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Abstract. We study the photoproduction of large pr charged hadrons in ep collisions, both for the inclusive
case and for the case where a jet in the final state is also measured. Our results are obtained by a NLO
generator of partonic events. We discuss the sensitivity of the cross section to the renormalisation and
factorisation scales, and to various fragmentation function parametrisations. The possibility to constrain
the parton densities in the proton and in the photon is assessed. Comparisons are made with H1 data for

inclusive charged hadron production.

1 Introduction

The photoproduction of large pr jets, photons or hadrons
are privileged reactions to study QCD and to measure the
parton distributions in the proton and in the photon. In
the past, the interest was mainly focused on the produc-
tion of jets [1,2], and more recently on the production of
photons [3]. Particularly interesting are the dijet cross sec-
tions [4, 5], or the photon-jet cross sections [6], because the
measurement of two jets or particles in the final state al-
lows one to constrain the incoming parton kinematics and
to explore the parton distributions in an accurate way. In
this paper we present results concerning the large pr pho-
toproduction of a charged hadron and a jet, ep — h* +jet.
This reaction offers several interesting features in compar-
ison with dijet or photon-jet reactions. With respect to
the latter, the hadron-jet cross section is much higher; the
observation of a hadron is also easier than that of a pho-
ton. Compared to the dijet reaction, the hadron-jet one
is also easier to measure, this fact being particularly true
at small pp (~ 5-10 GeV) where it is difficult to model
the underlying event contribution and to unambiguously
measure the transverse momentum of two jets. It should
also be possible to explore a larger rapidity domain for
the hadron since there is no cone “hitting the edge” of the
detector.

These features are important when one focuses on the
measurement of the parton distributions in the photon.
As is well known, there are two contributions to photo-
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production cross sections: the so-called direct and resolved
contributions. The resolved contribution is important at
small values of pr and at large positive rapidities, a kine-
matic domain that the hadron-jet reaction should allow
one to explore.

The theoretical description of the hadron-jet cross sec-
tions requires the knowledge of the fragmentation func-
tions of quarks and gluons into hadrons. This might ap-
pear as a disadvantage with respect to the jet—jet reac-
tion. However one has to note that hadronisation cor-
rections are also needed in jet reactions to describe the
evolution of partons into hadrons and they are not to-
tally under control. Moreover fragmentation functions are
now well measured in LEP experiments and several recent
NLO parametrisations of quark and gluon fragmentation
functions are available [7-9]. These fragmentation func-
tions have been tested in inclusive charged hadron pro-
duction in pp, vp and 7+ collisions by Kniehl, Kramer
and Potter in [10]; they found a good agreement between
theory and data, which confirms that the fragmentation
functions are under control. In this paper we concentrate
on the hadron-jet physics and assess the possibility to con-
strain the parton distribution functions of the photon and
of the proton. In jet—jet reactions, it is usual to constrain
the momentum of the incoming partons by means of the

variables z?] = (p¥t1?i”JCtl {-p]q?thi”fCtg)/QEpﬁ and of
the variables 2?7 = pli't (eX7"""" 4 27" 2B where
EP7 are the energies of the incoming proton respectively
photon. (We follow the HERA convention with the pro-
ton momentum oriented toward the positive z-axis and
the photon momentum toward the negative z-axis.) For
the Born contributions, with only two jets in the final
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state, the variables xP"7 exactly correspond to the longi-
tudinal momentum fractions of the partons in the proton
and in the photon. When higher order QCD corrections
are considered, the variables zP*Y do not fix the initial
momenta anymore, but they still put useful constraints on
these momenta. The situation is different in the hadron-jet
case because the hadron momentum p’ is only a fraction
of the momentum of the outgoing parton, such that xP7
(with pr. ' replaced by ph) do not even for the Born cross
section correspond to the incoming parton momenta any-
more. Therefore it is interesting to study the usefulness
of such variables in the hadron-jet case, and how they
can help to measure the proton and photon parton dis-
tributions. The results presented in this paper are based
on a NLO Monte Carlo program which generates events
containing 2 or 3 partons in the final state. One of them
fragments into a large pt hadron, and the others are re-
combined into jets. This NLO event generator provides a
flexible approach to implement experimental cuts and to
calculate a large variety of observables. The theoretical
framework and the Monte Carlo program are presented in
Sect.2. In Sect.3 we compare theoretical predictions for
the inclusive (i.e. no jet observed) cross section with H1
data [11]. The emphasis is put on the study of the sensi-
tivity of the cross section to the factorisation and renor-
malisation scales, and to different fragmentation function
parametrisations. In Sect. 4 we study the hadron-jet cross
section and explore the distributions do/dz?"7, in partic-
ular their sensitivity to the gluon densities in the proton
and the photon. Section 5 is the conclusion.

