contribution from yg fusion is
included. We have chosen the 002 parametrization (Ref. 23)
for q, Q'=s, and Nf =3 for Q'~50 GeV'; Nf =4 for 50
CxeV &Q ~500 CxeV'; and Nf =5 for Q') 500 CxeV'. For the
dotted, solid, and short-dashed curves we have used the form
(2.3) for f~~, with different expressions for E as indicated, while
for the long-dashed curve we have used f~~, as given by Brod-
sky, K.inoshita, and Terazawa (Ref. 19).

I

tributions to two-jet production as a function of pz-.
Since we want to use the parametrization of q~ as given
in Ref. 22 as one of our standard choices, we have to
choose AQCD 0.4 GeV. Here and in most of the remain-
ing plots we have used Q =pT, w'hich is known to
reproduce SOS two-jet data quite well. In this case going
from set 2 of Ref. 24 (DO2, solid curve) to the parame-
trizations of Ref. 25 (GHR, dotted curve) increases R
by only about 10% at small pT and even less at larger pT.
This is, however, somewhat accidental; had we chosen'
Q =s the two corresponding curves would differ by as
much as 35%%uo at small pT. The reason for this strong
dependence of even the ratio R on qp is that direct and
resolved contributions probe quite different regions of x,
especially for small values of pT. Since the parton distri-
butions inside the proton decrease rapidly with increasing
x whereas the photon spectrum (2.3) is comparatively
hard, the direct contributions are sensitive to qp all the
way down to x;„=4pT/s; on the other hand, the partons
inside the photon obviously have less energy than the
photon itself, which means that the resolved contribu-
tions probe larger values of x . Since the GHR parame-
trizations are valid only for x 0.01 their pred&ction for
the direct contributions are trustworthy only for
pT~ 10—15 GeV. For this reason we will from now on
adopt the DO2 parametrizations for qp as our standard
choice. In the analysis of real HERA data they should be
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FIG. 3. The ratio R of resolved to direct contributions to
two-jet production at HERA. We have used Q'=pT, Nf =4,
and E =sx~. The three'curves correspond to three difT'erent

combinations of parametrizations for the parton densities inside
the photon and proton, as indicated.
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replaced by parton densities measured at the same
machine. If one wants to analyze two-jet data down to
pT=5 GeV, q~ has to be measured down to x =10
The quark distributions inside the proton at x 10
can quite easily be measured at HERA via deep-inelastic
scattering; for not too high values of Q, G~(x~ ~ 10 )

can be measured either via the longitudinal structure
function or via the photoproduction of heavy flavors [see
Sec. IV (Ref. 27)].

The dashed curve in Fig. 3 is for our second standard
choice of parametrizations of q, which is a sum of the
"asymptotic" part as parametrized in Ref. 14 and a
vector-meson-dominance — (VMD —) inspired part (set I
of Ref. 28). This assumption is necessary for our choice
A&co=0.4 GeV since in this case the "asymptotic" part
alone cannot describe data on F2. It should be stressed,
however, that this ansatz is purely phenomenological
in particular, the VMD part is taken to be independent of
Q which certainly overestimates its importance at large
values of pT. Furthermore, since the VMD-inspired con-
tribution for Fz is well behaved, this ansatz does nothing
to cure the x&~D divergences of the "asymptotic" pre-
diction. Nevertheless, Fig. 3 tells us that a quantitative
measurement of q~ becomes more di%cult with increas-
ing pT, since there the direct contributions become more
important' and the differences in the predictions using
difFerent parametrizations of q~ are less pronounced.

The reason for this last effect is that G~ is much softer
than q;~; therefore, the contributions -q,~ become more
and more important with increasing pT. This is demon-
strated in Fig. 4(a) where we show the contributions of
several different Anal states in the resolved case, where we
have used the DG parametrization for q~. Note that the
qg final state receives contributions both from q;~ and
from G ~; however, for p T

~ 10 GeV less than 25% of
these events have a gluon out of the photon in the initial
state. (Of course, this fraction can be larger for different
choices for q~. ) Furthermore, since both parametriza-
tions of q agree with existing data on I'2 their quark dis-
tribution functions are quite similar, whereas the
differences in G~ are quite dramatic unless Q becomes
very large.

