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Abstract. We present next-to-leading order calculations of one- and two-jet production in eP collisions
at HERA for photon virtualities in the range 1 < Q2 < 100 GeV2. Soft and collinear singularities are
extracted using the phase space slicing method. Numerical results are presented for HERA conditions
with the Snowmass jet definition. The transition between photoproduction and deep-inelastic scattering
is investigated in detail. We compare two approaches, the usual deep-inelastic theory, where the virtual
photon couples only directly to quarks and antiquarks, and the photoproduction approach, where the
photon couples either in the direct way or in the resolved way via the parton constituents of the virtual
photon with the proton constituents. Finally we compare with recent H1 data of the dijet rate obtained for
various photon virtualities Q2 with special attention to the region, in which two jets have equal transverse
momenta.

1 Introduction

Recently jet production in electron-proton scattering in
the transition region between photoproduction and deep-
inelastic scattering (DIS) has received very much attention
both from the experimental [1–3] and the theoretical [4–7]
side.

In the photoproduction of jets, i.e., in eP collisions
at HERA for photon virtualities in the region 0 . Q2 .
Q2

max with Q2
max being small, the photon couples either

directly to a parton from the proton or through resolved
processes, in which the photon transforms into partons
and one of these interacts with a parton out of the pro-
ton to produce jets. The cross section for jet production
is expressed as a convolution of universal parton distribu-
tions of the proton and, in the resolved case, of the photon
with the hard parton-parton scattering cross section. The
evolution of both parton densities with the scale µ as well
as the hard parton-parton scattering cross section can be
calculated in perturbative QCD as long as the scale µ of
the hard subprocess, which is of the order of the transverse
energy ET of the produced jets, is large enough as com-
pared to ΛQCD and Q. For these processes the photon
densities are defined for photon virtualities Q2 = 0 and
are constructed in such a way as to describe the wealth
of data in deep-inelastic eγ scattering or γ∗γ scattering,
where the photon γ∗ has a large virtuality.
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This approach can easily be extended to the case of jet
production in eP collisions with a fixed Q2 6= 0, as long
as Q2 is small enough compared to the hard scattering
scale µ2 [4–7]. For this case the parton distributions of
the photon depend on x and the scale µ2, as in real pho-
toproduction (Q2 =0), and in addition on the virtuality
Q2. Several models exist for describing the µ2 evolution of
these parton distribution functions (PDF’s) with chang-
ing Q2 [4,8,9], but very little data from deep-inelastic eγ∗
scattering with photons γ∗ of virtuality Q2 6= 0 [10] ex-
ist, where they could be tested. Experimental data from
jet production in the region Q2 � µ2 ∼ E2

T could help
to gain information on the Q2 evolution of these photon
structure functions. Parton densities of the virtual photon
are suppressed [4,9,11] with increasing Q2 and are, in the
usual LO definition, assumed to vanish like ln(µ2/Q2) for
Q2 → µ2, so that in the region Q2 ∼ µ2 the direct process
dominates. Therefore, in the LO framework, it depends
very much on the choice of scale µ2 in relation to E2

T ,
whether a resolved contribution is present in the region
Q2 ≥ E2

T . This has been observed recently in a study of
the dijet rate in DIS in the region 5 < Q2 < 100 GeV2

by the H1 collaboration [3,12]. In these measurements di-
jets are searched with a cone-jet algorithm with radius
R = 1 in the virtual photon-proton center-of-mass frame.
The results could be described in LO by a superposition
of the usual direct component and the resolved compo-
nent if the scale µ2 was chosen equal to µ2 = Q2 + E2

T ,
so that the resolved contribution was significant also for
Q2 > E2

T . Of course, for a smaller scale µ2, as for example
µ2 = E2

T , the resolved contribution was in fact small for
the region Q2 ≥ E2

T , as to be expected. In this approach
the resolved contribution may be considered as a NLO
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correction to the direct cross section, which is evaluated
in the leading-logarithm approximation. This interpreta-
tion of the H1 measurements is not very satisfactory for
the following reasons. First the sum of the LO direct and
resolved cross section suffers from an appreciable scale
dependence. Second in the region Q2 ≥ E2

T power like
terms ∝ (Q2/E2

T )n are more important than the logarith-
mic ones ∝ ln(µ2/Q2) which are summed by using the
parton PDF’s of the virtual photon. To account correctly
for the power behaved terms one must include the com-
plete NLO corrections to the leading (in αs) direct-photon
contributions. So, if one wishes to cover the whole range
from Q2 � E2

T to Q2 > E2
T , one must still include the

resolved contribution (i.e. those involving the PDF’s of
the virtual photon), however, in such a way that these
are matched with the NLO direct photon contributions
by subtracting from the latter those terms which are al-
ready included through the PDF’s of the virtual photon.
Such a subtraction has been worked out in our earlier
work with M. Klasen [7] by separating the collinear pho-
ton initial state singularities from the NLO corrections to
the direct cross section. There we studied inclusive one-
and two-jet production with virtual photons in the region
Q2 � E2

T by transforming to the HERA laboratory sys-
tem. In this system the results were compared to the pho-
toproduction cross sections and the unsubtracted direct-
photon cross section up to NLO. The dependence of the
cross section on Q2 had been investigated for some cases
up to Q2 = 9 GeV2 (please note that in [7] we used P 2 for
the variable Q2). We found that with increasing Q2 the
sum of the NLO resolved and the NLO direct cross sec-
tion, in which the terms already contained in the resolved
part were subtracted, approached the unsubtracted direct
photon cross section. However, some difference remained
even at the highest studied Q2.

In this paper we want to extend this work in several
directions. First we calculate the two cross sections, the
resolved and the subtracted direct cross section over a
larger range of Q2, namely 1 ≤ Q2 ≤ 100 GeV2, including
NLO corrections for both cross sections. We compare this
cross section with the unsubtracted direct cross section as
a function of Q2. Following essentially the analysis of the
dijet rate of the H1 collaboration [12] we divide the Q2

range into seven subsequent Q2 intervals which we specify
later. In the intervals with the larger Q2 the longitudi-
nal cross section is not negligible anymore. Therefore this
cross section had to be included in the subtracted direct
as well as in the unsubtracted direct cross section. Second
we present our results in the photon-proton center-of-mass
system as was used in the analysis of the experimental
data [3,12]. For this purpose we had to calculate the re-
solved cross section, usually given in the HERA laboratory
system also in the virtual photon-proton center-of-mass
system.

We have calculated various inclusive one-jet cross sec-
tions either as a function of the rapidity η integrated over
ET > ETmin or as a function of ET integrated over the
whole accessible η range. The dijet rate needs some extra
discussion, since experimentally this rate is defined with

cuts on the transverse energies of both jets. In addition
to the two-jet rate, which we have calculated, applying all
the experimental cuts on various kinematical variables, we
have computed also the usual inclusive dijet cross section
as a function of ET with the rapidities η1 and η2 of the
two-jets integrated out.