2 Theoretical framework

The NLO Monte Carlo program used in this paper has al-
ready been described in [12,13] in which the photoproduc-
tion of isolated prompt photons is studied. Therefore we
only give a few indications on the general structure of the
program here and discuss the new features specific to the
photoproduction of hadrons. In photoproduction events,
the electron acts like a source of quasi-real photons whose
spectrum can be described by the Weizsdcker—Williams
formula

iy = 52
1+ (1-y)? max(1—y) 201 —-vy)
) { y 8 mZy? y } -0

The quasi-real photon then either takes part directly
in the hard scattering process, or it acts as a compos-
ite object, being a source of partons which take part in
the hard subprocess. The latter mechanism is referred to
as a resolved process and is parametrised by the photon
structure functions F, /- (z., Q?). Thus the distribution of
partons in the electron is a convolution

Foje(ze, M) = /0 dyda., f5(y) Faymy (24, M)
X 0(2yy — we), (2)
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where in the “direct” case I, (2, M) = day0(1 — ).
The production of the final hadron h with momentum
P, is described by a fragmentation function D" (z, M),
where z is the fraction of the longitudinal momentum of
the parton a carried away by the hadron h. The produc-
tion cross section of a large pr hadron and a jet is written
as a convolution of the distributions of initial partons, the
fragmentation of the final parton and the hard scattering
cross sections

do PN (P, Py, Py, Pro) = Y / dz, / dz, / dz

a,b,c
XFa/e(xevM) Fb/p(x]NM) Dc<ZaMF>

xdg** 7 (2, Py, we Pe, Po /2, Py, pt, M, Mp).  (3)

The hard cross sections do are calculated at the
NLO accuracy. They are expansions in powers of o ()

ab—cjet

/\'\/b—)qet
OBORN

)do
2(u)do g (1, M, Mp) + O(ad),
g(u)d/\ab—w]et
+a(p) d

da\,'yb—mjet _

o (e

_|_

(4)
da\,ab—wjet _ Ty

/\ab—wje‘c(M7 M, MF) + O(Ot:l) (5)

In expressions (3), (4) and (5), we have explicitly writ-
ten the dependence on the large scales p, M and Mp. (For
simplicity we choose the same factorisation scale M for the
incoming photon and proton.) The cross section (3) would
not depend on these large scales if it were calculated to
all orders in ags(p). But after truncation of the series (4)
and (5), the cross section will depend on p, M and Mg.
The p-, M- and Mpg-dependence of the HO terms par-
tially compensates the scale dependence of the Born cross
sections, and in the next sections we shall study the sensi-
tivity of do® " to the renormalisation scale y and the
factorisation scales M and Mp.

Let us now discuss the various components of formula
(3). The fragmentation functions D" (z, M) have been ac-
curately measured in LEP experiments and several NLO
parametrisations of the latter are now available [7-9].
There exist non-negligible differences between the para-
metrisations of individual D (z, MF), especially at large
z 2 0.8, but for cross sections involving sums over the
flavours a and over the hadrons h the differences are tiny.
In photoproduction, the weights of the different flavours
which contribute to the cross section are identical to those
of the eTe~-annihilation reaction (at least for the direct
contribution). Therefore the differences between the indi-
vidual contributions should be smoothed when summed
over to form the cross section. In the next section we shall
check the sensitivity of the photoproduction cross section
to the fragmentation functions. We now turn to another
important component of formula (3), the quark and gluon
distributions in the photon. In this paper we use a new
NLO parametrisation of these distributions, the AFG02
parametrisation [14]. The AFG02 parametrisation is an
evolution of the AFG [15] parametrisation. The new distri-
butions are more flexible: for instance the shape and nor-
malisation of the non-perturbative gluon distribution can

