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Inclusive hadron production in photon-photon collisions at next-to-leading order
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We study inclusive charged-hadron production in collisions of quasireal photons at next-to-leading order
~NLO! in the QCD-improved parton model, using fragmentation functions recently extracted from PEP and
LEP1 data ofe1e2 annihilation. We consistently superimpose the direct~DD!, single-resolved~DR!, and
double-resolved~RR! gg channels. We consider photon spectra generated by electromagnetic bremsstrahlung
and/or beamstrahlung off collidinge1 ande2 beams as well as those which result from backscattering of laser
light off such beams. First, we reconsider existing single-tag data taken by TASSO at PETRA and by MARK
II at PEP ~with e1e2 energyAs'30 GeV! and confront them with our NLO calculations imposing the
respective experimental cuts. We also make comparisons with the neutral-kaon to charged-hadron ratio mea
sured by MARK II. Then, we present NLO predictions for LEP2, a next-generatione1e2 linear collider~NLC!
in the TESLA design withAs5500 GeV, and a Compton collider obtained by converting a 500-GeV NLC. We
analyze transverse-momentum and rapidity spectra with regard to the scale dependence, the interplay of th
DD, DR, and RR components, the sensitivity to the gluon density inside the resolved photon, and the influence
of gluon fragmentation. It turns out that the inclusive measurement of small-pT hadrons at a Compton collider
would greatly constrain the gluon density of the photon and the gluon fragmentation function.@S0556-
2821~96!01711-0#

PACS number~s!: 13.65.1i, 13.60.Hb, 13.60.Le, 13.87.Fh
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I. INTRODUCTION

The inclusive production of single hadrons in fixed-targ
and colliding-beam experiments has been one of the m
important testing grounds for the QCD-improved parto
model. In contrast to the collective observation of jets
hadrons, the detection of single mesons and baryons a
allows one to study fragmentation, i.e., the mechanism
how partons~quarks, gluons, and photons! turn into hadronic
matter. In the framework of the QCD-improved parto
model, the cross section of inclusive single-hadron produ
tion is described as a convolution of the parton-parton sc
tering cross sections with the parton density functio
~PDF’s! of the initial-state particles and the fragmentatio
functions~FF’s!, which characterize the transition of the pa
tons that come out of the hard scattering to the hadrons
finally hit the detector. The factorization theorem@1# ensures
that the PDF’s and FF’s are universal and that only the p
tonic cross sections change when different processes are
sidered. While the partonic cross sections may be pertur
tively calculated from the QCD Lagrangian, this is not y
possible for the PDF’s and the FF’s of hadrons with mass
smaller than or comparable to the asymptotic scale param
L, and one has to determine them by fitting experimen
data. The PDF’s of protons and photons, which are neede
describe, e.g.,pp̄, ep, andgg reactions, are already highly
constrained by measurements of deep inelasticep and eg
processes.

The most direct way to obtain information on the FF’s o
hadrons is to analyze their energy spectrum measured
e1e2 annihilation, where the theoretical predictions are n
obscured by additional nonperturbative input, e.g., in t
form of PDF’s for the incoming particles. After the extrac
tion of leading-order~LO! FF’s for pions and kaons from
5321/96/53~11!/6110~10!/$10.00
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low-energy data ofe1e2 annihilation and muon-nucleon
deep inelastic scattering in the late 1970s and early 1980
@2#, there had long been no progress in this field. Some tim
ago, new next-to-leading-order~NLO! FF sets for charged
and neutral pions and kaons as well as forh mesons were
fitted to e1e2 data generated with well-established Monte
Carlo ~MC! programs, which are fine-tuned so as to describ
well a broad selection of experimental data@3#. An alterna-
tive approach is to directly fit to experimental data. We took
this avenue for charged pions and kaons@4,5# and neutral
kaons@6# by analyzing SLAC PEP and recent CERN LEP1
data. The assumption that thes, c, and b (d, c, and b)
quarks fragment into charged pions~kaons! in the same way,
which we had to make in Ref.@4#, could be discarded in Ref.
@5#, thanks to the advent of accurate data from the ALEPH
Collaboration at LEP1@7#, in which the fragmentation of
gluons,b quarks, and light flavors into charged hadrons wa
distinguished. In the meantime, these data have becom
available in published form@8#, where the fragmentation of
quarks into charged hadrons is also reported for an enriche
c-quark sample. This latter information was not at our dis
posal at the time of our analysis@5#. However, we verified
that ourc-quark FF’s for charged hadrons are approximately
in agreement with this new measurement. In order to prob
the scaling violation predicted by the Altarelli-Parisi equa-
tions @9#, we made comparisons with othere1e2 data col-
lected at different center-of-mass~c.m.! energies. To test the
validity of the factorization theorem for fragmentation, we
also confronted measurements of inclusive single-hadro
production by the H1@10# and ZEUS@11# Collaborations at
the DESYep collider HERA and by the UA1 Collaboration
@12# at the CERNSpp̄S collider with the corresponding
theoretical predictions based on our FF’s@5,6,13#.1 In all
cases, we found good agreement. Existing data on inclusiv
6110 © 1996 The American Physical Society
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53 6111INCLUSIVE HADRON PRODUCTION IN PHOTON-PHOTON . . .
single-hadron production in collisions of quasireal photo
offer yet another opportunity to quantitatively check the fa
torization theorem, which we wish to seize in the following

