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ABSTRACT

We calculate in next-to-leading order inclusive cross sections of single-particle production
via both direct and resolved photons in ep collisions at HERA. Transverse-momentum and
rapidity distributions are presented and the dependences on renormalization and factorization

scales and subtraction schemes are investigated.
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1. Introduction

The inclusive cross section for the production of sin-
gle hadrons at large transverse momentum (pr) has
always been an important testing ground for the QCD-
improved parton model. For quantitative predictions it
is necessary to go to the next-to-leading order (NLO)
of the perturbative expansion. First partial results for
hadron-hadron collisions were obtained in 1980 by Ellis
et al. [1]. NLO corrections to all contributing parton-
parton scattering cross sections have been completed by
Aversa et al. {2] a few years ago. Using these results, we
have recently studied inclusive single-particle production
in pp collisions together with Borzumati in [3], hence-
forth referred to as I. We compared our results with UA2
and CDF experimental data and found reasonable agree-
ment. Also the inclusive production of single hadrons at
high pr in photon-proton collisions offers the opportu-
nity to confront perturbative QCD with experimental
data, from HERA. The QCD dynamics in this process is
more complicated than in hadron-hadron collistons. This
is due to the fact that, at high energies, high-py hadrons
can be produced either by direct photon-quark interac-
tions or through the resolved photon component [4]. The
latter mechanism is very similar to the hard-scattering
processes triggered by hadron-hadron collisions. NLO
corrections to direct photoproduction have been calcu-
lated by Aurenche et al. [5]. Their results were compared
with data taken in fixed-target experiments at CERN [6].
In their analysis, resolved photoproduction was included
only in leading order (LO).

Recently, together with Borzumali, we have pre-
sented in [7] (henceforth called IT) NLO results for re-
solved photoproduction of charged single hadrons and
compared them with first data from HERA, published
by the H1 Collaboration [8]. These data were-taken at
rather low pr (pr < 3.5 GeV). For such low pr, the
direct-photon component is small as compared to the
one due to resolved photons and could be neglected,
In the meantime, measurements have been extended to
higher pr, up to about 8 GeV [9]. In IT, we found that in
LO the direct and resolved components are comparable
in size at pr == 13 GeV. To obtain reliable theoretical
predictions for larger pr, it is mandatory to evaluate
both direct and resolved contributions in NLO and com-
bine them in a consistent way. The laiter point refers

to the fact that the separation of the resolved and NLO.

direct contributions brings in a factorization scale, M, .
The dependence on M, must cancel to a large extend
when the two components are superimposed.

The outline of this paper is as follows. In Sect. 2,
we give a brief introduction to the theoretical input and
the parton density functions of the proton and photon
used for the calculation. Numerical results are presented
in Sect. 3, where we first concentrate on direct photo-
production, assuming the incoming photons to be real,
and study the influence of the parton density functions
and the various scale dependences. In the sequel, we
consider guasi-real photoproduction, both in the direct
and resolved modes, and present theoretical predictions
in such a form that they can be compared directly with
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HERA data. Section 4 is reserved for a summary of the
results and an outlock to future work.

2. Theoretical input and parton density functions

As is well known, there exist two distinct mecha-
nisms which contribute to the inclusive photoproduction
of hadrons at high energies. The photon can interact
cither directly with the partons originating from the
proton, giving rise to the direct process, or via its quark
and gluon content, the so-called resolved part. In both
processes, partons may be produced at high pr and
fragment into single hadrons. Both contributions are
of the same order in the perturbative expansion. The
LO contribution of the resolved part is given by LO
parton-parton scattering cross sections, multiplied by
LO parton density functions of the photon and proton
and LO fragmentation functions for the final hadron.
Since the parton-parton scattering terms are of (7 (af)
and the photonic parton density functions of O(a/as),
the LO contributions in the direct and resolved channels
are both of O(aa,). To obtain stable. predictions, i.e.,
predictions that do not suffer so much from scale ambi-
guities, we must go to NLO for both resolved and direct
processes. In the NLO formalism, we need the hard-
scattering cross sections in NLO with two-loop a,(u)
and two-loop-evolved parton density and fragmentation
functions.