1
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be modified. This fact allows one to study the sensitivity of
cross sections to the gluon distribution. The normalisation
of the non-perturbative quark distributions can also be ad-
justed. Contrary to the AFG distributions, the AFGO02 dis-
tributions also contain the bottom quark distribution. In
this paper we shall use the default AFG02 parametrisation
which is almost identical to the AFG parametrisation; the
only differences are the number of flavours and the value

of AL = 300 MeV (AL = 200 MeV was used in the AFG
@ de-
MS

termined ten years ago). As a result, due to a faster QCD
evolution, the AFGO02 distributions are slightly higher at
small z and lower at large x than the AFG distributions.

For the parton distributions in the proton, we use
MRST99 (gt) [24] as default. For the hadron-jet cross sec-
tion, we will also use the new MRSTO01 [25] and CTEQ6M
[26] sets for comparison.

We use a strong coupling constant calculated by solv-
ing exactly (i.e. without expansion in log Q?/A?) the two-
loop renormalisation group equation. We work with Ny =
4 active flavours as default. Using Ny = 5 the total cross
section increases by about 5%.

Expression (3) is calculated via a MC code which gen-
erates 2 — 2 and 2 — 3 parton configurations according
to weights given by the subprocess cross sections and the
distribution functions. A phase space slicing method is
used to isolate and to analytically calculate the soft and
collinear singular contributions of the 2 — 3 cross sections.
The soft divergences are cancelled by the corresponding di-
vergences contained in the virtual corrections to the 2 — 2
processes (UV divergences are removed by renormalisation
in the MS scheme). The remaining collinear singularities
are factored out and absorbed in the distribution and frag-
mentation functions using the MS scheme. This Monte
Carlo code, which uses the event generator Bases/Spring
[16], is a partonic event generator: it contains negative
weights coming for instance from the virtual corrections
to the Born cross sections. It is very flexible and allows
one to study various cross sections involving a large pr
hadron and jets. Experimental cuts are easily taken into
account, as well as different jet algorithms. In this paper,
we use the krp-algorithm [17] to define the jets.

parametrisation in agreement with the value of A

3 Large-pr hadron inclusive cross section

In this section we study the photoproduction of large pr
inclusive hadrons. Similar studies and comparisons with
data have already been performed in several publications
[10,18-20]. Therefore we shall not carry out an exhaustive
study of this reaction, but we shall concentrate on the sen-
sitivity of the cross section to the factorisation and renor-
malisation scales, and to different parametrisations of the
fragmentation functions. In Fig. 1, we display a study of
the scale dependence. The theoretical curves are compared
to H1 data [11] corresponding to the following kinematic
conditions. The parameters of the Weizsécker—Williams

formula are Q2. = 0.01GeV? and 0.3 < y < 0.7. The

max
ep center of mass energy is S%z = 300 GeV. The cross
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Fig. 1. da/dndp% for 3 different scale choices compared to H1
data

section for large pr charged hadrons is measured in the
pseudo-rapidity domain |p| < 1. The theoretical curves
are obtained with the BFGW fragmentation functions [9]

(4) _
and we use /1m = 300 MeV.

We can see from Fig.1 that the data are described
fairly well, in particular that no intrinsic kr is needed to
describe the data at low pr, contrary to what has been
found in the E706 experiment on fixed target inclusive 7°
production [21,22].

In Fig.2 we show on a linear scale the ratios of the
cross sections calculated with M = Mp = u = Cpr (C =
0.5,2) to the cross section calculated at C' = 1, where
pr is the transverse momentum of the final state hadron.
Results obtained with the KKP [8] fragmentation function
parametrisations are also displayed’.

We clearly see a strong dependence of the cross section
on the scales for pr < 7GeV. Below 7GeV the perturba-
tive calculation is not reliable, the HO corrections being
very large. Moreover, for the choice C' = 1/2 we explore
a range of the factorisation scales (M = Mp = pp/2 ~
1.5 GeV) which is very far from the kinematic region where
the fragmentation functions have been constrained.