The outline of our work is as follows. In Sect. 2 we
describe how the direct, the subtracted direct and the re-
solved cross section are calculated. Furthermore we de-
scribe the input PDF’s of the proton and the photon. The
results for the inclusive single-jet, inclusive dijet and the
two-jet rate are presented in Sect. 3. Here we discuss also
some of the subtleties concerning the definition of the di-
jet rate and finally we compare with the dijet data from
H1 [12]. Section 4 contains a summary and an outlook to
future studies in the transition region between photopro-
duction and the deep inelastic collision region.

2 Inclusive single- and dijet cross sections

2.1 General structure of cross sections

In order to define the general structure of the cross sec-
tions, which we want to calculate, we write for the inclu-
sive production of two jets in electron-proton scattering

e(k)+P (p) → e(k′)+jet1(ET1 , η1)+jet2(ET2 , η2)+X (1)

Here, k and p are the momenta of the incoming electron
and proton, respectively. k′ is the momentum of the out-
going electron. The two jets in the final state are char-
acterized by their transverse momenta ETi and rapidities
ηi, which are the observables also in the experiment. The
four-momentum transfer of the electron is q = k − k′ and
Q2 = −q2. The phase space of the electron is parametrized
by the invariants y = pq/pk and Q2. In the case of very
small virtualities Q2 � q2

0 , where q0 is the energy of the
virtual photon, y gives the momentum fraction of the ini-
tial electron energy k0, carried away by the virtual pho-
ton and y = q0/k0. However, in this work we do not
use this approximation, since we will consider also the
range of larger Q2. The total energy in the eP center-of-
mass system is

√
SH , where SH = (k + p)2. W denotes

the energy in the virtual photon-proton (γ∗P ) subsystem,
W 2 = (q + p)2.

The hadronic cross section dσH is written as a convo-
lution of the hard scattering cross section dσeb, where the
electron interacts with the parton b originating from the
proton, parametrized by the PDF of the proton fb/P (xb)
with xb denoting the parton momentum fraction, so that

dσH(SH) =
∑

b

∫
dxbdσeb(xbSH)fb/P (xb). (2)

The cross section dσeb for the scattering of the electron
on the parton b is related to the lepton tensor Lµν =
4(kµk′ν +k′µkν −kk′gµν) and the hadron tensor Hµν in the
following way

dσeb =
1

4SHxb

4πα

Q4 LµνHµνdPS(n+1) (3)
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The phase space can be separated easily in a part dL which
depends only on the electron variables and a part dPS(n)

which depends only on the n final state particles:

dPS(n+1) = dLdPS(n) (4)

where

dL =
Q2

16π2

dφ

2π

dydQ2

Q2 (5)

Here φ is the azimuthal angle of the outgoing electron,
which we integrate out with the result

∫
dφ

2π
LµνHµν =

1 + (1 − y)2

2y2 Hg

+
4(1 − y) + 1 + (1 − y)2

2y2 HL (6)

In this formula Hg = −gµνHµν and HL = 4Q2

(SHy)2 pµpνHµν

gives the contribution proportional to the cross section for
longitudinal polarized virtual photons. With Hg and HL

we define the corresponding cross sections for the scatter-
ing of unpolarized transversal and longitudinal polarized
virtual photons on the parton b:

dσU
γb =

1
4xbSHy

(Hg + HL)dPS(n)

=
1

4xbSHy
HUdPS(n) (7)

dσL
γb =

1
2xbSHy

HLdPS(n) (8)

With these common definitions we can write the eb cross
section averaged over the azimuthal angle

dσeb =
α

2π

(
1 + (1 − y)2

y
dσU

γb +
2(1 − y)

y
dσL

γb

)
dydQ2

Q2

(9)
In the limit Q2 → 0 one obtains the familiar formula
for the absorption of photons with small virtuality, where
dσL

γb is neglected and the transversely unpolarized cross
section dσU

γb is multiplied with the differential Weizsäcker-
Williams spectrum [13]

dfγ/e

dQ2 =
α

2π

1 + (1 − y)2

yQ2 (10)

This approximation can also be used for very small vir-
tualities Q2 � E2

T , as we did in our earlier work [7]. For
the larger Q2 including Q2 ' E2

T the longitudinal cross
section must be included. We emphasize that the above
formula (9) does not involve any approximations, except
that terms proportional to m2

e are neglected. In particu-
lar we do not use the usual collinear approximation for
the virtual photon, familiar from calculations for photo-
production.

As mentioned already in the previous section we want
to include also the resolved contribution. In this case the
photon with moderate virtuality interacts with the proton

or the parton b not only as a point-like particle, as we have
assumed so far, but also via the partonic constituents of
the photon. This partonic structure of the photon is de-
scribed by PDF’s fU,L

a/γ (xa), introducing the new variable
xa which gives the momentum fraction of the parton in
term of the virtual photon momentum, pa = xaq. Since we
must distinguish between transversely and longitudinally
polarized photons in (9), we must introduce two PDF’s for
the photon with label U and L. To simplify the formalism
we can include the case of the direct photon interaction in
the PDF’s of the photon by using fU,L

γ/γ = δ(1 − xa) in the
formula below. Taking everything together, the hadronic
cross section dσH(SH) can be written as a convolution
of the hard scattering cross section dσab for the reaction
a + b → jet1 + jet2 + X with the PDF’s of the photon
fU,L

a/γ (xa) and the proton fb/P (xb) in the following form

dσ̄H(SH)
dQ2dy

=
∑
a,b

∫
dxadxbfb/P (xb)

α

2πQ2

×
(

1 + (1 − y)2

y
fU

a/γdσab

+
2(1 − y)

y
fL

a/γ(xa)dσab

)
(11)

Of course, for the direct photon interaction the relation
fU,L

a/γ dσab = δ(1 − xa)dσU,L
γb holds.

The phase space factor in (7) and (8) depends on the
number of particles in the final state. In our case we have
either two or three jets in the final state. For describing
the final state in terms of the relevant variables we adopt
the center-of-mass system of the virtual photon and the
proton. In the case of two jets in the final state, we express
the respective four-momenta p1 and p2 by their rapidities
η1 and η2 and their transverse energies ET1 = ET2 = ET

in the center-of-mass system:

p1 = ET (cosh η1, 1, 0, sinh η1) ,

p2 = ET (cosh η2,−1, 0, sinh η2) . (12)

From energy-momentum conservation we obtain in the
case of direct production (xa = 1)

W = ET (e−η1 + e−η2), (13)

y =
W 2 + Q2

SH
(14)

and
xb = 1 +

2W

W 2 + Q2 ET (sinh η1 + sinh η2). (15)

Here, the rapidities are defined with respect to the proton
momentum direction as positive z direction. The phase
space dPS(2) together with dydxb can be expressed either
by ET , η1 and y

dPS(2)dydxb =
1
4π

W

W 2 + Q2

1
W − ET e−η1

dη1ET dET dy

(16)
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with

xb =
W 2

W 2 + Q2

(
Q2

W 2 +
ET eη1

W − ET e−η1

)
(17)

or by ET , η1 and η2

dPS(2)dydxb =
1

2πSH

W 2

W 2 + Q2 dη1dη2ET dET (18)

In this case xb is given by the formula (15). The phase
space with three partons or jets in the final state is more
complicated and will not be written down.