For comparison we show a similar plot for the direct
contributions in Fig. 4(b). We see that because of the
large gluon density in the proton, for pT ~30 GeV it is
dominated by photon-gluon fusion, leading to a qq final
state. Note that the corresponding subprocess cross sec-
tion' (just like that for yq ~gq) only diverges like t as
t ~0 and would thus be set to zero in the approximation
of Ref. 29, where only those processes are taken into ac-
count whose cross sections diverge as t as t ~0, and
which have facilitated the determination of —', G(x)
+gq (x) from two-jet data taken at the SPS pp collider.
We find that this approximation works reasonably well
for the resolved contributions, which it underestimates by
10—15%%uo. However, for reasons of consistency, and also
because (unlike in the case of pp collisions) this approxi-
mation would not help too much to extract q~ in our case
(see Sec. III), we keep the full subprocess cross section
everywhere.

From Figs. 3 and 4 we can draw the conclusion" that
it will be fairly easy to use two-jet production at HERA
to measure the quark content of the photon up to
Q =2000 GeV . However, the planned HERA detec-
tors will probably not be able to identify jets with pz
substantially below 10 GeV. It is therefore necessary to
use more differential cross sections if we want to measure
the gluon content of the photon via two-jet production.
This is the topic of the next section.

III. THE RAPIDITY DISTRIBUTION
OF HIGH-pz JETS

The rapidity distributions of high-pT jets have been
successfully used ' to determine parton densities inside
the proton in pp-collider experiments. In the present case

106

u 105

~ 104

103

== 102

101

100

I I 1 I

i

I I I I

)
I I I I

[
I I I 1

[
I I I 1

(
1 I I I

a)

10—1
10 P, O 30

pT [GeV]
40 50 60

I I I I

(

I I I I

(

I I I I

)

I I I I

(
I I 1 I

I

I I I I

b)

~~ 105

~ 104

~ 103
C4

102
~~
4 101
b

100

10 20 30
p, rG Vl

40 50 60

FICx. 4. Resolved (a) and direct (b) contributions to two-jet
production, where the different final states are shown separate-
ly. Note that q denotes either a quark or antiquark. We have
used the 002 and DG parametrizations (Ref. 22) for qp and q~,
respectively. The other parameters are as in Fig. 3.
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this distribution is given by

= Vz(x&, Q )x~z
pT yi yp
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(3.4)

where we have again allowed for nonzero (identical)
final-state parton masses m. The jet rapidities y& and y2
are measured in the laboratory frame, with y )0 corre-
sponding to the direction of the proton beam, and E, =30
GeV and E =820 GeV are the energies of the incoming
electrons and protons in this frame. The other quantities
in Eq. (3.1) are the same as in Eq. (2.1). Note that the
cross section (3.1) has to be multiplied with —,

' if y, =y2,
since in this case t =u so that the two final-state jets have
to be treated as identical particles.

In this section we mainly focus on the shape of the ra-
pidity distributions. We therefore normalize our curves
for difT'erent choices of parameters such that
d o (jj ) /dP T ~ io o,v =8830 Pb/GeV, which results if
one chooses Q =pT, Nf =4 flavors, E =x s, DO2 for qi'

and DG (Ref. 15) for q~, where both direct and resolved
contributions have been included.

In Fig. 5 we show the remaining sensitivity to various
choices of parameters except q~, for which we have used
the DC+ parametrization. The solid curve has been ob-
tained with parameters as listed above. For the long-
dashed curve we have used the same parameters except
that we have used the Brodsky-Kinoshita-Terazawa'
form for f~ ~

„multiplied with 0.97; obviously the
difterences are negligibly small. The difference between
the solid and short-dashed curves is that the latter has
been obtained using the GHR parametrization for q~,
multiplied with 1.01. Since these are somewhat harder
than DO2, it prefers larger rapidities. (Recall that posi-
tive y means the proton direction. ) The dotted curve
finally is again for DO2 pararnetrizations, but with
Q =s, multiplied with 1.4. Note that y, =y2 leads to the
smallest possible values of s, s =4pT, normalizing the to-
tal contribution at pT=10 GeV gives a bigger cross sec-
tion at yi =y2 for Q =s than for Q =pT since
o -a, —1/lnQ . The comparison between the dotted
and solid curves also shows that qi'(Q =4pT) is already
quite a bit softer than qi'(Q =pr ) so that the rapidity dis-
tribution has its maximum at smaller values ofy.