We also find a strong scale dependence of the rapid-
ity distribution do/dn which is measured in the range
3GeV < pp < 12GeV. In Table 1 we give the results
of a study of Ao = f0'5 dn(do/dn) in which we separately

! The dip at pt ~ 5GeV in the KKP ratio may stem from
the fact that the charm threshold is at Mr = 2m. in these
parametrisations. Therefore there is no charm contribution be-
low pr ~ 6GeV in the case C = 0.5, whereas for C = 1 the
charm contributes already at 3 GeV. In the BFEGW parametri-
sations the charm threshold is at Mg = m., such that the
charm contributes at pr > 3 GeV even for C' = 0.5
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(KKP, C=0.5)/(KKP, C=1)
________ (BFGW, C=0.5)/(BFGW, C=1)

e, (BFGW, C=2)/(BFGW, C=1)

0.8 [ i
0.6 —

0.4

3 4 5 6 7 8 9 10 11 12 13
pr [GeV]

Fig. 2. do/dpr calculated with scales uy = M = Mp = Cpr
(C =0.5,2) normalised to do/dpr at u = M = Mp = pr

Table 1. p, M-dependence of the total cross section integrated
over 0 <7 < 0.5 and 3GeV < pr < 12GeV. The fragmenta-
tion scale has been kept fixed to Mr = pr. The bold numbers
denote the total cross section in nb, the numbers in italic rep-
resent the ratio r = HO/(Born + HO). One can see that there

is no region of stability for a value of p£™" as low as 3 GeV

Cum 0.5 1 2
C.=05 o 3.941 4.509 4.807
r(0.54)  (042) (0.31)
C,=1 o 2.580 3.079 3.430
v (0.57) (0.48) (0.41)
Cp=2 o 1.855 2.264 2.564
r(0.58)  (0.52)  (0.46)

vary u and M, keeping fixed Mp = pr. The upper num-
ber is the total cross section (direct + resolved) and the
lower number is the ratio » = HO/(Born + HO). The vari-
ation of the cross section with C, = p/pr is very strong
for small values of C,, (C,, ~ 0.5) corresponding to large
values of ag(u). There is no region where the cross sec-
tion o(Cyr, C),) is almost independent of Cys and C,, and
the ratio r is always large. We again conclude that the
theoretical predictions are not reliable for pr ~ 3 GeV,
a pr-region which gives an important contribution to the
cross section integrated over 3 GeV < pr < 12 GeV.

The situation improves when we study the sensitivity
to scale changes for larger values of pr. For instance at
pr = 7GeV — although the sensitivity is still large when
we vary all scales by the same factor C' (see Fig.2) — we
find a region where the cross section as a function of M
and p has a flat behaviour. We can see from Table 2,

M. Fontannaz et al.: A NLO calculation of the hadron-jet cross section in photoproduction reactions

............... KKP/BFGW

i u=M=Me=p,
. Kretzer/BFGW

BFGW set2/BFGW

09 -

08 |
07 F.-7

0.6

T

3 4 5 6 7 8 9 10 11 12 13
pr [GeV]

0.5

Fig. 3. do/dpr with different fragmentation functions nor-
malised to do/dpr with BFGW (set 1) fragmentation func-
tions, at the scales u = M = Mpr = pr and the hadron rapidity
integrated over the range |n| < 1

Table 2. p, M-dependence of the total cross section integrated
over [n|] < 1 at pr = 7GeV. The fragmentation scale has
been fixed to Mr = pr/2. The bold numbers denote the total
cross section in nb, the numbers in italic represent the ratio
r = HO/(Born + HO). In this case there is a rather flat region
for small values of p and large values of M, and the over-
all variation of the cross section due to scale changes is much
smaller

Cu 0.3 0.5 1 2

C,=03 o 0.254 0.243 0.229 0.224
ro(0.25) (0.06) (-0.19) (-0.40)

C,=05 o 0.220 0.222 0.223 0.228
ro (0.38) (0.27) (0.13)  (0.03)

c, =1 o 0.176 0.184 0.192 0.200
v (0.45) (0.38) (0.29)  (0.23)

where My is kept fixed to pr/2, that there is a stability
region for 0.3 < C, < 0.5 and 0.5 < Cy < 2. Fixing
@ = 04pr and M = 1.5pr at the saddle point of the
surface given in Table 2, we also studied the dependence on
My and found that the cross section varies by £2% when
Mg is varied between 0.3pr and pr. Therefore the scale
sensitivity appears to be under control for large values of
pr (pr 2 7GeV). We shall pursue this study in the next
section for the hadron-jet cross section.