To fix the notation, let us first consider photopro-
duction with real photons,

v(py) + p(pp) = h(pa) + X, (2.1)

where py, pp, and py are the momenta of the photon,
proton, and outgoing hadron, respectively. The LO cross
section for resolved photoproduction is given by

dz.de hF-"f 2y, M) F? (2, M?
sl Pz ¥ r P

t ¥ 2
4l

d2o?

X .D‘ (3h,Mh) kl WT— ' (22)
where k; = z,p,, k; = 2,p,, and k; = py, /2y are the par-
ton momenta. The indices 4, j, and ! run over gluons and
Np flavours of quarks. We assume Np = 4 throughout
our calculation and include the charm-quark threshold
as implemented in FJ (e, @?). F) (2, Mz) is the den-
sity function of parton i in the photon, FF (2p, M2)
is the densﬂ;y function of parton j in the proton, and
D} (zh,Mh) is the fragmentation function of parton !
into hadron h. d%sy, k; -k, 15 the cross section of the hard-

scattering process i+j —+ {4+ X in O (a:). In the case of
the direct process, ' (2, M?) is replaced by §(1 — z,)
and the hard-scattering cross section is of O{aa;). In
(2.2), we have four scales altogether: the factorization
scales connected with the parton densities of the photon
and proton, M., and M, respectively, the factorization

‘scale of the fragmentation functions, M}, and the renor-

malization scale, g, of the QCD coupling constant «,.
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In LO, all four scales are left undefined, which causes
considerable uncertainty for the theoretical prediction to
that order. Of course, the LO direct cross section does
not depend on M,.
In NLO, the inclusive cross section is written as
dsd' dzh 2 2
.JF;,,,W = Zfdz.fdmpz—zpﬁ (2y, MZ) FF (2p, M?)
P L
daggkj k)

1|1
x DF (2n, M?) — [— (8, v; p*)o(1 — w)

v dv

2
Qg
—+ #Kk;kj—}kz (3? v, w;ﬂ'zl M'12'1 MPZ’ Mf) !
(2.8)

where v = 1 +¢/s and w = —u/(s +t), with s =
(ki + kj)z, t = (ki — kg)z, and u = (k; — J'e;)2 being
the Mandelstam variables at the parton level. The lat-
ter are related to the external Mandelstam variables,
S=(py+5)% T =(py —pn)?, and U = (p, — p)?, by
3= 242,5,t = 2y /2pT, and u = 2, /2, U. The functions
Kik;oky (8, v, w; p?, M2, M2, M) embody the NLO
corrections to the hard-scattering cross sections.

In the case of resolved photoproduction, the calcula-
tion of the K kj—k, terms is described in [2], where M,
and M, are identified. For the purposes of the present
work, we have disentangled these scales.

The NLO cross section of direct photoproduction has
a structure similar to (2.3). The only difference is that
§(1 — z,) is substituted for F]' (2, M2). The Ky o,
terms have been calculated by Aurenche et al. [5], for
My, = M, = M. Also here we have re-evaluated the
scale dependent terms so as to render possible indepen-
dent variations of M., M;, and M. In the calculation
of K kykj—rky, OTE encounters singularities associated with
the incoming photon lines. These initial-state singulari-
ties are absorbed into the bare parton density functions
of the resolved photon, which renders these functions M.,
dependent. In turn, a similar M. dependence, but with
the opposite sign, shows up in the Kik;-rk, terms of
the direct process. In this way, resolved and direct pho-
toproduction become intermixed. The resolved part is
actually a NLO contribution to the direct part that can-
not, however, be treated fully perturbatively any more.
This non-perturbative part is then described by the F;'
functions. The M., dependence cancels, up to higher-
order terms in F;, in the combination of direct and
resolved contributions. It is therefore apparent that the
distinction of direct and resolved photoproduction be-
comes ambiguous when NLO corrections are taken into
account. Terms that have been included in the NLO
corrections to direct photoproduction may be shifted to
the resolved part and vice versa. We shall return to this
point in Sect, 3.