As is well known the higher order (in αs) contributions
to the direct and resolved cross sections have infrared and
collinear singularities. To cancel them we use the familiar
techniques. The singularities in the virtual and real con-
tributions are regularized by going to d dimensions. In the
real contributions the singular regions are separated with
the phase-space slicing method based on invariant mass
slicing. This way, we have for both, the direct and the re-
solved cross section, a set of two-body contributions and
a set of three-body contributions. Each set is completely
finite, as all singularities have been canceled or absorbed
into PDF’s. Each part depends separately on the phase-
space slicing parameter ys. The analytic calculations are
valid only for very small ys, since terms O(ys) have been
neglected in the analytic integrations. For very small ys,
the two separate pieces have no physical meaning. The ys

is just a technical parameter which must be chosen suf-
ficiently small and serves the purpose to distinguish the
phase space regions, where the integrations are done an-
alytically, from those, where they are performed numeri-
cally. The final result must be independent of the param-
eter ys. In the real corrections for the direct cross section
there are final state singularities and contributions from
parton initial state singularities (from the proton side).
They have been calculated by Graudenz [14] in connection
with NLO corrections for jet production in deep-inelastic
eP scattering. Since he used the same phase-space slicing
method they can be taken over together with the virtual
corrections up to O(αα2

s). To these results, which were
given only for the Hg matrix element, we added the NLO
contributions to HL, so that together with the LO contri-
butions we have both cross sections dσU

γb and dσL
γb in (9)

available up to NLO. This describes the calculation of the
full cross section, which is valid for general Q2.

The resulting NLO corrections to the direct process be-
come singular in the limit Q2 → 0, i.e. direct production
with real photons. For Q2 = 0 these photon initial state
singularities are usually also evaluated with the dimen-
sional regularization method. Then the singular contribu-
tions appear as poles in ε = (4 − d)/2 multiplied with the
splitting function Pqi←γ [15]. These singular contributions
are absorbed into PDF’s fa/γ(xa) of the real photon. For
Q2 6= 0 the corresponding contributions appear as terms
ln(s/Q2),

√
s being the c.m. energy of the photon-parton

subprocess. These terms are finite as long as Q2 6= 0 and
can be evaluated with d = 4 dimensions. For small Q2,
these terms become large, which suggests to absorb them
as terms proportional to ln(M2

γ/Q2) in the PDF of the vir-
tual photon, which is present in the resolved cross section.

Mγ is the factorization scale of the virtual photon. By this
absorption the PDF of the virtual photon becomes depen-
dent on M2

γ , in the same way as in the real photon case,
but in addition it depends also on the virtuality Q2. Of
course, this absorption of large terms is sensible only for
Q2 � M2

γ . In all other cases the direct cross section can
be calculated without the subtraction and the additional
resolved contribution. M2

γ will be of the order of E2
T and

will be specified when we present our numerical results.
But also when Q2 ' M2

γ , we can perform this subtrac-
tion. Then the subtracted term will be added again in the
resolved contribution, so that the sum of the two cross sec-
tions remains unchanged. This way also the dependence of
the cross section on M2

γ must cancel, as long as we restrict
ourselves to the resolved contribution in LO only.

In addition there are also finite terms (for Q2 → 0),
which may be subtracted together with the singular log-
arithmic terms. Concerning such terms we have the same
freedom as in the case Q2 = 0. In our earlier work [7], we
fixed these terms in such a way so that they agree with
the MS factorization in the real photon case. Of course,
this has consequences concerning the selection of the PDF
of the virtual photon. The details for this subtraction of
the initial state singularities can be found in [7]. The cross
section with these subtractions in the NLO corrections to
the direct process will be denoted the subtracted direct
cross section. It is clear that this cross section alone has
no physical meaning. Only with the resolved cross section
added it can be compared with experimental data.

In the general formula (9) for the deep-inelastic scat-
tering cross section, we have two contributions, the trans-
verse (dσU

γb) and the longitudinal part (dσL
γb). Since only

the transverse part has the initial-state collinear singular-
ity we have performed the subtraction only in the matrix
element Hg which contributes to dσU

γb. Therefore we do
not need fL

a/γ in (11). It is also well known that dσL
γb van-

ishes for Q2 → 0. The calculation of the resolved cross sec-
tion including NLO corrections proceeds as for real pho-
toproduction at Q2 = 0 [16], except that the cross section
is calculated also for final state variables in the virtual
photon-proton center-of-mass system. The kinematic re-
lation between initial and final state variables are similar
to those for direct production except that xa 6= 1 and an
additional integration over xa in (11) has to be performed.

2.2 Jet definition

The invariant mass resolution introduced in the last sub-
section is not suitable to distinguish two and three jets
in the final state. With the enforced small values for ys

the two-jet cross section would be negative in NLO, i.e.
unphysical. Therefore we must choose a jet definition that
enables us to define much broader jets. We do this in ac-
cordance with the jet definition in the experimental anal-
ysis and choose the jet definition of the Snowmass meet-
ing [17]. According to this definition, two partons i and j
are recombined if for both partons i and j the condition
Ri,J < R, where Ri,J =

√
(ηi − ηJ)2 + (φi − φJ)2, is ful-
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filled. ηJ and φJ are the rapidity and the azimuthal angle
of the combined jet, respectively, defined as

ETJ
= ETi

+ ETj

ETJ
ηJ = ETi

ηi + ETj
ηj (19)

ETJ
φJ = ETi

φi + ETj
φj

and R is chosen as in the experimental analysis. So, two
partons are considered as two separate jets or as a single
jet depending on whether they lie outside or inside the
cone with radius R around the jet momentum. In NLO,
the final state consists of two or three jets. The three-
jet sample contains all three-body contributions, which
do not fulfill the cone condition. The above jet definition
is applied in the hadronic center-of-mass system as in the
experimental analysis. We do not introduce any additional
Rsep parameter, which controls the recombination of par-
tons of two adjacent cones of radius R.