The sensitivity to the fragmentation function para-
metrisations [7-9] is less pronounced than the one due
to scale variations. This result is illustrated in Fig. 3. For
pr > 7GeV, there is at most a 20% difference between the
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3 °0
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n

Fig. 4. do/dn with different sets of fragmentation functions
compared to H1 data

various parametrisations, the BFGW and KKP parametri-
sations being quite close to each other. The BEGW set 2
parametrisation has a slightly higher gluon than the de-
fault BEGW for 0.2 < 2z < 0.6 and a lower gluon for
z 2 0.6, due to a higher Ny in the input parameter set.
Since the HERA kinematics do not probe high z values,
the difference with the BFGW default set is negligible in
our case, as can be seen from Fig. 3. However, the sensi-
tivity to the fragmentation functions is non-negligible for
pr ~ 3GeV, a range explored by H1. In Fig. 4 we display
a comparison between H1 data and theoretical results ob-
tained with different sets of fragmentation functions. The
dispersion of the results is quite large. In this regard it is
instructive to look at the distribution do/dz, which is not
a physical quantity (the momentum of the parton “par-
ent” of the hadron h cannot be measured), but which
gives interesting indications on the average value (z) in
the cross section, and on the variance (22) — (z)2. The z-
distributions are displayed in Fig.5 for the direct and re-
solved components. One can see that two different ranges
in z of the fragmentation functions are probed by the di-
rect respectively resolved component. The mean value (z)
is larger for the resolved contribution?. Since the various
fragmentation function parametrisations differ mostly at
high z, a change of parametrisation will have a different
effect on the direct and on the resolved contribution. This
effect can be seen in Fig.4, where we observe that the

2 This is due to the fact that the cross section for the pro-
duction of partons behaves like do/dp5™™" ~ A/(pher*om)™
(n > 0), such that, using p2*"*°" = p% /2, the behaviour of the
cross section is do/dz ~ 2"~ 2 convoluted with the fragmenta-
tion functions which decrease with increasing z. The value of

n is larger for the resolved part, leading to a larger value of (z)
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Fig. 5. Distribution of the hadron momentum fraction z for
the direct and resolved contributions. (3 GeV < pt < 12GeV,
Il <1, u=M= Mp =pr.)

differences between the various parametrisations are more
pronounced for positive rapidities, a region corresponding
to a large resolved contribution. We again verify in Fig. 4
that the value of p2i™ = 3GeV is too small to allow for
a reliable prediction, the dispersion of the results for the
various parametrisations being too large at low pr.

We further investigated the impact of using an expan-
sion in log Q?/A? for ay instead of the numerical solution
of the two-loop renormalisation group equation, and found
the result being about 10% lower when using the expan-
sion in log Q?/A2. We also compared our result to the one
of Kniehl, Kramer and Pé&tter [10]. Using the KKP frag-
mentation functions and the expansion in log @?/A? for
a5, we obtain the result given in [10] within the numerical
errors.

4 Hadron-jet cross section

In this section we explore the features of the hadron-
jet cross section. The input parameters are the same as
for the inclusive cross section, and we consider the cross
section do/dn/dn®* (where n" is the pseudo-rapidity of
the observed charged hadron), integrated in the range
7GeV < ph < 15GeV and E?fft > 5GeV. When there
are two jets in the final state, we consider the jet of higher
Er. The jets are defined by the kr-algorithm with the
Snowmass merging rule.
We shall also study the cross sections do/daz?"7, the
variables xP"7 being either the x,,s variables
xp,’y _ pl{«einh’ + E]T(‘et e:l:nJec (6)
obs 2Py
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Fig. 6. Rapidity distribution for the hadron-jet cross section
do/dn™ at the scales u = M = Mp = pr, integrated over
7GeV < pr <15GeV, B > 5GeV, |7 < 2

or the zry, variables

(e +e*)
2EP

Py _
Tin =

(7)

