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Jet photoproduction at HERA in next-to-leading-order QCD
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The photoproduction of jets via direct photons at HERA in next-to-leading-order QCD is considered. For the one-jet inclusive
cross section the scale dependence and the influence of the jet cone size is investigated. Jet transverse energy and rapidity distri-

butions are discussed.

HERA will provide a unique opportunity to study
the photoproduction of jets with large transverse
energies [ 1-4] which will allow for a quantitative test
of perturbative QCD.

In this process the electron emits a nearly on-shell
photon which scatters on some parton in the proton
producing a large transverse (to the beam direction)
energy final state (fig. 1). Neglecting the transverse
momentum of the photon the cross section is ob-
tained by folding the photon-proton cross section
with a Weizsicker-Williams [5] distribution func-
tion. Besides this direct photon contribution there is
also a contribution due to its quark and gluon con-
tent described by parton densities inside the photon
(resolved photon). Since the distribution of the pho-
ton in the electron is harder than that of the quarks
and gluons the direct contribution dominates at large
transverse energy Et and rapidity of the jet
n=—In(tan 16) (positive 5 corresponds to the elec-
tron/photon direction). At HERA both contribu-
tions are of similar size for Er=35 GeV, n=—1 and
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Fig. 1. Jet photoproduction in electron~proton collisions.

E1=45 GeV, n=—2. The distinction between them
is unambiguously defined only for the Born cross sec-
tion because in higher orders (cf. refs. [6,7]) the
photon can split up into a collinear quark—antiquark
pair leading to a collinear singularity. This is already
taken care of by the photon structure function and
one has to use some factorization prescription to sub-
tract this contribution,

In leading order (LO) the jet photoproduction oc-
curs via the O (a«,) subprocesses yq—qg and yg—qd.
The one-jet inclusive cross section for ep—jet+ X for
a jet with given Et and 5, which is related to its ep
CMS rapidity #* by

E
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can be written as
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where 77* is the ep CMS rapidity of the second parton
with large transverse momentum and

ﬁ;‘;m=—ln(£ —exp(—n*)),
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the sum runs over all partons from the proton and the
color- and spin-averaged matrix element |M|2 is
symmetrized in the final state momenta. By energy-
momentum conservation all invariants including the
momentum fractions x, and x;, are determined by E,
n*, 7™ and the ep CMS energy \/E:

Xo= % [exp(n*) +exp(7*) ],

Xp= % [exp(—n*)+exp(—1*)] . 4)

For the Born cross section one identifies jet and par-
ton, so the transverse momentum pr equals £t (as-
suming massless partons), while in the next-to-lead-
ing order the jet may consist of two partons so that in
general E; and py are no longer equal.

In next-to-leading order (NLO) one gets the
O(aa?) interference terms of the Born and one-loop
diagrams for the leading order subprocesses. For
vq-qg they have been calculated in ref. [6]. For
vg—qq they had to be calculated because by crossing
their result for yq—qg one cannot take care of the so-
called 72 terms. By keeping the imaginary parts in the
arguments of the logarithms I could reproduce the
matrix element for yq—qg in agreement with ref. [6].

Furthermore one has to take into account the real
O(aa?) 2— 3 processes

(i) yYa—qgg,

(i) yg—ads,

(iii) ya—»qq'q’,

(iv) yg—qqq.

The corresponding matrix elements were obtained in
ref. [6]. I confirmed their results up to some mis-
prints which where also noticed in ref. [7].

For the phase space integration of the 2—3 pro-
cesses one has to choose some jet definition to decide
whether two of the produced partons count as one jet
or two separate ones. The definition adopted here is
the one used in ref. [8]. It is invariant under boosts
along the beam direction and therefore well suited for
an asymmetric machine as HERA. Two partons with
transverse energies E,, Er, (all partons are assumed
massless so these are equal to their transverse mo-
menta), rapidities 7,, 77, and azimuthal angles ¢, ¢,
are combined to one jet if they both fit into a jet cone
with radius R in n-¢-space around (7, ¢) i.e.

(—n)’+ (8 —9)*<R* (i=1,2). (%)
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The cone direction (#, ¢) is chosen such that

1

m [Er, (1, &) +Er,(n2, 82) 1=(n, 6) .