The purpose of this work is to use our new FF’s fo
charged pions and kaons@5# to make predictions for inclu-
sive single-charged-particle production ingg collisions,
which can soon be confronted with the first experimen
data from LEP2. With the exception of inclusivep0 produc-
tion @14#, there exist no NLO predictions for inclusive par
ticle production at LEP2 in the literature. We also consid
gg physics at a next-generatione1e2 linear collider~NLC!
with c.m. energyAs5500 GeV. Furthermore, we compar
our NLO analysis withgg data at low c.m. energies mea
sured some time ago with the TASSO detector at DES
PETRA @15# and with the MARK II detector at SLAC PEP
@16#. These data are at rather lowpT , where our NLO for-
malism is not expected to yield reliable results, so that
meaningful test of our FF’s may not be possible.

As is well known, three mechanisms contribute to th
production of quarks and gluons ingg collisions: ~i! In the
production through direct photons~DD!, the two photons
directly couple to the quark lines in the hard-scattering a
plitudes. At least to LO, no spectator particles travel alo
the photon axes.~ii ! If one of the photons splits into a flux of
quarks~and gluons!, one of these quarks may directly inter
act with the second photon. The remaining quarks~and glu-
ons! build up a spectator jet in the direction of the spl
photon@single-resolved~DR! g contribution#. Thegg cross
section of this mechanism depends on the PDF’s of the p
ton. ~iii ! If both photons split into quarks and gluons@double-
resolved ~RR! g contribution#, two spectator jets appear
Since the PDF’s of the photon take large values—at sm
x through the gluon part and at largex through the so-called
pointlike quark part—the DR and RR contributions are n
merically of the same order as the DD one. We perform
consistent NLO analysis, i.e., we include the DD, DR, an
RR hard-scattering cross sections, the photon PDF’s, and
FF’s at NLO.

The outline of this work is as follows. In Sec. II, we
briefly describe the formalism which we use to calculate t
DD, DR, and RR contributions up to NLO. Section III con
tains our numerical results for PETRA, PEP, LEP2, a
NLC energies. Here, we also compare with the TASSO a
MARK II data. Our conclusions are summarized in Sec. IV

II. FORMALISM

When we speak ofgg collisions with almost real photons
we have in mind thee1e2-collision process where the pos
itrons and electrons act as sources of nearly massless, co
ear photons, which collide with each other to produce a d
bris of hadrons in the final state. The energy spectrum for
produced photons is well described by the equivalent-pho
approximation ~EPA!. In this approximation, the
longitudinal- and transverse-momentum components
couple. The transverse momentum is integrated out with c
tain constraints, specified by the experimental situation. T

1The NLO results shown in Ref.@12# were taken from Ref.@13#,
where the FF’s of Ref.@4# were employed.
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resulting spectra for the photons emitted from the positro
and electrons are thus functions of the longitudina
momentum fractions,x1 and x2 , respectively. These distri-
butions depend on the experimental setup. In our analys
we consider past and future experiments at the colliders P
TRA, PEP, LEP2, and NLC~TESLA design or laser spec-
trum!. The respective forms of the EPA will be specifie
later when we present our numerical results.

Our notation is as follows. We consider the reaction

e1~p1!1e2~p2!→e1~p18!1e2~p28!1h~ph!1X, ~1!

where h is the observed hadron andX includes all unob-
served hadrons. The four momentum assignments are in
cated in the parentheses. In the EPA, the inclusive cross s
tion of process~1! is related to that of the corresponding
gg reaction,

g1~p1
g!1g2~p2

g!→h~ph!1X, ~2!

through

Eh

d3s~e1e2→e1e2h1X!

d3ph

5E
x1
min

1

dx1E
x2
min

1

dx2Fg1 /e
1~x1!Fg2 /e

2~x2!

3Eh

d3s~g1g2→h1X!

d3ph
, ~3!

where xi5Ei
g/Ei ( i51,2) and Fg i /e

6(xi) stand for the
photon-spectrum functions to be specified later on. T
lower bounds of integration,x1,2

min , are fixed by kinematics in
terms of the transverse momentumpT and c.m. rapidityy of
h. In the applications to follow, the actuale1 ande2 accep-
tances must be incorporated in the integration ranges ofx1
andx2 , respectively.