EP7 are the energies of the incoming proton respectively
photon and the plus sign in e*" corresponds to P, the
minus sign to x”. The main difference between x5 and
x11, consists in the fact that the definition of x1;, does
not require the measurement of the jet transverse energy.
Further it has to be noted that — contrary to the dijet
cross section — the variables defined in (6) and (7) do not
even for the Born contribution coincide with the variables
T arton and xh o in the parton densities of the photon
and the proton. The latter are (for the Born contribution)
given by
ph (ei"h' + et

P,y _ T
Tparton = T oppny (8)

Therefore the partonic variables z},),, are larger by a

factor 1/z than the variables 2{7’, and larger by a factor

(" +e£7™) /(ze*n" +e=7"*") than the variables T At
NLO, where a third parton in the final state is involved,
the situation is more complicated.

The variables 2¥;] and 2{7" defined in (6) and (7) differ
by about 2} /z{" ~ (241)/2z at central rapidities. This
difference will be discussed below in the context of Figs. 8
and 9.

Figure 6 displays the direct and resolved contributions,
calculated with the scales y = M = Mg = pr, as a func-
tion of n", integrated over |ni®t| < 2. The two contribu-
tions are comparable, except in the forward region where
the resolved one is much larger. However, we must keep in
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Table 3. Scale optimisation for the hadron-jet cross section
integrated over 0.5 < " <1, |9 <2, 7GeV < pr < 15GeV
and ES* > 5GeV

Cup CP* C®t do/dn™ [nb]
1 ~021 ~1 0.182

05 ~03 ~15 0.173

03 ~03 ~15 0.180

mind that the pattern of the separate contributions to the
cross section depends on the choice of the scales pu, M and
M ; only the sum of the resolved and direct contributions
has a physical meaning and can be compared to data.

In Fig.7 we display the scale dependence of the cross
section do/dn™ by varying all scales simultaneously, y =
M = Mp = Cpr, with the parameter C in the range
1/2 < C < 2. We see variations which are similar to those
observed in Fig.2 in the inclusive case for pp ~ 7GeV,
where the cross section varies between +30% and —20%
for 1/2 < C < 2. However, varying all three scales in the
same way is a very rough measure of the scale dependence.
A better study has been given in Table 2 where we showed
that the cross section exhibits a plateau in the scales u and
M for 0.3 < C, <05and 0.5 S Cuy < 2. We performed a
similar investigation for the hadron-jet cross section with
the kinematic conditions of Fig.7. However, contrary to
the preceding study, we look for an optimum of the cross
section in all three scales u, M and Mp. That is, we look
for optimal scales where do/dy = do/dM = do/dMp =0
[23]. We performed this complete study for do/dn" with
n" in the range 0.5 < " < 1. The results are displayed in
Table 3.

This investigation is very CPU time consuming. There-
fore, for a study of the optimum of do'/dn" in various bins
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in n", we used the following simplified approach. We fix
the scale My to the optimal value of Table 3, Mr = 0.5pr,
and look for optima of do/dn" in the (C,,, Cy)-plane for
the n" bins of Fig.7. The corresponding cross section is
shown in Fig.7 and we see that it is close to the cross
section obtained with y = M = Mp = pr/2. It is encour-
aging to note that the data of Fig.1 are in good agree-
ment with theory calculated with C' = 0.5 in the range
pr > 7GeV.

Let us now discuss the cross sections do/dzens and
do/dzyr,. Features of these cross sections are displayed
in Figs.8 to 14. Figure 8 gives a clear illustration of the
differences between the variables do/dzps and do/dzry,.
In the partonic variable 2., (see (8)), the cross section
would have a peak at ., ~ 1, mainly due to the direct
Born contribution which is proportional to d(1 — & a40n)-
This peak is shifted to lower values of 2} and z, . due
to the relation p% = zp%, where a is the “parent” parton
of the hadron h. This shift is larger for the variable z7; ,
as discussed at the beginning of this section. We observe a
similar, but much less pronounced pattern for the proton
variable xP; the partonic distributions in the proton de-
crease rapidly with «f_ . and this behaviour is reflected
in the distributions of Fig.9, do/dz¥; having a smaller
width than do/dz?, .