The calculation of the inclusive cross section of re-
solved photoproduction of hadrons is described in detail
in I1. For consistency, one needs the parton density func-
tions of the photon and proton and the fragmentation
functions in NLO. Fragmentation functions exist so far
only in LO, except for a recently constructed «° set [10].

New NLO sets are being constructed, also for charged
particles [11]. To facilitate comparisons with our earlier
work in I and II, we shall use the same fragmentation
functions as in I, namely those by Baier et al. [12] and
Anselmino et al. [13] with the constraints specified in I.

Since these fragmentation functions correspond approxi- -

mately to the MS factorization, we have, in general, also
selected the MS scheme of factorization in connection
with the incoming legs. In the MS scheme, we define
the spin average for incoming gluons and photons as
1/(n — 2), where = is the dimensionality of space-time.

The parametrizations for the parton density func-
tions of the photon and proton are taken from the pack-
age by Charchula [14]. As for the proton sets, we use
MRS D0’ [15] for the most part of our analysis. This set
is not in full agreement with recent structure-function
measurements at very small ¢ (z < 1072) [9]. Such low
z values are relevant for single-hadron production only
at very small pr, where perturbative QCD is probably
not valid any more. Very recently, also the CTEQ Col-
laboration has published several proton sets [16], which
we use for comparisons in some cases. They reach down
to lower Q2 values than the latest MRS sets.

For NLO photonic parton density functions, we use
the sets by Glick, Reya, and Vogt (GRV) [17]. In their
analysis, the Q% evolution starts at a rather low value,
Q% = 0.3 GeV?. Therefore, this set is applicable also
at rather small pp; however, one should keep in mind
that the predictions may not be very reliable in this
regime because «, is large. Other NLO sets have been
introduced by Aurenche et al. [18] and Gordon and
Storrow [19]. The latter authors use Q2 = 5.3 GeVZ,
which is less useful for our purposes.

In Sect. 3, we present the results in two steps. In the
first step, we investigate the NLO corrections to direct
photoproduction in some detail, taking the incoming
photon to be real. We recall that resolved photoproduc-
tion has been studied in great detail already in II. In
the second step, we superimpose the direct and resolved
contributions to photoproduction in ep collisions so as to
obtain reliable predictions, which are suitable for direct
comparisons with HERA data, especially at larger pr.
Here, we also study how the M, dependences of direct
and resolved contributions compensate each other.

3. Numerical results

8.1. NLO corrections to direct photoproduction

In this subsection, we present inclusive cross sec-
tions for photoproduction of charged hadrons via direct
photons, which are taken to be real. We employ the
MRS D{’ parton demnsity functions of the proton in the
MS scheme and the same fragmentation functions as in
I and II and include four quark flavours. To conform
with HERA conventions, we sum over charged hadrons,
h* + h~, where h* are charged pions and kaons. This is
in contrast to I and IT, where we considered the average,
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Fig. 1. py distributions of vp — h* + X via direct photons to
NLO in the MS scheme at +/z = 256 GeV and yp.p = 0,1 (solid
lines). The MRS D0’ st is used and o = My = M, = My, = py is
chosen. For comparison, also the evaluations with Kﬁih‘—fh =0
are shown (dashed lines). The upper lines refer to y,p = 0

{(h* 4+ h™)/2. (Charged-baryon production is negligibly
small.) For the same reason, we also alter the orien-
tation of the rapidity axis; yiap > 0 now corresponds
to the direction of the incident proton. To select typi-
cal HERA conditions, we consider collisions of 820 GeV
protons on 20 GeV photons; which corresponds to a
centre-of-mass energy of /s — 256 GeV. We evaluate a,
at two loops, and set the asymptotic scale parameter,
4, in as equal to the value required by the parton den-
sity functions of the proton, i.e., 230 MeV in the case
of the MRS D0’ set. Our standard choice of scales is
# =M, =M, = My = pr, except when we investigate
the various scale dependences.