In the QCD-improved parton model, the cross section
reaction ~2! is expressed as a convolution of the parton
parton scattering cross sections, where one or both of
incoming partons may be photons, with the scale-depend
PDF’s and FF’s,

Eh

d3s~g1g2→h1X!

d3ph

5E dxh
xh
2 (

c
Dh/c~xh ,Mh

2!Fpc0d3s~g1g2→c1X!

d3pc

1(
a
E dxaFa/g~xa ,Mg

2!pc
0d

3s~ag2→c1X!

d3pc

1(
b
E dxbFb/g~xb ,Mg

2!pc
0d

3s~g1b→c1X!

d3pc

1(
a,b

E dxaFa/g~xa ,Mg
2!E dxbFb/g~xb ,Mg

2!

3pc
0d

3s~ab→c1X!

d3pc
G . ~4!
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Here, the parton indicesa,b,c run over the gluon andNF

flavors of quarks and antiquarks,ka5xap1
g , kb5xbp2

g , and
kc5ph /xh are the parton momenta,Fa/g(xa ,Mg

2) is the PDF
of partona inside the photon, andDh/c(xh ,Mh

2) is the FF of
parton c into hadronh. The factorization scales,Mg and
Mh , will be specified later on. The first term on the righ
hand side of Eq.~4! is the direct-photon contribution~DD!,
the second and third ones are the once-resolved contribut
~DR!, and the fourth one is the twice-resolved contributio
~RR!. In LO, the DD contribution is ofO(a2), wherea is
the electromagnetic coupling constant, i.e., it is of the sa
order as the the respective hard-scattering cross sections.
LO hard-scattering cross sections in the DR and RR com
nents are ofO(aaS) andO(aS

2), respectively, so that, at first
sight, the LO DR and RR contributions might be consider
to be of higher orders in the strong coupling constant,aS .
However, they are formally and numerically of the sam
order as the LO direct part, since the quark PDF’s of t
photon are enhanced by the factora/aS and the gluon PDF
is enhanced at smallx @17#. In fact, the factora/aS from the
photon PDF’s properly adjusts the orders of the DR and R
contributions.

It is convenient to define PDF’s for finding a particula
partona, with momentum fractionx, inside the positron or
electron,Fa/e6(x,M2). In the EPA, this function is given by
the convolution of the respective photon PDF,Fa/g(x,M

2),
with the photon-spectrum function,Fg/e6(x), introduced in
Eq. ~3!, viz.,

Fa/e6~x,M2!5E
x

1dy

y
Fa/gS xy ,M2DFg/e6~y!. ~5!

If the photon directly participates in the hard scattering, t
photon PDF in Eq.~5! must be replaced by the delta functio
d(12x/y). Using definition~5!, we can combine Eqs.~3!
and~4! in one formula. The inclusive cross section to NLO
then written as

Eh

d3s~e1e2→e1e2h1X!

d3ph

5 (
a,b,c

E dx1dx2
dxh
xh
2 Fa/e6~x1 ,Mg

2!Fb/e6~x2 ,Mg
2!

3Dh/c~xh ,Mh
2!
1

ps
F1
v

dskakb→kc
0

dv
~s,v;m2!d~12w!

1
aS~m2!

2p
Kkakb→kc

~s,v,w;m2,Mg
2 ,Mh

2!G , ~6!

where it is understood that the QCD-corrected har
scattering cross sections in the DD, RR, and two DR cha
nels are properly multiplied with the respectivee1 ande2

PDF’s and summed over. As usual,v511t/s and
w52u/(s1t), where s5(ka1kb)

2, t5(ka2kc)
2, and

u5(kb2kc)
2 are the Mandelstam variables at the parto

level. They are related to the external Mandelstam variabl
S5(p11p2)

2, T5(p12p2)
2, and U5(p22ph)

2, by
s5x1x2S, t5x1T/xh , and u5x2U/xh . The functions
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Kkakb→kc
(s,v,w;m2,Mg

2 ,Mh
2) contain the NLO corrections

to the hard-scattering cross sections, andm is the QCD
renormalization scale.

The Kkakb→kc
functions for the DD channel have been

derived by Aurencheet al. @18# and have recently been con-
firmed by Gordon@14#. The DR Kkakb→kc

functions have

been calculated in Ref.@19# and reevaluated in Ref.@14#,
where explicit expressions may be found. The RRKkakb→kc

functions have been obtained in Ref.@20#. They have re-
cently been applied to predict single-charged-particle pr
duction in low-Q2 ep scattering@21#. Direct and resolved
photoproduction inep scattering correspond to the DR an
RR components ingg scattering, and we may convert ou
previous analysis by replacing the proton PDF’s with th
photon PDF’s. For the evaluation of the DD contribution, w
employ a computer code created by Gordon in connecti
with Ref. @14#.