FIG. 5. Triple-di6'erential two-jet cross section at HERA for
pT=10 GeV as a function of y~ =y&, where we have used the
DG parametrization for q~ and Xf =4. The remaining parame-
ters for the solid curve are chosen as in. Fig. 4, whereas the dot-
ted curve is valid for Q =s. For the short-dashed curve we
have chosen the GHR parametrization (Ref. 25) for q~, while
for the long-dashed curve we have used the BKT form (Ref. 19)
for f~~, . The dotted, short-dashed, and long-dashed curves have
been multiplied with 1.4, 1.01, and 0.97, as described in the text.

One common property of all curves of Fig. 5 is that
they approach zero as y~y, „=ln[(1/ xT)(E~/E, )' ]
whereas they remain finite as y ~y;„=—In[(1/
xT)(E, /E )' ]. The first case corresponds to x ~1,
which obviously implies q~~0. In the second case one
has z;„=zx~~1; this implies q~~0, but since f~~,
remains finite in this limit, the direct process still contrib-
utes. From Figs. 6(a) and 6(b) we see that the direct con-
tribution is in fact maximal for y=y;„, which corre-
sponds to xz =xz,„=xT, due to the sharp spike of the
gluon and sea-quark distributions inside the proton at
small x .

These figures also show that the rapidity distribution of
the jets might help to disentangle the various resolved
contributions, and especially to measure G~. The quark
distributions inside the photon have a very hard corn-
ponent, which peaks around x =0.9 and consequently
allows x to be rather small [recall that in the given case
y, =yz, Eqs. (3.2) —(3.4) give x x~z=x7]; processes that
are initiated by a quark from the photon therefore make
sizable contributions already at small and even negative
rapidities. Since the q, also have a spike at x&~0, the
overall rapidity spectrum of these processes is rather Aat.
This is demonstrated by the curves for two quarks
(short-dashed curve) and one quark and one gluon (long-
short-dashed curve); already at p T

= 10 GeV, Fig. 6(a),
the overall resolved contribution to these final states
comes to 95%%uo (qq ) and 75% (qg ) from events which have
a quark from the photon in the initial state. On the other
hand, 6 is a steadily falling function of xz. The contri-
bution from the two-gluon final state (long-dashed
curves), more than 95%%uo of which are also initiated by
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two gluons, has therefore a pronounced maximum at
large rapidities.

Not surprisingly, the comparison between Figs. 6(a)
and 6(b) shows that processes which are initiated by par-
tons with a soft spectrum die out faster as pT increases;
the contributions proportional to G~ are quite a bit
smaller than those proportional to q;~ for all rapidities,
and the direct contributions become much more impor-
tant (also see Fig. 2), even at large rapidities. Under these
circumstances, a direct measurement of G~ would obvi-
ously be next to impossible.

In Fig. 7(a) we therefore compare the shape of the rapi-
dity distribution at pT = 10 GeV for several choices of q~.
The solid curve is for the DG pararrietrization and the
dashed curve for the sum of "asymptotic" and VMD pa-
rametrizations, multip1ied with 0.62 to give the same
do (jj)/dpT at pT= 10 GeV; for the dotted curve we have
again used the DG parametrization, but with G ~ =0 and
multiplied with 1.5. Obviously, the presence of gluons in-
side the photon has quite a dramatic efFect on the shape
of the rapidity distribution, shifting its maximum towards

larger rapidities. Since the sum DO+VMD has a much
larger G~ than DG, the corresponding curve shows a
much more pronounced maximum, even though the posi-
tion of the maximum is more or less the same.

For comparison we show the corresponding results for
pr =20 GeV in Fig. 7(b), where the dotted, solid, and
1ower dashed curves have been obtained with the same
normalization factors as at pT=10 GeV. In fact, the
difFerences between these three curves is now mostly due
to these factors; the differences in the shape of the curves
are smaller than in Fig. 7(a). This is demonstrated by the
upper-dashed curve which has been normalized to give
the same 1 o(ij)/dpT at pT=20 GeV as the DG parame-
trization for q~. We note again that our use of a Q-
independent VMD-type part in q~ overestimates the im-
portance of this contribution especially at high values of
Q, i.e., large pT.