We first study the size of the NLO corrections to the
parton-level cross section. In Fig. 1, the cross section,
d?s/dydpi, is shown as a function of py for yia, = 0, 1.
The upper curves correspond to yi,, = 0. The solid
lines represent the NLO calculation described above;
the dashed lines are obtained by setting the Kiiks—k,
functions to zero, but keeping @, and the parton den-
sity functions at NLO. We see that, in the yjqp and pr
range considered, the NLO corrections are positive and
quite substantial. The K factor, i.e., the ratio of the two
evaluations, ranges between 1.3 and 6.3, being larger at
smaller py. Furthermore, we see that it varies with yap,
too; it is larger at positive yi.p. To investigate this fea-
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Fig.2. y1,, distributions of vp — ht 4 X via direct pho-
tons to NLO in the MS scheme at V3 = 256 GeV and pp =
5,10,15,20 GeV (solid lines). The MRS DO’ set is used and
s =My = M, = My = pr is chosen. For comparison, also the
¢valuations with Kz x5, = 0 are shown (deshed lines). Lower-
lying lines correspond to larger pp

ture more in detail, we plot, in Fig. 2, d*c/dydp2 versus
Y1ab for pr = 5, 10, 15, and 20 GeV. It is striking that
the K factor becomes very large towards the kinematic
boundary at y14, > 0, especially for small pr. This effect
diminishes with increasing py. Detailed analysis reveals
that this feature is mainly attributed to a channel which
is absent in LO, namely vg — g + X. Obviously; the LO
prediction of direct photoproduction fails badly at small
pr and large positive y14. However, as we shall see later,
direct photoproduction makes up only a small fraction
of the full result in this kinematic regime anyway.

So far, we have used the common scale p = M, =
M, = M), = pr. In Figs. 3a—c, we investigate the scale
dependences of d?s/dydpZ for yi = 0 and pp = 5,
15, and 25 GeV, respectively. To that end, we introduce
a dimensionless scale parameter, {. In each figure, the
evaluation is performed
1) in LO with g = M, = M), = {pr (dashed line),

2) in NLO with M, = {pr and p = M, = M), = pr

(dash-dotted line), and
3) in NLO with p = M, = My = £pr and M, = pr

(solid line).

Here LO bears the same meaning as in Figs. 1 and 2.
In case 2), where we vary only the factorization scale

- attached to the photon leg, M., we obtain a straight

line, i.e., we recover the characteristic scale dependence



— - - -

- ————— - -

- —— -

- - .

-

7p—»h*+x

d"¢/dy dpy [nb/GeV"]

Fig. 3a,b,c. Scale dependences of d°¢/dy dpzT foryp =+ AT + X
via direct photons to NLO in the MS scheme at /5 = 256 GeV,
Y1sb = 0, and pr = 5,15,26 GeV, respectively. The dot-dashed
(solid} lines arc evaluated with M., = épy and u = Mp, = My, =
pr (b0 = Mp = M), = £pr and My = pp). The MRS DO’ set
is used. The dashed lines emerge from the solid lines by setting
Kiibjok =0

015 T T T T i T [ 11
L. ¥p » h* + X by
- \\\-\ -—
N Yin=0 i
Lo ey -
901 .01 i pr = 15 GeV
A
i} L
- L
s L
P
:E_ 005 — e S, T
Nb = -""«-.__‘_ e
d ""--..,___‘_‘_‘—
o 1 [ I | [ B
2 5 1 2 5