2.3 Numerical input

For the computation of the direct and resolved compo-
nents in the one- and two-jet cross sections we need the
PDF’s of the proton fb/P (xb) and of the photon fU

a/γ(xa)
in (11) at the respective factorization scales MP and Mγ .
Since we perform the subtraction only in the transversal
part of the NLO direct contribution, we only use fU

a/γ and
set fL

aγ = 0 in (11). For the proton PDF’s we have chosen
the CTEQ4M version [18], which is a NLO parametriza-
tion with MS factorization and Λ

(5)

MS
= 204 MeV. We

include Nf = 5 flavours. The Λ value of the proton PDF
is also used to calculate αs from the two-loop formula at
the scale µ. The factorization scales are put equal to the
renormalization scale µ (Mγ = MP = µ), where µ will
be specified later. For fa/γ , the PDF of the virtual photon
(we skip the upper index U in the following), we have cho-
sen one of the parametrizations of Schuler and Sjöstrand
(SaS) [9]. These sets are given in parametrized form for
all scales Mγ , so that they can be applied without re-
peating the computation of the evolution. Unfortunately,
these sets are given only in LO, i.e. the boundary condi-
tions for Q2 = M2

γ and the evolution equations are in LO.
In [8] PDF’s for virtual photons have been constructed
in LO and NLO. However, parametrizations of the Mγ

evolution have not been worked out. Second, these PDF’s
are only for Nf = 3 flavours, so that the charm and bot-
tom contributions must be added as an extra contribution,
which is inconvenient for us. Therefore we have selected a
SaS version which includes charm and bottom as massless
flavours. As explained in the previous section, we define
the subtraction of the collinear singularities for the NLO
direct cross section in the MS factorization. This has the
consequence that, in addition to the dominant logarith-
mic term, also terms (in the limit Q2 = 0) are left over in
the NLO corrections of the subtracted direct cross section
(see [7] for further details). To be consistent we must use a
parametrization of the photon PDF that is defined in the

MS factorization. In [9] such PDF’s in the MS scheme are
given in addition to the PDF’s in the DIS scheme, where
the finite parts are put equal to zero. Actually, this dis-
tinction is relevant only in NLO descriptions of the photon
structure function. Since numerically, however, it makes a
nonnegligible difference, whether one uses DIS or MS type
PDF’s of the photon the authors of [9] have presented both
types of PDF’s. Unfortunately, the MS version of [9] is de-
fined with the so-called universal part of the finite terms,
adopted from [19]. This does not correspond to the MS
subtraction as we have used it in [7]. Therefore we start
with the SaS1D parametrization in [9], which is of the
DIS type with no finite term in F γ

2 (x, M2
γ ) and transform

it with the well-known formulas to the usual MS version.
These transformation formulas are, for example, written
down in [7] and will not be repeated here. We remark also
that the Λ value of these PDF’s, which determines the evo-
lution is somewhat smaller. In [9] the value Λ

(4)

MS
= 200

MeV has been adopted. In addition to the distinction DIS
versus MS, the authors of [9] have constructed the vir-
tual photon PDF’s in different prescriptions P0, P

′
0 etc. We

have chosen the PDF in the prescription P0, which has the
property that the PDF of the virtual photon approaches
the respective parton-model expression which vanishes for
Q2 → M2

γ like ln(M2
γ/Q2) for the quark distributions and

faster for the gluon distribution. The heavy quarks c and
b are included as massless flavours except for the starting
scale Q0, which is Q0 = 600 MeV for the u, d, s quarks
and the gluon and related to the c and b quark masses,
respectively.

2.4 Numerical tests

The separation of the two-body and three-body contribu-
tions with the slicing parameter ys is a purely technical
device als already mentioned in Sect. 2.1. The sum of the
two- and three-body contributions for physical cross sec-
tions must be independent of ys. The parameter has to
be quite small to guarantee that the approximations in
the analytical calculations are valid. Typically, ys = 10−3,
forcing the two-body contributions to become negative,
whereas the three-body cross sections are large and posi-
tive. We have already checked in connection with our ear-
lier work [7] that by varying ys between 10−4 and 10−3

the superimposed two- and three-body contributions are
independent of ys for the inclusive single- and dijet cross
sections. Furthermore, we have explicitly checked that the
direct one- and two-jet cross sections for virtual photons
are in perfect agreement with the ones from real photo-
production given in [15,16] by integrating the virtuality
over the region of small Q2 with Q2

min ≤ Q2 ≤ 4 GeV2. In
this case the main contribution to the cross section comes
from the lower integration boundary, where the depen-
dence of the matrix elements on Q2 is small. The NLO
calculations are implemented in the computer program
JETVIP [20]. Several other programs for calculating jet
cross sections in deep-inelastic eP scattering are available,
although without considering the resolved photon compo-
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Table 1. The seven subsequent bins of photon virtuality, Q2,
considered in this work

Bin number Q2-range in GeV2

I [1, 5]
II [5, 10]
III [10, 15]
IV [15, 20]
V [20, 30]
VI [30, 50]
VII [50, 100]

nent. The eP → n jets event generator MEPJET [21] is
also based on the phase-space slicing method. Two other
NLO programs DISENT [22] and DISASTER [23] use the
subtraction method. To check our cross sections away from
Q2 ' 0, we have compared JETVIP with results obtained
with DISENT and found the programs to agree within 5%
for all Q2 considered in this work.

3 Results

In this section we shall present our numerical results in the
form that we show first the full direct cross section includ-
ing the transversal and the longitudinal part. Second, we
have calculated the subtracted direct cross section and the
resolved cross section which we superimpose to give the
cross section which we compare with the full direct cross
section. These results are presented and discussed in the
following subsections for three cases, the inclusive one-jet
cross section, the inclusive two-jet cross section and the
exclusive two-jet rate with three separate versions of ET

cuts. The exclusive two-jet rates will be compared with
recent H1 data [12]. For the comparison with these data
we have considered the Q2 bins as shown in Table 1. In
the experimental analysis only the bins II to VII are con-
sidered. We have added the bin I in order to have results
for cross sections of rather small virtuality, where the re-
solved part is more important than for all other bins. The
bins chosen for the two-jet analysis of H1 involve some
further cuts on the scattering angle and the energy of the
electron in the final state. These are taken into account
in Sect. 3.3 when we compare with the experimental data.
For the more theoretical comparisons we have chosen sim-
ple cuts on the variable y, which is limited to the region
0.05 < y < 0.6. Furthermore the cone radius is R = 1.

Of some importance is the choice of the scale µ. In bin
I we have Q2 � E2

T , since in all considered cases ET >
ETmin

> 5 GeV, so that µ = ET would be a reasonable
choice. Starting from bin V, Q2 ≥ E2

Tmin
, so that from this

bin on with the choice µ = ET the resolved cross section
would disappear at the minimal ET and above up to E2

T =
Q2. In order to have a smooth behaviour for all ET ’s we
have chosen µ2 = Q2 +E2

T , so that always µ2/Q2 > 1 and
in all bins a resolved cross section is generated. Of course,
in the sum of the resolved and the subtracted direct cross
section this scale dependence, which originates from the

factorization scale dependence at the photon leg cancels
to a very large extent in the summed cross section. Only
the NLO corrections to the resolved cross section do not
participate in the cancellation [7,24].

3.1 Inclusive one-jet cross sections

In this section, we present some characteristic results for
the one-jet cross section as a function of Q2. For this pur-
pose we show four selected bins I, II, V and VII, although
for comparison we generated results for all seven bins, but
showing them all would lead to too many figures. First,
we show the rapidity distributions

dσ1jet

dη
=

∫
dET

d2σ1jet

dET dη
, (20)

where we have integrated the differential cross section over
ET ≥ 5 GeV. The distributions for the four Q2 bins are
presented in Figs. 1a–d.