For consistency, one needs both the photon PDF’s a
FF’s in NLO. As photon PDF’s we use the NLO set b
Glück, Reya, and Vogt~GRV! @22#, which we translate into

the MS̄ factorization scheme. In their analysis, theMg
2 evo-

lution starts at a rather low value,M0
250.3 GeV2. Therefore

this set is also applicable at rather smallpT . However, one
should keep in mind that the predictions may not be reliab
in the small-pT region becauseaS is large and nonperturba-
tive effects may dominate. As FF’s for charged particles, i.e
the sum of charged pions and kaons, we employ our recen
constructed NLO set@5#, which has been extracted in the

MS̄ factorization scheme. This scheme has also been e
ployed for the derivation of the NLO kernelsKkakb→kc

.

In the calculation of theKkakb→kc
functions pertinent to

the DD and DR channels, one encounters collinear singula
ties associated with the splitting of the incoming photons in
qq̄ pairs. These initial-state singularities are absorbed in
the bare PDF’s appearing in the resolved-photon contrib
tions, i.e., the DR and RR components, which renders the
functionsMg dependent. A similarMg dependence, but with
opposite sign, shows up in theKkakb→kc

functions of the DD

and DR processes. In this way, the DD, DR, and RR pr
cesses become interrelated. The DR~RR! part is actually a
NLO contribution to the DD~DR! part that cannot be treated
fully perturbatively anymore. This nonperturbative part i
then described by the photon PDF’s. Up to higher-ord
terms in the photon PDF’s, theM g dependence cancels in the
combination of the DD and DR contributions on one han
and the DR and RR contributions on the other hand. It
clear that the classification into DD, DR, and RR contribu
tions becomes ambiguous if NLO corrections are include
NLO terms that have been attributed to the DD~DR! contri-
bution may be shifted to the DR~RR! part. The cancellation
of the dependences onMg and the choice of factorization
scheme associated with the incoming-photon leg in the s
perposition of direct and resolved photoproduction inep
scattering have been demonstrated in Ref.@21#. We expect
that this cancellation also works for thegg process~2!. The
formal aspects of such cancellations ingg reactions have
been investigated by Gordon@14#.
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III. NUMERICAL RESULTS

We are now in a position to present our numerical resu
for the cross section of inclusive charged-particle producti
in gg collisions at NLO. Our plan is as follows. First, we
consider existing data taken at low energies by TASSO@15#
and MARK II @16# and confront them with the correspondin
NLO calculations. Then, we make predictions for LEP2 an
NLC, superimposing the energy spectra of the usual E
bremsstrahlung off the incoming positrons and electrons a
of beamstrahlung according to the TESLA design to be d
cussed later. As a further application, we considergg colli-
sions with photon spectra as they result from Compton ba
scattering of laser light off thee1 ande2 beams of the NLC.
If this method works, it will be possible to generate high
luminosity beams of real photons carrying approximate
80% of thee1 (e2) energy~see Ref.@23# for the impact of
various NLC collider options!.

We work in the MS̄ renormalization and factorization
scheme withNF55 active quark flavours andLMS

(5)
5 131

MeV, except for our TASSO and MARK II analyses, wher
we useNF54 andLMS

(4)
5 200 MeV. We identify the various

scales and setm5Mg5Mh5jpT , wherej is a dimension-
less scale factor. Unless stated otherwise, we putj51 and
employ the NLO set of the GRV photon PDF’s@22# in the
MS̄ scheme. We take the NLO FF’s for charged pions a
kaons from our recent work@5#. We sum over charged
charged pions and kaons. Charged-baryon production
likely to be negligible; ine1e2 annihilation, some 10% of
the charged tracks are due to protons and antiprotons@5#, and
one expects their fraction to be even smaller ingg processes.
In our MARK II analysis, we calculate the ratio of theKS

0

and charged-hadron cross sections. For this purpose, we
ploy theKS

0 FF’s from our very recent work@6#.
In the following three subsections, the results are orde

according to the various energy regions relevant for PETR
PEP, LEP2, and NLC.

A. Results for PETRA/PEP energies

Before presenting our predictions at high energies~LEP2
and NLC!, where we expect to see experimental data at la
pT in the near future, at least from LEP2, we wish to inve
tigate how well the QCD-improved parton model can expla
existing data at lower energies. Unfortunately, there are o
few data for the inclusive cross section with information o
the absolute normalization. Such data come from TASSO
PETRA @15# and MARK II at PEP@16#. In the TASSO ex-
periment, the effective c.m. energy wasAs533.1 GeV,
which is the average for runs with beam energies betwe
13.7 and 18.3 GeV@24#. The tagging requirements for the
positrons and electrons were such that one of the two lept
~positron or electron! was tagged in the forward detector
which covered a narrow angular region betweenumin524
mrad andumax560 mrad relative to the beam direction, if i
carried an energy of at least 4 GeV, whereas the other lep
~electron or positron! remained untagged@15#. In our theo-
retical evaluation, we take these tagging conditions into a
count by calculating the energy spectrum of the photo
from the tagged leptons by means of the formula
lts
on

g
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PA
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,

t
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c-
ns

Fg/e~x!5
a

2p F11~12x!2

x
ln
Qmax
2

Qmin
2 12me

2xS 1

Qmax
2 2

1

Qmin
2 D G ,

~7!