a+bln . As mentioned above, there is no M., dependence
at LO. When all scales, except for M., are varied simul-
taneously, the ¢ dependence is, in general, increased as
we switch off the Kk.-k,——rk, terms, i.e., as we pass from
case 3) to case 1). However, this is true only if pr is
large enough. ‘At pp = § GeV, the LO result is almost
independent of £. In this case, a large compensation be-
tween the individual variations with g, M,, and M is
at work. In Figs. Ja and b, the results corresponding to
cases 1) and 3) are shown only for £ > Qo/pr, where
Qo = /b GeV is the starting point of the Q2 evolution
implemented in the MRS D0’ set. For lower values of
£, no meaningful results are obtained. In particular, we
observe that, at pr = 15 GeV, the cross section changes
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Fig. 4. py distributions of yp — AT+ X via direct photons to NLO
at /3 = 256 GeV and y1.p = 0 evaluated using in turn the DIS+y
scheme for the photon and the MS scheme for the proton (dashed
line) and the MS scheme for the photon and the DIS scheme for the
proton (solid line). The results are normalized to the corresponding
caleulation where the MS scheme is used throughout (cf. Fig. 1).
The MRS D0’ set is used and ¢ = My = My = M), = pr is chosen

by no more than 20% in NLO as compared to 70% in LO
when the scales are varied between pp/2 and 2pp. Sim-
ilar studies of the scale dependence have been reported

for resclved photoproduction in IIT.

A further source of uncertainty is the choice of sub-
traction scheme for the parton density and fragmenta-
tion functions. This point can be studied only in NLO,
where the respective finite changes in these functions are
supposed to be compensated by equivalent shifts in the
Kk, terms. To test this compensation, we compute
d?0/dydpk at yiap = 0 as a function of py using the
deep-inelastic scattering (DIS) scheme of subtraction at
the proton leg, along with the appropriate MRS D0’ set,
and plot the ratio of this evaluation to the one using the
MS scheme (cf. Fig. 1) in Fig. 4 (solid line). Specifically,
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Fig. 5. pr distributions of yp — h* + X via direct photons to NLO
in the MS scheme at /s = 256 GeV and y,, = D evaluated us-
ing in turn the MRS D—' (dashed linc), CTEQ2M (solid linc),
CTEQ2MS (dot-dashed line), and CTEQ2MF (dot-long-dashed
line) sets. The results are normalized to the corresponding cal-
culation with the MRS D0’ set. p = My = M, = My, = pr is
chosen

we modify the Ky .k, functions according to the DIS

conventions by Diemoz et al. [20], i.e., the spin average
for an incoming gluon is taken to be 1/2 and the finite

shifts are defined as
In(1l — =) 3 1
_ 2 — =
f""(z)_CF[(H:)( 1-2 )+ 2(1—z)+

14+ 22
1—=

fea(®) = —fogq(z),
(@) = 3 {2+ (- 2P 2 a1 - )|
f23(®) = —2NF fr, (). (3.1)

We recall that, in' the MS scheme, these functions are all
set to zero and the spin average for an initial-state gluon
is chosen to be 1/(n — 2}, where n is the dimensionality
of space-time. We see that the transition from the MS
to the DIS scheme of subtraction at the proton leg
leads to a negligible decrease, by approximately 2%, for
all pr values considered. In the resolved cross section,
the subtraction scheme for the photonic parton density
functions can be changed in a similar way. Glick, Reya,
and Vogt [17] implemented the so-called DISy scheme
in their parametrizations. In {his case, terms that are
singular near # = 1 are shifted from the resolved cross
section to the direct one. This necessarily produces a
different direct cross section. The ratio of the direct
cross section in the DIS+y scheme to the MS result (cf.
Fig. 1) is also shown in Fig. 4 (dashed line). This ratio
increases by almost 50% as pp runs from 2 to 20 GeV.
Unfortunately, also the parton density functions of
the proton are not unique. Different authors favour dif-