In the four plots we show five curves for dσ/dη as a
function of η in the range −3 < η < 0, since the cross sec-
tion is significantly large only in the backward direction
η < 0. η is the rapidity in the hadronic center-of-mass
system. The five curves present the resolved cross sections
(denoted by RES) in LO and NLO, the subtracted di-
rect cross denoted DIRS, the sum of DIRS and the NLO
resolved cross section, denoted SUM in the figures, and
the unsubtracted direct cross section labeled DIR. This
cross section should be compared to the cross section, la-
beled SUM (upper full curve). Both cross sections have
its maximum near η ' −2.5. With increasing Q2 the DIR
cross section shifts it maximum to the right, whereas the
summed cross section has its maximum shifted to more
negative η’s. As we can see, for all four Q2 bins the DIR
cross section is always smaller than the cross section ob-
tained from the sum of DIRS and the NLO resolved cross
section. Near the maximum of the cross sections they dif-
fer by approximately 25% in bin I and by 20% in the other
bins. This means, at the respective Q2 characterizing these
bins, the summed cross section is always larger than the
pure direct cross section. This difference originates essen-
tially from the NLO corrections to the resolved cross sec-
tion, as is obvious when we add the LO resolved curve
to the DIRS contribution in Figs. 1a–d. If we study this
in more detail, we see that the sum of the LO resolved
(lower full curve) and the subtracted direct cross section
is somewhat below the DIR curve for η < −2 and above
for η > −2 in case of bin I, below the DIR curve for all
η < 0 in bin II, only slightly below the DIR curve in bin
V and above the DIR curve for η < −1 and below for
η > −1 in bin VII. In the largest Q2 bin the difference is
approximately 5% near the maximum of the two curves.
Near η ' −3 the difference is larger since the LO resolved
cross section increases stronger towards smaller η’s than
the DIRS cross section decreases. So, up to a few percent
the full DIR cross section and the LO resolved plus sub-
tracted direct cross section section are equal. This means
that the term subtracted in the direct cross section is re-
placed to a very large extent by the LO resolved cross
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Fig. 1. Inclusive single-jet cross section dσ1jet/dη integrated over ET > 5 GeV as a function of η. In a: 1 < Q2 < 5
GeV2; in b: 5 < Q2 < 11 GeV2; in c: 20 < Q2 < 30 GeV2; in d: 50 < Q2 < 100 GeV2. DIR stands for the NLO direct,
DIRS is the NLO subtracted direct and RES-LO and RES-NLO are the LO and NLO resolved contributions, the lower
full curve is always RES-LO, the upper one is SUM

section. Differences between these two stem from the evo-
lution of the subtraction term to the scale µ =

√
Q2 + E2

T .
This might explain a somewhat larger difference in bin
VII as compared to bin IV (not shown) and bin V. The
approximate agreement between the DIR and the super-
imposed LO resolved and subtracted direct cross section
is expected. At the considered values of Q2 > 1 GeV2 the
virtual photon PDF is essentially given by the anomalous
(or point-like) part [7]. All other contributions are of mi-
nor importance. Obviously the compensation of the LO
resolved by the subtraction term is only possible, if the
photon PDF is chosen consistently with the MS subtrac-
tion scheme, which is the case in our analysis. Another
reason for the agreement of the NLO DIR with the sum
of the subtracted direct and the LO resolved cross sec-
tions is that all contributions are of the same order in αs,
i.e. of O(αα2

s). This also explains that the inclusion of the
NLO corrections to the resolved cross section brings in
additional terms and that the sum of DIRS and the NLO
resolved part lies above the pure direct cross section. We
conclude that except for the lowest two Q2 bins, the NLO
direct cross section gives the same results as SUM, if we

restrict ourselves to the LO contributions of the resolved
cross section.

We mentioned already that in the medium Q2 range
the longitudinal cross section is not negligible. To see this
more explicitly we have calculated the two contributions
present in (9) separately. First we write analogous to (7)
and (8) dσU

γb = (dσg
γb + dσL

γb)/2, where dσg
γb only contains

the contribution of Hg = −gµνHµν to dσU
γb. By substi-

tuting this decomposition into (9) we have calculated first
the cross section dσT

eb, obtained with dσL
γb = 0 in (9), i.e.

just the part of the direct cross section which survives in
the limit Q2 → 0, and second the cross section obtained
with dσg

γb = 0, i.e. the contribution which is proportional
to Q2. For these cross sections we have integrated over
y ∈ [0.05, 0.6]. These two cross sections, denoted by σT

and σL are integrated over ET > 5 GeV and calculated
for all seven Q2 bins. They are plotted as a function of η in
Fig. 2a–d. Here we have selected the same bins as in Fig. 1,
namely bin I, II, V and VII. In these figures we also show
σD = σT + σL, which must agree with the DIR cross sec-
tion in Fig. 1a–d. We see that σL is small compared to σT

in the first two bins, but still non-negligible. With increas-
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Fig. 2. Transverse and longitudinal parts of the direct part of the inclusive single-jet cross section dσ1jet/dη integrated
over ET > 5 GeV as a function of η, for the Q2 bins a–d as in Fig. 1. σT (dotted), σL (dashed), σT + σL (full)

ing Q2 the cross section σL increases and it is comparable
to σT near the maximum of the cross section in bin V. In
the last bin σL even dominates over σT below η = −1.5.
This shows that the longitudinal part σL must be taken
into account for Q2 > 1 GeV2. We emphasize that the σL

plotted in Fig. 2 includes the NLO corrections. In our ear-
lier work [7] we have considered only σT , which is justified
in the region Q2 < 1 GeV2. We observe in Fig. 2a–d, that
σT and σL have a different behaviour as a function of η.
σT is flatter, i.e. σL decreases much faster towards η = 0.

Next we considered the different components to the
ET distribution

dσ1jet

dET
=

∫
dη

d2σ1jet

dET dη
(21)

of the inclusive one-jet cross section. Here we integrated
over the kinematically allowed η range. The results of this
cross section for the bins I, II, V and VII are shown in
Fig. 3a–d. The four cross sections DIR, DIRS, NLO re-
solved cross section (RES) and the sum of DIRS and the
resolved cross section (SUM) are plotted. We observe in
these figures a similar pattern as in the η distributions
in Fig. 1a–d. The cross section SUM is always larger than
the NLO direct cross section DIR in all seven bins. The

difference is approximately 30% and originates from the
NLO corrections to the resolved cross section. The rela-
tion of the resolved cross section to the subtracted direct
cross section DIRS changes drastically with increasing Q2.
Whereas in the first bin (Fig. 3a) the NLO resolved cross
section is much larger than the DIRS cross section (this is
similar as in photoproduction where Q2 = 0), the resolved
cross section is smaller than DIRS in bin VII, in partic-
ular at larger ET . But at this larger Q2 bin the resolved
cross section is still essential and can not be neglected,
compared to DIRS.

3.2 Inclusive two-jet cross sections

We now present results for the inclusive dijet cross sec-
tion. The differential cross section d3σ/dET dη1dη2 yields
the maximum of information possible on the parton distri-
butions and is better suited to constrain them than with
measurements of inclusive single jets. Since dijet produc-
tion is a more exclusive process than one-jet production,
the cross sections are smaller.