whereme is the electron mass,Qmin
2 5(12x)E2u min

2 , and
similarly for Qmax

2 (E5As/2 is the beam energy!. The tag-
energy condition leads to a photon-energy cutoff a
xmax50.76. The no-tag photon spectrum is calculated from
the well-known formula by Brodskyet al. @25#, written in a
convenient form in Ref.@26#. Furthermore, we include an
overall factor of 2 to account for the fact that both the posi
tron and the electron can trigger the forward detector. Th
averageQ2 of the tagged photon waŝQ2&50.35 GeV2

@15#. In our evaluation, we takeQ250 in the hard-scattering
cross sections and photon PDF’s. This is justified sinc
^Q2&!pT

2 for pT*2 GeV, which we are primarily interested
in. A further experimental constraint in the TASSO experi-
ment wasucosuu,0.84, whereu is the angle of charged
tracks with respect to the beam axis@15#. This restricts the
y range over which we integrate the doubly differential cros
sectiond2s/dy dpT

2 to beuyu,1.22. Taking these kinemati-
cal constraints into account, we calculateds/dpT

2 for
charged particles.

The result is shown in Fig. 1 as a function ofpT for the
three different scale choicesj51/2, 1, and 2 and compared
with the TASSO data. As we can see, the experimental cro
section is systematically larger than the theoretical one. I
particular at largerpT , where our approach is supposed to be
valid, the measurement greatly exceeds our prediction, eve
for j51/2. At small pT , we do expect that the data will
overshoot our theoretical result, since in this region soft in

FIG. 1. Cross sectionds/dpT
2 of inclusive charged-hadron pro-

duction in single-taggedgg collisions. The TASSO data@15#
(As533.1 GeV on average! are compared with our corresponding
NLO calculations for scale choicesj51/2, 1, and 2.
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teractions give rise to additional particle production, whic
has not been subtracted from the data. This contribution
supposed to be significant forpT&1.5 GeV and is usually
described as in hadronic reactions induced by the vec
dominance-mechanism~VDM ! component of the photon.
We have no explanation for the disagreement with the d
in the upperpT range. A serious background for the produ
tion of high-pT events from one-photon annihilation event
where either of the incoming positron or electron radiates
hard photon, was thoroughly investigated by the TASS
Collaboration@15# and was subtracted from the data show
in Fig. 1. It is interesting to study the relative importance
the DD, DR, and RR contributions. AtpT&1 GeV, the RR
component is dominant, whereas for largerpT the bulk of the
cross section comes from the DD channel. AtpT5(2, 3, 4!
GeV, the DD component amounts to~51, 69, 75!%, respec-
tively. This shows that, at thesepT values, the use of differ-
ent photon PDF’s would not change the cross section in a
appreciable way and that the disagreement with the data
due to the DD component.

Single-tag measurements similar to those by TASSO w
performed with the MARK II detector at PEP@16# operating
with As529 GeV. The virtualities of the photons emitte
from the tagged lepton were required to lie betwe
Qmin
2 50.075 GeV2 andQmax

2 51 GeV2 and had the average
value ^Q2&50.5 GeV2 @16#. The x range of these photons
and they range of the produced hadrons were only co
strained by kinematics@16#. The MARK II data are con-
fronted with our theoretical predictions forj51/2, 1, and 2
in Fig. 2. The theoretical curves are multiplied by an overa
factor of 1.2, to account forpT smearing and resolution ef-
fects not corrected for in the experimental data@27#. We

FIG. 2. Cross sectionds/dpT of inclusive charged-hadron pro-
duction in single-taggedgg collisions. The MARK II data@16#
(As529 GeV! are compared with our corresponding NLO calcula
tions for scale choicesj51/2, 1, and 2.
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observe that the agreement between theory and experimen
considerably better than in the case of the TASSO data.
rather lowpT , where theory is not expected to be reliable
because of the importance of the soft hadronic compone
which was not subtracted in the data, there is almost perfe
agreement, while the theoretical curves undershoot the d
at largepT . The dent atpT'3 GeV in the curve forj51 is
due to the onset ofc-quark fragmentation@5#. The disagree-
ment between the MARK II charged-particle cross sectio
and the theoretical predictions at largerpT has previously
been noticed by Aurencheet al. @28# and by Gordon@14#.
However, these authors used older FF’s, partly in LO@28#.
Our results, which are based on FF’s that are rigorously co
strained by recente1e2 data@5#, suggest that this disagree-
ment does not originate from the FF’s. It also appears that,
largepT , our results exceed those of Refs.@14,28#.