2
lnz+3+2z—(g+%)5(l—z)] ,

1—

T
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ferent experimental input or make different assumptions
concerning the functional 2 dependence of the input dis-
tributions at scale Qo. To study such varialions, we cal-
culate d%0/dy dp%. at y1ap = 0 as a function of pr to NL.O
in the MS scheme using in turn various recent sets by the
MRS and CTEQ collaborations, namely MRS D-' [15],
CTEQ2M, CTEQ2MS, and CTEQ2MF [16). In Fig. 5,
we show the ratios of the resulting cross sections to
the previous calculation, with the MRS D0’ [15] set.
The wiggles in some of the curves reflect the numeri-
cal error of our computation. These sets differ mainly
in the small-# behaviour of the gluon and sea-quark
densities, which are only feebly constrained by present
data. This behaviour is assumed to be flat (steep) in the
MRS D0’ and CTEQ2MF (MRS D—' and CTEQ2MS)
sets; CTEQ2M corresponds to the best fit of [16]. The
ratios do not differ very much from 1. For pp 2 4 GeV,
the relative deviations do not exceed 10%. Only at rather
small pr (pr S 3 GeV), where perturbative QCD may
not be very predictive anyway, the discrepancies become
significant. We see that the MRS D—' and CTEQ2MS
sets give similar results, which are most enhanced in the
small-py range. This-is due to the singular small-z be-
haviour of the gluon and sea-quark distributions, which
should become visible at small pr. The evaluations with
MRS D0’ and CTEQ2MF differ by less than 10% from

each other over the whole pr range considered.

3.2, Single-charged-hadron production in ep collisions

In this subsection, we present inclusive cross sec-
tions for photoproduction of single charged hadrons in
ep collisions, both via direct and resolved quasi-real pho-
tons. According to present HERA conditions, we take
the energies of electrons and protons in the laboratory
frame to be 26.7 and 820 GeV, respectively, so that
+/5 = 296 GeV. We calculate the energy spectrum of the
resulting photons with the following formula [19]:

a [1+(1-2)2

z 2(1 -
frrele) = 5= n e L 228

min

1

- 3.2)

where # = p,/E, is the longitudinal-momentum frac-
tion, @%,., = 0.01 GeV? is chosen as in the H1 ex-
perimental set-up with photon tagging, and Q. =
mZz?/(1 — 2), with m, being the electron mass. The
above formula is an extension of the traditionally ap-
plied Weizsacker-Williams approximation (WWA). In
the WWA, the term —(a/7)(1 — z)/2 does not appear.
In the present situation, it is 2 non-negligible correc-
tion, in particular for tagged photons, where QZ . is
so small. In conformity with the cuts applied in the
H1 experiment, we éxclude z values outside the inter-
val 0.3 < 2 < 0.7. Equation (3.2) together with this «
cut determines the photon luminosity employed in our
calculation.? :

! In II, we used a different formula for fyje(z) with an angular
cut of 5° and without tlic second term of Eq. (3.2).
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Fig. 6, pr distributions of ep —+ h*T + X via direct (dashed linc)
and resolved (dot-dashed line} photons and their superposition
(solid line) to NLO in the MS scheme at /5 = 296 GeV and
averaged over [¥1.p| < 1. The GRV and MRS DO’ sets are used
and p = My = My = My = py is chosen

The inclusive cross section of single-particle pro-
duction in ep collisions as measured with the H1 de-
tector at HERA is related to the corresponding real-
photoproduction cross section, discussed in Sect. 2, by

dicep — h + X) Fmax
B d3py, - ‘Lmin &= fT/e(a’) (3 3)

3
“ Ehd o{yp = h+ X) .
d3pp,
On the right-hand side, p, = 2E, must be substituted
and Tmin and Zmex are determined by the experimental
cuts.