The selection of the variables ET , η1, η2 is as for the di-
jet cross section in photoproduction, except that we work
now in the virtual photon-proton center-of-mass system
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Fig. 3. Inclusive single-jet cross section dσ1jet/dET integrated over η as a function of the transverse momentum ET , for
the Q2 bins a–d and labeling of curves as in Fig. 1. RES is NLO resolved

and not in the HERA laboratory system as in our previous
work [7]. The variable ET is defined to be the transverse
energy of the measured (or trigger) jet, which has rapidity
η1. The second rapidity η2 is associated with the second
jet such that in the three-jet sample these two measured
jets have the largest ET , i.e. ET1 , ET2 > ET3 . A subtlety
arises since at leading order the transverse energies of the
two observed jets balance (ET1 = ET2 = ET ). In the three-
parton events present at next-to-leading order this equal-
ity is approached in events containing two large ET jets
while the third jet has ET3 = 0. To obtain an infrared safe
cross section the ET of the third jet must vary away from
ET3 = 0. Therefore the region ET1 = ET2 can not be fixed
and the trigger ET assigned above can not be defined as
the jet with the largest ET . We shall come back to this
point when we consider the dijet rate as measured by H1
[12].

Similar to the inclusive single-jet cross section we could
predict distributions in η1 and η2 for fixed ET or distribu-
tions in ET for various values or intervals of the two rapidi-
ties η1 and η2 in the same way as was done for Q2 = 0 [15,
16]. Since such detailed information is not expected from
experiment in the near future we calculated only the dis-
tribution with the two rapidities η1 and η2 integrated over

the kinematically allowed region. Concerning the variation
with Q2 we have done the computation again for the seven
Q2 bins defined at the beginning of this section, but we
present results only for the bins I, II, V and VII. These di-
jet cross sections dσ/dET for the four Q2 bins are plotted
in Fig. 4a–d. We show again the full direct cross section
(DIR), the NLO resolved cross section (RES), the sub-
tracted direct cross section (DIRS) and the sum of the
latter two (SUM). The pattern of these cross sections as a
function of ET is similar as we have obtained it in Fig. 3a–
d for the one-jet cross section. The sum of NLO resolved
and DIRS is always larger than the DIR cross section. The
difference is again approximately 30% almost independent
of Q2 and ET . We remark that all the components which
we plotted have the same dependence and differ only in
the normalization. Furthermore, similar as for the one-jet
cross sections shown in Fig. 3a–d the cross section SUM is
dominated by the NLO resolved cross section in the first
Q2 bin (see Fig. 4a) whereas the NLO resolved component
and the DIRS component contribute almost equally in the
last Q2 bin. We emphasize that the sum of NLO resolved
and DIRS cross section is still larger than the DIR cross
section even in the highest Q2 bin. Of course, this differ-
ence should gradually diminish with larger Q2, since then
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Fig. 4a–d. Inclusive dijet cross section dσ2jet/dET integrated over the kinematically possible η1− and η2−range as a
function of the transverse momentum ET , for the Q2 bins a–d and labeling of curves as in Fig. 1. RES is NLO resolved

µ2/Q2 → 1 and the PDF of the virtual photon approaches
zero. For the Q2 bins considered here the difference with
the DIR prediction is a NLO effect, as we have checked
explicitly. This has some bearing on the determination of
the strong coupling constant αs from the inclusive single-
and dijet cross sections in the Q2 range considered in this
work.

3.3 Dijet rate and comparison with H1 data

In [3] preliminary data for the dijet rate R2 as a function
of Q2 have been reported. R2 measures the cross section
for two-jet production normalized to the total eP scatter-
ing cross section in the respective Q2 bin. The data were
obtained in the bins II to VII by requiring for both jets
ET > 5 GeV in the hadronic center-of-mass frame with
the additional constraints y > 0.05, k′0 > 11 GeV (k′0 is
the final state electron energy), 156◦ < θe < 173◦ and in-
tegrated over η1 and η2 with ∆η = |η1−η2| < 2. Compared
to the Q2 bins considered in the previous sections, the H1
Q2 bins are reduced through the additional constraints
on k′0 and the electron scattering angle θe. In particular
the bin II is reduced appreciably through these cuts. In
the H1 analysis the two jets are searched for with the

usual cone algorithm with R = 1 applied to the hadronic
final state. In addition R2 measures the exclusive two-
jet rate, i.e. the contributions of more than two jets are
not counted (here we discard remnant jets). As we al-
ready mentioned in the last subsection the experimental
cuts ET1 , ET2 ≥ 5 GeV are problematic from the theoreti-
cal viewpoint since the so defined cross section is infrared
sensitive. With this same cut on the transverse energy of
both jets there remains no transverse energy of the third
jet, so that there is very little or no contribution from
the three-body processes. Through the phase space slic-
ing, needed to cancel infrared and collinear singularities
in NLO, 3-body processes are always included inside the
cutoff ys, which, however, are counted in the ET1 = ET2

contribution. For these contributions the ys cut acts as
a physical cut. In order to avoid this sensitivity on ys

one needs constraints on ET1 , ET2 or ET3 which avoids
the problematic region ET1 = ET2 . This problem was en-
countered already two years ago in the calculation of the
inclusive two-jet cross section in photon-proton collisions
[25]. The comparison with data from ZEUS required the
handling of a lower ET cut on both jets in the HERA lab-
oratory system. To avoid the cutoff (ys) dependence it was
suggested in [25] to arrange the two- and three-jet contri-
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Fig. 5. Dijet rate R2 = σ2jet/σtot with ETmin = 5 GeV for the ∆ mode compared to H1-data. a The full line corresponds
to the NLO deep-inelastic dijet rate (DIR-NLO), the dashed curve gives the LO deep-inelastic dijet rate (DIR-LO). The
dotted lines show the scale variation for the NLO direct, where the upper dotted curve corresponds to the smaller scale.
b The dash-dotted curve gives the NLO direct (DIR), the dashed is NLO resolved (RES-NLO), the dotted is NLO DIRS
and the full is SUM

butions in such a way that contributions with ET3 < 1
GeV are included in the two-jet cross section and the con-
tribution with ET3 > 1 GeV in the three-jet cross section.
With this additional constraint on the three-jet part one
can demand ET1 , ET2 > 5 GeV. Unfortunately the con-
straint on ET3 is very difficult to realize experimentally,
because transverse energies of such low value for ET3 can
not be measured with sufficient accuracy. Furthermore, it
is clear that in the experimental analysis the constraint
ET1 , ET2 > 5 GeV is satisfied only inside some measure-
ment errors on the transverse energies, which are not very
well known, so that the constraints on ET1 and ET2 are
not exact. Last, uncontrolled hadronization effects pro-
duce shifts between the measured jet energies and the jet
energies defined in our NLO analysis.