The MARK II Collaboration also measured the cross sec
tion of inclusiveKS

0 production under kinematic constraints
identical to those used for their charged-hadron sample@16#.
Using our recently constructed set ofKS

0 FF’s @6#, we calcu-
late the ratio ofKS

0 to charged-hadron production as a func
tion of pT . The results are compared with the MARK II data
in Fig. 3, showing satisfactory agreement forpT*1 GeV.
The step in the theoretical curve atpT'3 GeV comes about
because thec-quark threshold affects charged-hadron an
KS
0 production somewhat differently.

B. Results for LEP2

Unfortunately, there are no LEP1 data available whic
could be directly compared with our theoretical results. Th
ALEPH @29# and DELPHI @30# Collaborations reported on

-

FIG. 3. The ratio of inclusiveKS
0 production to inclusive

charged-hadron production as measured by MARK II@16# is com-
pared with our NLO calculation for scale choicej51. The rise near
pT53 GeV is related to thec-quark threshold.
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inclusive measurements of charged tracks, extending up
pT'4 GeV. However, these are not absolutely normalize
and the EPA constraints, which are indispensable for ab
lute predictions, are not specified.

It is hoped that better data, which extend to even larg
pT , will become available very soon from LEP2. For ou
predictions, we assumeAs5175 GeV and describe the
quasireal-photon spectrum in the EPA by the formula@31#

Fg/e~x!5
a

2p H 11~12x!2

x
ln
E2umax

2 ~12x!21me
2x2

me
2x2

12~12x!F me
2x

E2umax
2 ~12x!21me

2x2
2
1

xG J . ~8!

We varyx5Eg /Ee over the full range allowed by kinemat-
ics and put the antitagging angle toumax530 mrad.

In Fig. 4, we show the DD, DR, and RR contributions t
the cross sectionds/dpT of inclusive charged-hadron pro-
duction and their sum as a function ofpT . As in the case of
MARK II, ds/dpT is obtained fromd2s/dy dpT by inte-
grating over the fully range. ForpT*5 GeV, the cross sec-
tion is dominated by the DD component, which is then bi
ger than the sum of the DR and RR contributions. In gener
the DR and RR components yield only a small fraction of th
total sum, except for very smallpT (pT&3 GeV!, where the
RR part dominates. They spectrum forpT510 GeV is plot-
ted in Fig. 5, where the DD, DR, and RR contributions a
again displayed along with their sum. Due to the symmet
experimental setup, the curves are symmetric iny. For
pT510 GeV, the DD contribution dominates for all values o
y. It is of interest to know whether the resolved contribution
can be used to obtain information about the gluon PDF of t

FIG. 4. NLO cross sectionds/dpT of inclusive charged-hadron
production in double-taggedgg collisions at LEP2 (As5175
GeV!. The DD, DR, and RR components are also shown.
to
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photon. Since for largepT the DR and RR contributions are
small, this should be feasible only for smallpT . To investi-
gate this point, we repeat the computation ofds/dpT putting
Fg/g(x)50 and plot the ratio of the outcome to the full result
in Fig. 6 ~dashed line!. We observe that this ratio is below

FIG. 5. Same as in Fig. 4 for they dependence of
d2s/dy dpT at pT510 GeV.

FIG. 6. Influence of the gluon PDF of the photon, the gluon FF
and the charged-kaon final states on thej51 result of Fig. 4.
Shown are the fractions that remain if the gluon is switched off in
the photon PDF’s~dashed line! or in the FF’s~dot-dashed line! as
well as the fraction due to charged-kaon production~solid line!.
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80% only if pT&5 GeV. This means that this cross section
not a very powerful discriminator to disentangle the gluo
PDF of the photon. Almost the same pattern is observed
the gluon FF is switched off~dot-dashed line!. The cross
sectionds/dpT is sensitive toDh6/g(x) only for smallpT .
This may be understood by observing that the gluon FF fa
off much more rapidly with increasingx than the quark FF’s.
In Fig. 6, we also show the fraction ofds/dpT originating
from the fragmentation intoK6. It is rather large, ranging
between 34% and 40% forpT between 5 and 30 GeV.

It is generally believed that the scale dependence o
parton-model calculation to a given order indicates the s
of unknown higher-order corrections and thus may be us
to estimate the theoretical uncertainty of the prediction. Th
leads us to study in Fig. 7 thej dependence ofds/dpT and
its DD, DR, and RR parts forpT510 GeV. This scale de-
pendence is determined mostly by the DD component, wh
dominates the cross section atpT510 GeV. In the range
1/2,j,2, the total sum varies by68% relative to its value
at j51. The discontinuity atj50.95 stems from the
b-quark threshold.