We conclude from Fig. 7 that a measurement of the jet
rapidity distribution should not only reveal the presence
of a nonzero G~ but also allow for an at least semiqganti-
tative measurement of this gluon distribution function in-
side the photon. However, for a more precise determina-
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FIG. 6. Triple-diA'erential two-jet cross section at HERA as a
function of y, =y& for (a) pT=10 GeV and (b) p& =20 GeV.
The dotted curves show the direct contribution. The meaning
of the dashed curves, as well as the choice of parameters, is as in
Fig. 4(a).

FIG. 7. Comparison of the shape of the jet rapidity distribu-
tions for (a) pT=10 GeV and (b) pT=20 GeV. Note that the
dotted and dashed curves have been normalized, as discussed in
the text. The remaining parameters are as in Fig. 4.
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IV. BOl I'QM PRODUCTION AT HERA

In Ref. 15 we have shown that the contribution to total
charm and bottom production that comes from gluon-
gluon fusion is at least 3 to 4 times larger than the
quark-antiquark annihilation contribution, while the
direct-photon —gluon-fusion process is bigger by another
factor of 2 —4, depending on the parametrizations used
(see also Ref. 31). This shows that if we are able to
somehow separate direct from resolved contributions,
heavy-quark production will offer a good possibility to
measure G~ directly. In this paper we focus on bb pro-
duction since it seems to be significantly easier to tag on b
quarks than on c quarks. Another advantage of b quarks
is that the smaller electric charge leads to a relative
suppression of the direct contribution. Finally, since the
b quark is substantially heavier than the c quark its frag-
mentation function is expected to be harder, which
means that the differences between distributions for b
quarks, which we wil1 show, and the corresponding distri-
butions for b quark containing hadrons, which will be
measured, are rather small.

In Sec. III we have seen that at least for massless final-
state partons rapidity distributions offer a powerfu1 tool
to achieve this separation. In Fig. 8 we show
d rr(bb )/dpTdy, dy2 as a function of yz for three different
values of y„where we have used the 002 parametriza-
tion for q~, DQ+VMD for qr, Q =pT+mb with mb =5
GeV, and Nf =4 Savors; the relevant QCD subprocess
cross sections have been taken from Ref. 33. The dotted

$00 s
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s i a a

l

t s I I I I

l

I I l

tion one would have to get rid of those resolved contribu-
tions which are initiated by quarks from the photon,
since they dominate the resolved contributions for
pT 10 GeV. One possibility to achieve this goal is to
look at the production of heavy qq pairs with q =c or b.

curves show the contribution of direct photon-gluon
fusion, whereas the solid curves represent the sum of
direct and resolved contributions.

We first note that choosing one rapidity to be negative,

y, = —1, effectively removes all resolved contributions
even for the big G~ chosen for this figure. Note that this
restriction still allows us to probe G&(x ) for x between
2X10 and 1 by varying yz within its kinematically al-
lowed limits [see Eqs. (3.2) —(3.4)]. This should allow for
a quite accurate measurement of the gluon distribution
inside the proton at all necessary values of x, which has
to be done before G~ can be measured. On the other
hand, if we want to significantly suppress the direct con-
tributions we require both the b and the b quark to have
rather large, positive rapidities. From now on we will
therefore choose y &

=y2.
From Fig. 9 we see that a good measurement of G ~

will only be possible if b quarks with a transverse momen-
tum of less than 10 GeV can be reliably identified; other-
wise the cross section at the high rapidities necessary to
suppress the direct contributions will be too small to al-
low for the accumulation of a sufhciently large number of
events. (Note that the design luminosity at HERA is
1.6X10 ' cm sec ', which corresponds to roughly 100
events per year of running time for a cross section of 1

pb. ) It would be ideal if b quarks with a transverse
momentum as sma11 as 3 GeV could be detected, since
here both the cross section and the ratio of resolved-to-
direct contributions have their maximum.

In Fig. 10 we show the rapidity distribution of the b (or
b) quarks at pT = 5 GeV; direct, gg, and qq contributions
are shown separately, and we have used the DG parame-
trization for q~. Obviously, the direct contribution is a
serious background to the contribution from gg fusion
even at the largest accessible rapidities, at least for this
parametrization of the parton densities inside the photon.