Another possibility to remove the infrared sensitivity
is to require different lower limits on ET1 and ET2 , as for
example, ET1 > 7 GeV, ET2 > 5 GeV, if ET1 > ET2

or ET1 and ET2 interchanged if ET2 > ET1 . This possi-
bility was also considered in [25] in connection with the
photoproduction of two jets. Then, the third jet can have
enough transverse energy to avoid the infrared sensitivity.
Of course, the size of the dijet cross section depends on
the way the cuts on ET1 and ET2 are introduced. There-
fore, it is important, that the same cuts are applied in the
theoretical calculation and in the experimental analysis.

In the following we shall consider three possibilities for
defining the two-jet rate R2:

(i) ∆ mode: ET1 , ET2 > 5 GeV, and if ET1 > ET2 (ET2 >
ET1) then ET1 > 7 GeV (ET2 > 7 GeV)

(ii) Σ mode: ET1 , ET2 > 5 GeV together with ET1 +
ET2 > 13 GeV

(iii) ET3 mode: ET1 , ET2 > 5 GeV with the additional cut
on ET3 , so that contributions with ET3 < 1 GeV are
included in the two-jet cross section

The modes ∆ and Σ have been applied also in the mea-
surements of R2 [12], so that for these two modes our
results can be compared directly to the data. We give re-
sults also for the ET3 mode, so one can see the differences
resulting from the constraints on the R2 rate. The ∆ mode
has been considered also recently in connection with inclu-
sive two-jet photoproduction in the HERA system [26]. It
is clear that the theoretical problems with the ET cut on
both jets appear equally in connection with NLO correc-
tions to the direct as well as to the resolved cross section.

We start with the ∆ mode. In Fig. 5a we compare re-
sults for the direct cross section in LO (DIR-LO) and NLO
(DIR-NLO) for three different scales µ = M/2, M, 2M

where M =
√

Q2 + E2
T1

, calculated for the Q2 bins II
to VII with the additional cuts on k′0 and θe mentioned
above. We see that the NLO corrections are appreciable.
Since the scale µ is rather low we have to expect such
large K factors. On the other hand the scale variation is
moderate, so that we are inclined to consider the NLO
cross section as a safe prediction. In the LO cross section
only the hard scattering cross sections are evaluated in
LO whereas αs and the parton distributions of the proton
are as in the NLO calculation. In Fig. 5b we compare the
NLO direct cross section (DIR) with the sum (SUM) of the
subtracted direct (DIRS) and the NLO resolved cross sec-
tion (RES-NLO) for the six Q2 bins. In addition, we show
the contribution of the two components (DIRS and RES-
NLO) in the sum separately, similar as we have done it
in the previous two subsections. In the first Q2 bin, DIRS
and the NLO resolved cross section are almost equal, the
cross section in the largest Q2 bin is dominated by DIRS.
In this bin the unsubtracted direct cross section DIR is al-
most equal to the sum of DIRS and NLO resolved. In the
first Q2 bin this cross section is 50% larger than the NLO
direct cross section. We also compare with the H1 data
[12]. In the smaller Q2 bins the sum of DIRS and NLO re-
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Fig. 6. Dijet rate R2 = σ2jet/σtot with ET,min = 5 GeV for the Σ mode compared to H1-data. The curves in a and b
are labeled as in Fig. 5

solved agrees better with the experimental data than the
DIR cross section. In the two largest Q2 bins the difference
of the cross sections DIR and SUM is small and it can not
be decided which of these cross sections agrees better with
the data due to the experimental errors. This is in contrast
to the 30% difference between the DIR and SUM found
for the inclusive single- and dijet cross sections which we
attributed to the NLO corrections of the resolved contri-
butions. This difference is reduced in the dijet rate R2
due to the specific cuts on the transverse energies of the
two jets in the definition of the dijet rate. These cuts sup-
press the resolved component stronger than the direct one,
which leads to the observed behaviour of the dijet rate at
the large Q2 bins. We emphasize that the theoretical cross
sections are calculated on parton level whereas the exper-
imental two-jet rate is based on hadron jets. Corrections
due to hadronization effects are estimated to be typically
around 5% and at most 20% [12]. The experimental er-
rors for R2 consist of the combination of statistical and
bin-by-bin systematic errors. An additional overall 10%
systematic error connected with hadron-energy measure-
ments is not shown and can be seen in [12].

The corresponding results in the Σ mode are plotted
in Fig. 6a and b. In Fig. 6b we compare with the H1 data
for R2 obtained in the same mode. We observe that the
theoretical results for R2 on one side and the experimental
data on the other side are very similar for the two modes.
Therefore, most of the remarks made in connection with
the ∆ mode apply as well to the results in the Σ mode.

As the third possibility to define the exclusive two-jet
rate R2, we consider the ET3 mode with the cut ET3 <
1 GeV. Our results for R2 in this mode are plotted in
Fig. 7, again for the four cross sections, DIR, DIRS, NLO
resolved (RES-NLO) and the sum of DIRS and NLO re-
solved cross section (SUM). One should compare the cross
section SUM with the direct cross section DIR. They are
more or less equal except in the first Q2 bin, where they
differ by approximately 35%. By comparing with the re-
sults in Fig. 5b and 6b we notice that the R2 in the ET3
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Fig. 7. Dijet rate R2 = σ2jet/σtot with ET,min = 5 GeV for
the ET3 mode compared to H1-data. The curves are labeled as
in Fig. 5b

mode is larger than in the other two modes. In the first Q2

bin they differ almost by a factor of two. This shows that
the way how the two-jet rate is defined theoretically or
experimentally is very important. This problem was not
appreciated in the preliminary analysis [3]. In Fig. 7 we
compare also with the data of H1. The agreement is very
good. We note that the experimental R2 are larger than in
the modes ∆ and Σ. The experimental data are obtained
without any further cuts in the ET of the two jets except
ET1 , ET 2 > 5 GeV, i.e. without any ET3 cut. Therefore it
is not obvious that these data for R2 correspond actually
to the R2 rate as it is defined in the theoretical calculation.

In addition to showing the exclusive two-jet cross sec-
tion distributions in the trigger ET and in the rapidities
η1 and η2 of the two jets, as we have done it for the inclu-
sive one-jet cross section, we discuss distributions in the
ratio z, where z is defined as
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solved production: complete NLO (full curve), NLO cor-
rection (dashed curve); c SUM (full), DIRS (dashed) and
NLO resolved, RES (dotted)

z = −pT1
· pT2

E2
T1

(22)

with ET1 , ET2 > ET3 so that the jets 1 and 2 are the
jets with the largest ET . The variable z measures the im-
balance in the transverse energies of these two jets. For
two-body processes the two jets have balancing transverse
energies and the distribution is a δ function in z, δ(1− z).
Contributions away from z = 1 are due to the higher or-
der three-body contributions. The δ-function behaviour at
LO is, of course, in reality modified by non-perturbative
effects originating from hadronization effects and the in-
trinsic transverse momentum of the initial partons as well
as by NLO perturbative contributions. In our calculation,
none of the non-perturbative effects are taken into ac-
count. The behaviour at z = 1 can only be changed by
NLO contributions.