As explained in the Introduction, an interesting ques-
tion is how the inclusive cross section of single-particle
production behaves at large pr when the resolved and
direct components are summed. The answer is given in
Fig. 6, where the NLO cross sections for direct and re-
solved photoproduction and their sum are plotted as a
function of pr. According to the H1 acceptance cuts,
the cross section is averaged over the rapidity inter-
val |yiap| < 1. We select the GRV and MRS D0’ NLO
sets, both in the MS scheme. Qur choice of scales is
p =M, =M, = M, = pr. In the evaluation of the
NLO resolved component, we choose to multiply both
the LO hard-scattering cross sections and the NLO cor-
rections by the NLO photonic parton density functions,
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Fig. 7. yiap distributions of ep =+ h%T + X via direct (dashed
line) and resolved (doi-dashed line) photons and their superposi-
tion (solid line) to NLO in the MS scheme at /3 = 296 GeV and
pr = 5,15,25 GeV. The GRV and MRS D0’ sets are used and
p=My= M, = My = pr is chosen

i.e., we do not adept the prescription of [17], where it is
proposed to use the LO set in connection with the NLO
corrections. The difference between these two procedures
is beyond NLO and may be considered as a theoretical
uncertainty. A quantitative discussion of this point may
be found in II. We see that the resolved part clearly
dominates at small pr, but falls off with increasing pr
more rapidly than the direct part; the two parts inter-
sect at pr = 15 GeV. As a consequence, the total cross
section, i.e., the sum of the direct and resolved parts,
tails off with increasing pr more slowly than the resolved
cross section alone, which we computed in II.

The effect of the direct component is most visible
in the electron-beam direction, i.e., towards the negative

‘end of the Y1ab Spectrum, provided that py is sufficiently

large. To visualize this, we plot in Fig. 7 the direct
and resolved components of d*¢/dydp% at NLO and
their superposition as a function of y,, for pr = 5,
15, and 25 GeV. The evaluated points.are connected by
straight lines. At pr = 15 GeV, the direct and resolved
contributions are approximately equal for yiap < 1 (cf.
Fig. 6, where we averaged over [y1ab| < 1).

In II, we found moderate NLO corrections to the
resolved «yp and ep cross sections, except at low pp. In
Sect. 3.1, we made similar observations for the direct vp
cross section (cf. Figs. 1 and 2). In Fig. 8, we present the
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Yiab = 0, and pp = 5,15,25 GeV, respectively. The GRV and
MRS D0’ sets are used and r = My, = M, = py is chosen. Start-
ing from the LO direct cross section (dashed line), we add in turn
the NLO corrections to the direct cross section (long-dashed line),
the LO resolved cross section {dot-dashed line), and the NLO cor-
rections to the resolved cross section (solid line)

ratios of the direct, resolved, and total ep cross sections
at NLO shown in Fig. 6 to the respective evaluations
with the K kikj—rky beTms omitted. We see that, in the re-
gion where the QCD-improved parton model is expected
to yield reliable predictions, pr Z 5 GeV, the increase
due to the NLO corrections is relatively moderate, below
65%.

We emphasized already in Sect. 3.1 that the split-
ting of the inclusive cross section into a direct and a
resolved part is ambiguous. The ep results presented so
far have been obtained for a fixed scale M, = pr and
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a definite subtraction scheme for the photonic parton
density functions, namely the MS scheme. The relation
of the direct and resolved compornents varies with the
choice of M., and/or factorization scheme. For example,
if we put M, = £pr and vary £, then the NLO direct
part changes logarithmically with Ing (cf. Figs. 3a—c
dealing with yp scattering). This must be compensated
already by the LO tesolved cross section. This compen-
sation is demonstraied in Figs. 9a-c, where we show
d?c/dydp? for ep =+ hT + X at yian = 0 and pr = 5,
15, and 25 GeV, respectively, as a function of ¢, keeping
all other scales fixed at py. Of course, the LO direct
cross section is independent of ¢ (dashed lines). The
NLQ direct cross Section is a decreasing monomial in
In£ (long-dashed lines). As expected, the { dependence
is significantly rediced when the NLO direct and LO
resolved contributiéns are combined (dot-dashed lines);
this compensation works almost perfectly at ppr = 5 GeV
(see Fig. 9a). A complete cancellation is beyond the
scope of finite-order perturbation theory; there are al-
ways uncompensated terms in the next order beyond

. current knowledge: We also show the sum of the NLO

direct and NLO resolved cross sections, which now feebly
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increases with £, but stays tolerably constant over the
central range 0.5 < £ < 2, which is usually considered in
connection with scale variations.