In Fig. 11 we therefore again resort to comparing the
shape of the rapidity distribution for different parame-
trizations of q~. As expected, more gluon inside the pho-
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FIG. 8. Rapidity distributions of the b (or b) quark at pT=5
GeV. The dotted curves show only the direct contribution to bb
production, whereas the solid curves show the sum of direct and
resolved contributions. We have used the DO+ VMD and DQ2
parametrizations for q' and q~, respectively, Q =pr+mb,
mb = 5 CxeV, Nf =4, and E =sxp.
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80

FIG. 9. Transverse-momentum distribution of the b (or b)

quark for y, =yz =—y, where we have used the DG parametriza-
tion for q~. Notation and the other parameters are as in Fig. 8.
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ton leads to a Aatter distribution. As in the case of two-
jet production we conclude that the presence of gluons
inside the photon should be detectable, but that a good
measurement of G~ wi11 probably only be possible if the
background from direct photon-gluon fusion can be elim-
inated.
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V. THE SPECTATOR JET FROM THE PHOTON

One possibility to separate the direct from the resolved
contributions is to tag on the spectator jet from the pho-
ton, which is only produced if the photon is split into
quarks and gluons, i.e., in the resolved case (see Fig. 1).
Unfortunately, this jet goes into the direction of the elec-
tron beam and might therefore be missed by the planned
HERA detectors which focus on particles Hying in the
direction of the proton. However, our previous discus-
sion shows that it might be worthwhile to incorporate the
possibility to tag on the existence of this second spectator
jet, even if one will not be able to measure its energy ac-
curately.

The question of whether or not a given detector will
see this jet depends crucially on how broad it is, i.e., on
the average angle between particles in the jet and the
beam pipe. Unfortunately, we do not know of any experi-
mental information on the properties of spectator jets
that originate from photons. We can therefore only give
a crude estimate of the opening ang1e of the spectator jet.

In Fig. 12 we show the average energy of the spectator
jet in the laboratory frame for two-jet events; the parame-
ters are chosen as in Fig. 6(a). Since the bulk of the
reso1ved contribution comes from positive rapidities we
can conclude that the typical spectator jet energy is about
10 GeV, i.e., (z(1—x ) ) = —,. Assuming a multiplicity of
n=10 particles in the jet and an average intrinsic trans-
verse momentum of 3DO MeV we estimate the opening
angle 0,

20

b 10

0

FIG. 11. Comparison of the shape of the b- (b-) quark rapidi-

ty distribution at pT=5 GeV for various parametrizations for
q~; the dotted and dashed curves are normalized as discussed in
the text. The remaining parameters are the same as in Fig. 8.

which should make the jet easily detectable. Note that
the multiplicity, and thus 0, might very well be higher,
since presumably the properties of the spectator jet are
governed by its energy in the yp center-of-mass system,
which is the natural reference frame in our problem. In
this frame one finds (E,~„,„)=70 GeV, which might
imply a rather large multiplicity.

If our estimate (5.1) is realistic, one might even hope to
measure the energy of the spectator jet. From Fig. 12 we
see that this would help to separate events that have a
gluon from the photon in the initial state, since these
events tend to have a harder spectator jet; the reason is,
of course, that the gluon distribution inside the photon is
much softer than the quark distribution. Note, however,

n(p )T8=
( )

-15',
spec jet

(5.1)
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FIG. 10. Various contributions to the b- (b-) quark rapidity
distribution at pT=5 GeV. Parameters are the same as in Fig.
9.

FIG. 12. The average energy (in the laboratory frame) of the
photon spectator jet for HERA events with two high-pT jets for
p&=10 GeV. Predictions for events with different final states
are shown separately. Note that only resolved contributions are
included in the average. Parameters are the same as in Fig. 4.
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VI. SUMMARY AND CONCLUSIONS

In this paper we have studied the question whether the
forthcoming ep co11ider HERA can be used to measure
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FICx. 13. The average energy of the photon spectator jet for
the resolved contribution to bb production for p~ = S CxeV and
two different parametrizations of q~. The remaining parameters
are as in Fig. 8.

that a substantial part of the spectator jet energy might
be carried away by one or two leading particles, which
would most probably vanish in the beam pipe; in this case
even the difference of a factor 2 between the average
spectator jet energies of gg-initiated versus qq-initiated
events might be hard to measure. Note that the
difference between the qq and the qg results at large rapi-
dities is entirely due to the contribution to the qg final
state that has a gluon from the photon in the initial state;
even though this G ~q~ combination only contributes
about 25%%uo of the total resolved qg final-state cross sec-
tion at p&=10 GeV, it dominates at large rapidities,
which again reflects the large difference in the shape of
the quark and gluon distributions inside the photon.