In the region of z near unity one of the three par-
tons in the three-body final state becomes soft and thus
this region is sensitive to soft-gluon effects. In our cal-
culation with an invariant mass cut slicing parameter ys

these soft-gluon corrections to the three-body processes
are considered as two-body contributions as discussed in
Sect. 2. They contribute to the cross section at z = 1,
which becomes dependent on the slicing parameter ys in

this way. To remove this dependence, i.e., to remove the
infrared sensitivity, we must include a sufficiently large
fraction of the genuine three-body contributions from out-
side z = 1. We do this by integrating the z distribution
over a sufficiently large bin width ∆z and study the exclu-
sive two-jet cross section dσ/dz as a function of z averaged
over the bin ∆z. In Fig. 8a–c we display the cross sections
dσ/dz for the NLO direct, NLO resolved and the sum
of the subtracted direct (DIRS) and NLO resolved cross
sections. For this presentation we have included all contri-
butions which were taken into account in the ∆ = 2 GeV
mode shown in Fig. 6a–c for the first Q2 bin, i.e. we plot
dσ/dz as a function of z with ∆z = 0.4 and ET > 5 GeV
and all other constraints as applied for R2 in the ∆ mode
above. In Fig. 8a the NLO direct cross section is shown.
The dashed line in the region 0.8 < z < 1.2 gives the con-
tribution of the sum of all NLO corrections, i.e. two-body
and thee-body contributions. As we can see, this contribu-
tion yields already a positive cross section since the chosen
bin width ∆z is large enough. For a smaller bin width this
contribution might be negative. The full curve in this z in-
terval is obtained by adding the LO contribution to yield
the full NLO cross section in the vicinity of z = 1. For
z < 0.8 (z > 1.2), where the cross section receives contri-
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bution only from three-body terms, dσ/dz decreases with
decreasing (increasing) z. It is clear that the cross section
outside the peak at z = 1 is much more scale dependent
than inside the peak since only three-parton terms con-
tribute. The cross section inside the peak is a genuine
NLO prediction with expected reduced scale dependence.

The resolved cross section displayed in Fig. 8b shows a
similar behaviour, except that the NLO corrections in the
bin near z = 1 produce already a negative contribution.
Since in general the NLO corrections for the resolved cross
section are larger than for the direct cross section, this be-
haviour is to be expected. However, together with the LO
term the cross section becomes positive again. In Fig. 8c
we have plotted the DIRS, the NLO resolved and their
sum (SUM). This summed cross section should be com-
pared to the complete NLO direct cross section in Fig. 8a.
For z < 0.8 (z > 1.2) the DIR and DIRS cross sections
must coincide since the subtracted term contributes only
to the two-body contribution. As expected from the com-
parison in Fig. 5b the cross section for the sum of DIRS
and NLO resolved is larger than the NLO DIR cross sec-
tion. The cross sections dσ/dz integrated over the whole
z range and divided by σtot yields the R2 values plotted
for the bin II in Fig. 5b.

It should be mentioned that by choosing the ∆ mode
with ∆ = 0 GeV the genuine three-body contributions
for z < 0.8 and z > 1.2 are reduced, since the main con-
tribution to the dijet cross section stems from the region
ET1 ' ET2 ' ETmin , which is included in the bin around
z = 1. Thus, not enough of the three-body contributions
are available to completely remove the infrared sensitivity
of the NLO calculations in the ∆ = 0 GeV mode. This
displays in another way the need to choose experimen-
tal cuts like, e.g., in one of the modes (i)–(iii) discussed
above which avoid the infrared sensitivity, if one wishes to
compare NLO calculations to experimental data. In this
connection it would be interesting to measure the cross
section dσ/dz as a function of the bin width ∆z for one
of the modes (i)–(iii). By decreasing the bin width one
could investigate at which value of ∆z non-perturbative
and other effects come into play.

The situation with the two-jet limit ET1 = ET2 is sim-
ilar to that encountered by Aurenche et al. in connection
with NLO corrections to the inclusive cross section for
photon plus hadron [27] and for two-photon [28] produc-
tion. Recently this problem has been discussed also by
Bailey et al. [29] for the production of a prompt photon
plus a charm quark in pp̄ collisions.

4 Conclusions

We have calculated cross sections in NLO for inclusive
single-jet and dijet production in low Q2 eP scattering at
HERA. The results of two approaches were compared as
a function of Q2 in the range 1 < Q2 < 100 GeV2. In the
first approach the jet production was calculated in NLO
from the usual mechanism where the photon couples di-
rectly to quarks. In the second approach the logarithmic
dependence on Q2 of the NLO corrections is absorbed into

the parton distribution function of the virtual photon and
the jet cross sections are calculated from the subtracted
direct and the NLO resolved contributions. Over the whole
Q2 range considered in this work, this sum gives on aver-
age 30% larger single-jet cross sections than the usual eval-
uation based only on the direct photon coupling. This dif-
ference is attributed to the NLO corrections of the resolved
cross sections. If these NLO corrections are neglected the
sum of the subtracted direct and the LO resolved contri-
butions agrees with the unsubtracted direct cross sections.
The additional NLO corrections to the resolved cross sec-
tion will have influence on the measurement of αs in the
considered Q2 range.

We calculated also the dijet rate based on the exclusive
dijet cross section and compared it with recent H1 data.
This dijet rate is plotted as a function of Q2, the rapidi-
ties and transverse energies are integrated with ET ≥ 5
GeV. The dijet rate is sensitive to the way the transverse
energies of the two jets are cut. If the cuts on the ET ’s
are exactly at the same value the cross section is infrared
sensitive. We investigate three modes with different defi-
nitions for the kinematical constraints on the transverse
energies of the measured jets. Two of them, the ∆ and
the Σ mode, could be realized experimentally. For these
two cases the calculated and the measured two-jet rates
agree quite well over the measured Q2 range 5 < Q2 < 100
GeV2. In the lowest Q2 bin only the dijet rate based on
the sum of the subtracted direct and resolved cross sec-
tions agrees with the experimental value. For the larger
Q2 bins the difference between the dijet rates obtained
with the two approaches was small.

Future investigations of jet production in the Q2 range
considered in this work will require data on single inclu-
sive jet production, as they exist for Q2 = 0, and at larger
transverse energies. This cross section does not have the
problem with the lower ET cut. With higher luminosity,
a detailed dijet analysis of the triple differential cross sec-
tion dσ3/dET dη1dη2 which is also free of the lower ET

cut problem will provide much improved information on
the interplay between direct and resolved virtual photon
contributions.

Acknowledgements. We are grateful to G. Grindhammer, H.
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9. G.A. Schuler, T. Sjöstrand, Z. Phys. C68, 607 (1995),
Phys. Lett. B376, 193 (1996)

10. Ch. Berger et al., PLUTO Collaboration, Phys. Lett.
B142, 119 (1984)

11. F.M. Borzumati, G.A. Schuler, Z. Phys. C58, 139 (1993)
12. C. Adloff et al., H1 Collaboration, DESY 98-076, June

1998 [hep-ex/9806029]
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