The global scale dependence, i.e., the one generated
by setting g = My = M, = M, = &pr and varying &,
is investigated in Figs. 10a—c for y1ap = 0 and pr = 5,
15, and 25 GeV, respectively. It is much stronger than
the M, dependence alone, in particular at pr = 5 GeV
(see Fig..10a). At this py value, the LO cross section is
incidentally the most stable one, which is due to large
cancellations among the varicus scale dependences. At
higher pr, the summed NLO cross section (NLO direct
plus NLO resolved) is much more stable than the LO
direct one. The pp = 25 GeV case is a typical example
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Fig. 11a,b. prp distributions of ep = k% 4 X via direct photons
(dashed line) and direct plus resolved photons (solid line) to NLO
at 4/3 = 296 GeV and ¥1,, = 0, 1, respectively, evaluated using the
DIS~ scheme for the photon and the M5 scheme for the proton.
The results are normalized to the corresponding ealculations where
the MS scheme is used throughout. The GRY and MRS D' sets
are used and p = M,y = Mp = My, = p7 is chosen

where the global scale dependence is appreciably reduced
when NLO corrections are included. In fact, here we
observe two successive compensations, one in the direct
“channel as we pass from the dashed line to the long-
dashed one and another one in the resolved channel as
we pass from the dot-dashed line to the solid one. From
Figs. 10a—c we read off a theoretical uncertainty of 30%
and 20% for pr = 5 GeV and pp > 15 GeV, respectively,
due to a global scale variation in the range 0.5 < £ < 2.

In Sect. 3.2, we studied the variation of the direct +p
cross section at NLO under a change of the factorization
scheme for the photonic parton density functions, from
the MS to the DISy scheme. Except for pr values in
the vicinity of some fixed point, we found a dramatic
shift (cf. Fig. 4). In Figs. 11a and b, we perform a
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similar study for the NLO ep cross section at yiap = 0
and 1, respectively. The NLO direct component (dashed
lines) exhibits the same qualitative features as before,
while the sum of the NLO direct and NLO resolved
components (solid lines) is considerably less affected by
the change from the MS to the DISy scheme. In the
latter case, the relative deviation amounts to less than
6% in the pr range considered. This nicely demonstrates
that the NLO prediction of the total cross section is not
jeopardized by theoretical uncertainties related to the
choice of factorization scheme used at the photon leg.
Of course, both direct and resolved components depend
separately on that scheme, which gives support to the
notion that only their sum is meaningful physically.

4. Summary and outlook

We have calculated in next-to-leading order (NLO)
inclusive cross sections for direct and resolved photopro-
duction of single charged hadrons at HERA. The main
new feature of the present analysis is the inclusion of the
direct-photon contribution at NLO, which we neglected
altogether in our previous report [7]. This is particu-
larly important for pr 2 15 GeV, where more single
charged hadrons are produced via direct photons than
via resolved ones.

The NLQ corrections to direct photoproduction are
generally positive. They are largest for positive yja» and
small pr, i.e., in the regime where single-charged-hadron
production at HERA proceeds dominantly through the
resolved-photon mechanism. Even under such circum-
stances, however, the NLO direct contribution almost
perfectly compensates the dependence of the resolved
contribution on the factorization scale, M., in the pho-
tonic parton density functions. The dependences on the
renormalization scale, p, and the residual factorization
scales, M, and M), are largely reduced within the re-
solved and direct channels separately when the respec-
tive NLO corrections are included, especially in the up-
per pr range. This indicates that our results lend them-
selves to absolute predictions, in particular at large pr.
Orn the other hand, we cannot warrant reliability of our

NLO analysis in the very-low-pr range, since there the
QCD expansion parameter is too large.

Another restriction of our analysis is related to the
use of L.O fragmentation functions. We expect the M;
dependence to be further reduced when two-loop evolved
fragmentation functions are utilized. This point is cur-
rently under study.
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