C. Results for NLC

Next, we consider the predictions for the NLC wit
As5500 GeV and TESLA design. At the NLC, photons ar
produced not only by bremsstrahlung, but also via synch
tron radiation emitted by one of the colliding bunches in th
field of the opposing bunch@32#. This phenomenon has bee
termed beamstrahlung. The details of the beamstrahlu
spectrum depend crucially on the design and operation m
of the NLC. In our study, we select the TESLA design
where the unwanted effects of beamstrahlung are reduce
a tolerable level. We coherently superimpose the EPA a
beamstrahlung spectra. The EPA spectrum is computed fr

FIG. 7. j dependence of the results shown in Fig. 4 atpT510
GeV, in the interval 0.3,j,4.
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Eq. ~8! with umax5175 mrad and the beamstrahlung spec
trum from the expression given in Ref.@32#, with parameters
Yeff50.039 ands250.5 mm@33#. This combined spectrum
has recently been used also in a study of heavy-quark p
duction ingg collisions@34#. ThepT distribution, integrated
over the fully range, is shown in Fig. 8 together with its DD,
DR, and RR components. Apart from an overall enhanc
ment due to the increased EPA logarithm and the addition
beamstrahlung-induced contribution, thepT spectrum looks
very similar to the LEP2 case in Fig. 4. The correspondin
y spectra forpT510 GeV are shown in Fig. 9. Due to the
admixture of beamstrahlung, their shapes differ somewh
from those of the pure EPA case in Fig. 5.

The highest possible photon energies with large enou
luminosity may be achieved by converting the NLC into a
gg collider via backscattering of high-energetic laser ligh
off the e1 and e2 beams@35#. The resulting photon spec-
trum is given by@35#

Fg~x!5
1

G~k! F12x1
1

12x
2

4x

k~12x!
1

4x2

k2~12x!2G ,
~9!

where

G~k!5S 12
4

k
2

8

k2D ln~11k!1
1

2
1
8

k
2

1

2~11k!2
.

~10!

This spectrum extends up toxmax5k/(11k). In our calcu-
lation we chosek54.83, so thatxmax50.83. If the experi-
mental setup was arranged so thatk.4.83, e1e2 pairs
would be produced in the collisions of the primary lase
photons and the high-energetic backscattered photons.

FIG. 8. Same as in Fig. 4 for the NLC with TESLA design
(As5500 GeV!.
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Fig. 10, we present the DD, DR, and RR contributions to
pT spectrumds/dpT together with their sum. Compared t
the previous cases, the relative magnitudes of the DD, D
and RR components have completely changed. At sm
pT , at about 5 GeV say, the RR component is by far t
largest, whereas the DD component is negligible. At lar
pT , around 20 GeV, the relation is quite different; the D

FIG. 9. Same as in Fig. 5 for the NLC with TESLA desig
(As5500 GeV!.

FIG. 10. Same as in Fig. 4 for the NLC in the Compto
backscattering mode (As5500 GeV!.
the
o
R,
all
he
ge
D,

DR, and RR contributions all have the same order of magn
tude. A similar situation was encountered in the analogo
study of heavy-quark production@34#. Consequently, in the
lower pT range, the cross sectionds/dpT of inclusive par-
ticle production with a Compton collider will serve as a pow
erful tool to extract information on the photon PDF’s. The
correspondingy spectra forpT510 GeV are plotted in Fig.
11. As far as the relative importance of the various compo
nents is concerned, we recognize a pattern similar to Fig. 1
which refers to the integrated rapidity spectrum, atpT510
GeV. On the other hand, they spectra are quite different in
shape and relative magnitude from those found in th
TESLA case. This may be understood by observing that t
laser-photon spectrum is peaked at the upper edge. The
component is now dominant and rather flat; the DR comp
nent is somewhat smaller and exhibits a characteristic tw
hump structure with a significant depletion in the centra
region; the DD component is greatly suppressed, but exhib
a shape similar to the TESLA case. As a consequence, th
is a pronounced plateau in they spectrum of the total sum.
Inspired by the observations made in Fig. 10, we quantit
tively study in Fig. 12 the influence of the gluon PDF of the
photon. The dashed line represents the ratio ofds/dpT with
the gluon PDF switched off to the full result as a function o
pT . We see that, atpT5(5, 15, 25! GeV, ~75, 42, 23!% of
the cross section stems from the gluon PDF. The NLO ph
ton PDF set by Gordon and Storrow~GS! @36# differs from
the GRV set@22# mainly in the gluon PDF. The ratio of
ds/dpT evaluated with the GS set to the GRV result is vi
sualized in Fig. 12 by the solid line, which is a smooth in
terpolation. Obviously, the GS and GRV predictions appre
ciably differ at smallpT , by up to a factor of 2. Thus the
NLC operated as agg collider would provide an excellent
laboratory to pin down the poorly known gluon PDF of the
photon. In Fig. 12, we also assess the sensitivity of such

n

n-

FIG. 11. Same as in Fig. 5 for the NLC in the Compton
backscattering mode (As5500 GeV!.
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6118 53J. BINNEWIES, B. A. KNIEHL, AND G. KRAMER
experiment to the gluon FF by showing the fraction o
ds/dpT due to the quark FF’s~dot-dashed line!. At
pT5(5, 15, 25! GeV, ~45, 21, 13!% of the cross section is
related to gluon fragmentation. Consequently, thegg NLC
would also allow one to probe the gluon FF, which is on
moderately constrained by data of inclusive hadron prod
tion via e1e2 annihilation.