Figure 10 displays a detailed study of the resolved and
direct contributions as functions of z; and z} .. As al-
ready remarked, the shift of the peak to lower values of
z7 is more pronounced for z]; than for ), . The effect of
cuts in 0 and 7t are also clearly visible, the kinematic
region 0 < ", i*t < 2 contributing to the low 7 domain,
and the region —2 < n", nit < 0 to the large 27 domain.
The relative size of the resolved and direct contributions as
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given in Fig. 10 is of course dependent on the scale choice
(uw =M = Mg = pr for Fig. 10). As already stated at the
beginning of this section, only the total cross section is a
physical observable. The variation of the size of the direct
and resolved contributions with the scales varied by the
factor C is shown in Fig. 11. For instance, we observe that
for 0.5 < C < 1 the resolved component is almost stable,
whereas the direct component strongly varies.

The hadron-jet cross section offers the possibility to
measure the parton distributions in the proton and in the
photon. The quark distributions are constrained by DIS
experiments (very well in the proton case, and with rather
large errors in the photon case). Therefore, concerning the
quark distributions, the hadron-jet cross section can only
put some additional constraints on Fy, /., (x, M). The situa-
tion with respect to the gluon distribution is different. The
gluon distributions are not well determined in DIS experi-
ments because the virtual photon couples at leading order
only to quarks, such that the gluon distributions appear
only at the level of higher order corrections. This is not
the case for the hadron-jet cross section where the gluon
distributions appear already at the Born level. Therefore
we expect an important sensitivity of the cross section to
the gluon distributions, especially in the kinematic regions
where Tparton 1S small. This point is illustrated in Figs. 12
to 14.

In Fig.12, we observe that the gluon in the photon
makes a large contribution at small 7, 7 < 0.25. How-
ever, the cross section is small in this z7-region because
the cuts nh < 2 and niet < 2 forbid one to reach low val-
ues of 7. Using different cuts which reinforce the small
xY-region, namely 1 < 1" 7i** < 3, we obtain the results
shown in Fig. 13. We see that the cross section in the small
x7-region is much larger and made up almost entirely by



216 M. Fontannaz et al.: A NLO calculation of the hadron-jet cross section in photoproduction reactions

—2<nM<2 —2<nMH<2
gsoo L resolved 600 - resolved
"é 400 } ........... direct 400 } ........... direct
~ L L
o} - L e e
©200 [ 200 [
0 \5'\'5\ IR I ML 79 Ll 0 »v‘\\\ P SR AT . BN
0 0.25 0.5 0.75 1y 0 0.25 0.5 0.75 VY
LL obs
0<n"*<2 0<n™*<2
— 500 [ 500
o E E
S400 resolved 400 resolved
% 300 ; ........... direct 300 ; ........... direct
D200 E 200 £
© E : E
100 [ 100 [
O \E“\..\ ‘ I ‘ 11 111 ‘ - O ‘V{\\ 11 ‘ I ‘ Il \“ ‘ L1 |
0 0.25 0.5 0.75 1 X’ 0 0.25 0.5 0.75 1 X’
LL obs
—2<n"<0 —2<n"™<0
E_ i resolved i resolved
LY o direct o direct
© L L
} L L
- -
i e Fig. 10. Comparison of resolved and
0 [ Lo bl bl ) O . . . ¥
0 025 05 075 1y 0 025 05 075 1y direct contributions to do/da,, and
L obs do/dz];, in different rapidity ranges
600 M:M:MF: pT
resolved
direct
PR | i L 1
1 1.2
Xy
600
resolved
400 direct
200
o Lobed ™ 0 e, I .
1 1.2
Xy
600
resolved
400 direct
200
Fig. 11. Comparison of resolved and
0 L L direct parts for different scale choices,