In Fig. 12 we have chosen p~=10 GeV, but the three
dashed curves would look very similar at different values
of p&. Since the relative importance of events with a
quark from the photon in the initial state increases with

pr, see Fig. 4(a), the total average spectator jet energy
falls with increasing pz.

In the last section we have seen that the resolved con-
tribution to bb production is dominated for gg fusion.
From Fig. 12 we therefore expect the average spectator
jet energy for bb production to be larger than for two-jet
production. This is demonstrated in Fig. 13 where we
show the average spectator jet energy for both the DG
parametrization (solid) and for the DO+VMD parame-
trization (dashed). The diff'erence between these two
curves at very large rapidities is very interesting, since it
is a direct consequence of the sharp x ~0 spike of the
"asymptotic" part of q~. Unfortunately, the cross section
at these large rapidities is already rather small; see Fig.
10.

the hadronic structure and, especially, the gluon content
of the photon. This measurement is of some importance
since it might settle the ongoing debate about how to
compute q~(x~, Q ) within the framework of perturbative
QCD.

An obvious condition for the determination of the par-
ton densities inside the photon at HERA is a good
knowledge of the parton densities inside the proton, since
all relevant cross sections are proportional to the product
of these two quantities. Fortunately, the proton structure
can be measured independently at HERA. It should be
rather easy to measure the quark distribution functions at
all relevant x via deep-inelastic scattering; G can, e.g. ,
be measured via bb production if one requires the rapidi-
ty of one of the heavy quarks to be negative, which elimi-
nates almost all events where the photon is resolved into
quarks and gluons, as we have shown in Sec. IV (see Fig.
8).

The answer to the question how well q~, and especially
G~, can be measured at HERA once q~ is known depends
crucially on how well the spectator jet from the photon,
which characterizes the resolved contributions (see Fig.
1), can be measured.

In the most optimistic case this jet cannot only be
detected, but it is also possible to get a good idea of its
energy. In this case the spectator jet cannot only be used
to discriminate between direct and resolved contribu-
tions, but also to distinguish events that have a quark
from the photon in the initial state from those initiated
by a gluon from the photon, since in the latter case the
spectator jet is on the average twice as energetic, see Fig.
12. In this case G~ can be "directly" measured not only
in bb production, but also in ordinary two-jet production,
which allows for a direct consistency check of the whole
approach.

If the presence of the second spectator jet can be
detected, but its energy cannot be measured, a fairly
direct determination of G~ from bb production should
still be possible. A prerequisite for this is, of course, a
bottom trigger that is both reliable in discarding events
without b quarks and not too inefficient in detecting
events with b quarks; recall that the resolved contribution
to bb production is only a few pb per GeV and rapidity
unit, see Fig. 10. Using G~ as measured by this method
and the q;~ as measured in e+e collisions one can pre-
dict the two-jet rate; a comparison with the measured
rate provides a consistency check even in this less favor-
able case.

We feel that the second spectator jet should be detect-
able unless our estimate (5.1) of its opening angle is com-
pletely wrong. Since experimentally nothing is known
about the properties of this jet, this possibility can at
present not be excluded. Even in this case the presence of
a sizable gluon content inside the photon should lead to
visible effects in the shape of the rapidity distribution of
jets (Fig. 7) and b quarks (Fig. 11); here we assume that
hadronization and fragmentation effects do not grossly
change these distributions. This assumption seems to be
justified by the successful measurement of parton densi-
ties in pp collisions. However, in this least favorable
case a quantitative determination of G~ will only be pos-
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sible by means of an overall fit to the data.
In summary, we think that HERA experiments have a

good chance to measure the gluon content of the photon
and thus to settle the ongoing dispute on how to compute
the photon structure function, if the spectator jet from
the photon can be seen. Since this measurement is of in-
terest not only for particle physicists but might also allow
us to understand the structure of air showers that are ini-
tiated by very energetic photons we feel that trying to
see this spectator jet is well worth the eA'ort.
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