IV. SUMMARY AND CONCLUSIONS

We studied the inclusive production of charged hadrons
collisions of almost real photons at NLO in the framework o
the QCD-improved parton model. This approach is conce
tually very different from the one based on MC event ge
erators, which is frequently followed by experimentalists
interpret their data. In these MC programs, the various QC
processes are simulated using LO matrix elements in conn
tion with certain model assumptions concerning the form
tion of hadronic final states. Although these MC packag
often lead to satisfactory descriptions of the data, from t
theoretical point of view, their drawback is that this happe
at the expense of introducing a number ofad hocfine-tuning
parameters, which do not originate in the QCD Lagrangia
Furthermore, in the MC approach, it seems impossible
implement the factorization of final-state collinear singular
ties, which impedes a consistent extension to NLO. On t
contrary, in the QCD-improved parton model, such singula
ties are absorbed into the bare~infinite! FF’s so as to render
them renormalized~finite! in a way quite similar to the pro-
cedure for the PDF’s at the incoming legs. In our analys
we used FF’s extracted with NLO precision from PEP an

FIG. 12. Influence of the gluon PDF of the photon and the glu
FF on the total result of Fig. 10. Shown are the fractions that rem
if the gluon is switched off in the photon PDF’s~dashed line! or in
the FF’s~dot-dashed line! as well as the ratio of the calculation with
the GS photon PDF’s to that with the GRV set~solid line!. The
solid line is a smooth interpolation.
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recent LEP1 data on inclusive single-hadron production
e1e2 annihilation @5,6#. In fact, owing to the factorization
theorem@1#, the FF’s are process independent as long as o
considers unbiased single-hadron event samples. By
same token, our formalism is less flexible than the MC a
proach, since we are unable to describe more complica
final states, with more than one detected hadron and acc
tance cuts on observables different from our integration va
ables.

There are various ways to realizegg processes in experi-
ments. The conventional method is to exploit the QE
bremsstrahlung which is radiated duringe1e2 reactions
from the colliding beams. High-quality data of this type wer
collected by TASSO@15# at PETRA and MARK II@16# at
PEP. Unfortunately, the bulk of these data are accumula
at rather smallpT , where the NLO formalism is not expected
to yield reliable results, and the few data points at larg
pT values carry considerable error bars due to limited stat
tics. Detailed comparison revealed that our consistent NL
calculation with up-to-date FF’s was able to reduce som
what the mismatch between theory and experiment that h
previously been observed by other authors@14,28#. However,
especially in the case of TASSO, the degree of discrepan
in the upperpT range still gives some reason for concern.

While at LEP1 thegg processes were overwhelmed be
neath the tremendous background due toe1e2 annihilation
on theZ resonance, the situation will be much more favo
able at LEP2. We presented NLO predictions for thepT and
y spectra to be measured in the oncoming LEP2 phase.
verified that our NLO predictions are rather stable und
scale variations; atpT510 GeV, the cross section only fluc-
tuates by68% if j is varied between 1/2 and 2. Unfortu-
nately, except at rather lowpT , the study ofgg processes at
LEP2 will not much deepen our understanding of the natu
of the gluon inside the photon and of its role within th
fragmentation process.

Photon-photon physics at the NLC will greatly benefi
from beamstrahlung as an additional source of quasireal p
tons and, of course, from the increased EPA logarithm. In t
case of the 500-GeV NLC with TESLA architecture, th
cross sections atpT5(5, 15, 25! GeV exceed the corre-
sponding LEP2 values by factors of~19, 26, 37!, respec-
tively, while the shapes of thepT and y spectra closely re-
semble their LEP2 counterparts.

The advent of a Compton collider, generated by bac
scattering of laser light off thee1 ande2 beams of the NLC,
would represent an important step forward in the history
gg experimentation, and might considerably improve ou
knowledge of both the gluon FF and the gluon PDF of th
photon. By converting the NLC, the cross sections of incl
sive charged-hadron production atpT5(5, 15, 25! GeV
would be increased by factors of~35, 52, 88!, respectively.
At the same time, the relative importance of the DD chann
would be dramatically reduced, so that the sensitivity to th
photon PDF’s would be correspondingly amplified.
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