1 1.2 integrated over the rapidity range —2 <
Ky gt <o



M. Fontannaz et al.: A NLO calculation of the hadron-jet cross section in photoproduction reactions

217

) C
I3_500 ; total
%500 | el total, g’=0
© S
}400 2 resolved
° E
300 - — 7 e resolved, g’=0
200 ek T
100
0
0 0.2 0.4 0.6 0.8 1 71.2
X
600 total ... resolved, g'=0
500 L o total, =0
F resolved
400 [
300 |-
200 F
100
F Fig. 12. Contribution of the gluon in
0 ! the photon to do/dz?, and do/dz;.
0 y 1.2 The rapidities are integrated over the
X ops range —2 < piet < 2
T‘]lmo [ exhibit the sensitivity to this component, we show a curve
=, o] where the coefficient of this VDM input has been set to
X600 |- total zero. We also show the magnitude of the gluon contri-
S 0 bution to do/dz{; in this kinematic range. We conclude
© L resolved from Fig. 13 that the rapidity cuts 1 < n", ¢t < 3 select
so0 - | L T a kinematic region where the sensitivity of the hadron-jet
[ ) cross section to the gluon distribution in the photon is
A I A total, VDM input=0 very 1arge.
400 , The contribution of the gluon in the proton turns out
S T totel, g’=0 to be large even with rapidities integrated in the whole
w | range —2 < nh’Jet < 2, as can be seen from Fig.14. We
N also observe that the effect of using different parton dis-
[ tributions for the proton, namely the MRST99 [24], the
200 | new MRSTO1 [25] and the CTEQ6M [26] sets, is quite
i I large and mainly due to the different shapes of the glu-
L ons in the different sets. Although the variation of the
100 b cross section when varying all scales simultaneously be-
e tween 0.3 < C' < 2 is larger than the variation due to the
i different pdf sets, the scale variations rather produce an
o Lo - T = - - overall shift of the curve, but do not change the shape.
0 0.1 0.2 0.3 0.4 0.5 0.6

Y
X'

Fig. 13. do/dz]; with the hadron and jet rapidity cuts 1 <
nh7,’7jet <3

the resolved contribution. The AFG02 parton distribu-
tions for the photon allow one to modify the normalisa-
tion of the non-perturbative VDM component. In order to

On the other hand, the fact that the gluon distribution
of MRSTO1 peaks at higher x values than the one of
CTEQ6M (see Fig. 16 of [26]) is clearly reflected in Fig. 14.
We also note that the region z7; ~ 0.02, corresponding
to xgarton ~ 0.05, is an interesting z-range, because it lies
in the window between constraints from HERA for lower
x and the Tevatron jet data for higher x. Therefore the
cross section do/daf; can serve to further constrain the
parton distributions of the proton.
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5 Conclusion

We have studied the photoproduction of inclusive large pr
charged hadrons and the production of a charged hadron
plus a jet. For the inclusive case we compared the pp- and
rapidity distributions to H1 data [11] and found reason-
able agreement. However, for a value of pi® as low as
3 GeV, the dependence of the NLO result on the renor-
malisation and factorisation scales is very large. Only for
pRin > 7GeV a plateau where the cross section is ap-
proximately stable against scale variations could be found.
We also studied the effect of using different fragmenta-
tion function parametrisations [7-9] and compared to a
previous analysis of Kniehl, Kramer and Pétter [10]. For
the parton distributions in the photon, we used the new
AFGO2 parametrisations [14].

For the hadron-jet cross section, we studied the rapid-
ity distributions and the cross sections do/da?,do/dz?.
We analysed the difference between the partonic momen-
tum fractions a7}, and the observables x?;" defined via
the observed transverse momenta and rapidities of the
hadron and the jet. We further proposed a variable z7y
which does not require the measurement of the jet trans-
verse energy.

We also carried out an exhaustive study of the scale
dependence. We found a stability region for the cross sec-
tion integrated over 7GeV < ph < 15GeV, EX' > 5GeV
and performed a scale optimisation.

Finally, we investigated the possibility to constrain the
parton distributions (in particular the gluon distributions)
in the photon and in the proton via the hadron-jet cross
section. We show how rapidity cuts can increase the sen-
sitivity to the gluon distributions in the photon. We also

M. Fontannaz et al.: A NLO calculation of the hadron-jet cross section in photoproduction reactions

found a rather large sensitivity to the parton distributions
in the proton. We show a comparison of the MRST99 [24]
distributions to the new MRSTO01 [25] and CTEQ6M [26]
distributions.
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