(6)

This defines the jet direction as (7, ¢), the jet trans-
verse energy is given by Er=FEr, +Ey,, which for
small R becomes equal to its transverse momentum.

The phase space integration of the 2— 3 processes
contains soft and collinear singularities. By extract-
ing the singular denominators of the integrand and
setting the kinematic variables to their singular val-
ues except in the denominator, as described in ref.
[8] for hadron-hadron collisions, one gets terms with
the same singular behavior as the integrand. These
terms are subtracted from the integrand which in this
way becomes regular on the whole phase space so that
it can be integrated numerically. They are then inte-
grated in d=4 — 2¢ dimensions and the singularities,
which appear as poles in €, are cancelled against those
of the virtual corrections. The remaining singulari-
ties from collinear radiation by the incoming pho-
ton/parton from the proton were factorized and ab-
sorbed by a renormalization of the structure
functions. For both photon and proton the MS pre-
scription [9] has been used. For the plots the HMRS
set B [10] parton distributions for the proton and
the two-loop running coupling for both LO and NLO
have been used, the number of flavors has been set
equal to four.

In LO and NLO the cross section depends on the
renormalization scale z and the factorization scale M,
of the proton, while the NLO also depends on the fac-
torization scale for the photon M,. If not stated oth-
erwise, they are all set equal to & E'r, where we choose
£ to vary between § and 4. In fig. 2 the &dependence
of d%¢/dEr dn is shown for E;=45 GeV, n=—1and
jet radius R=1 at HERA energy. The Born cross sec-
tion (dotted line) varies by a factor > 2 in the &range
under consideration. If one adds the O (aa?) correc-
tions (full line) the scale dependence is hardly re-
duced. The LO and NLO results differ by a nearly
constant value, which, of course, depends on the jet
radius. However, since the LO cross section is inde-
pendent of M, there are no terms compensating the
variation of the O (aa?) corrections with M,. This is
demonstrated by the dash dotted line in fig. 2 where
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Fig. 2. Scale dependence of d%6/dEr dn: = u/Er=M,/E1. Dot-
ted line: LO, full line: NLO with M,/ Er=¢, dash-dotted line: NLO
with M, =Ex fixed. Er=45GeV, n=—1, R=1, \/s=314 GeV.
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Fig. 3. The same as fig. 2 for E; =60 GeV.
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M,=E; is fixed and only y and M, are varied. The
sensitivity to the choice of £ is drastically reduced
compared to the Born cross section, the cross section
varies by about ~20% for § <&<4. There is a maxi-
mum near ¢~ 4, a behavior which was also observed
in ref. [11] for pp collisions. At E;=45 GeV,n=—1
the direct photon contribution is dominant but the
resolved one is of the same order of magnitude. Since
there the NLO cross section for the resolved part is
monotonically increasing with £ [ 3], one may expect
the sum of direct and resolved contribution to be less
sensitive to the choice of the scales.

At Er=60 GeV (see fig. 3) the Born cross section
shows a weaker scale dependence and by including
the O (o) corrections it is further reduced. Again
for fixed M, the result is rather stable at £~ 4, so in

166

PHYSICS LETTERS B

8 October 1992

all other plots 4=M,=M, =4 E1 has been used.

The M,-dependence is compensated in each order
in a; by the resolved photon contribution. Simply
adding the O (o) resolved part will reduce the de-
pendence on M,. On the other hand the correspond-
ing hard scattering process is of the order o and so
the dependence on the renormalization scale 4 is even
larger than for the direct contribution. Therefore the
inclusion of the L.O resolved contribution will not help
to reduce the scale dependence without taking into
account the higher order corrections.

In fig. 4 d’0/dE+ dn is plotted versus the jet cone
size R. For the NLO one sees the typical behavior
known from pp collisions [11] which is approxi-
mately given by

d%c
dEtdn

Fig. 5 shows the E1-distribution of d’¢/dE+ d down
to Er=20 GeV. For Er> 40 GeV the O( aa?) correc-
tions are smaller than 20%. Below 40 GeV the full
O(aa?) cross section becomes much larger than the
LO result. The direct and resolved photon contribu-
tion have a different angular distribution [2] so it is
of interest how the O(aa?) corrections modify the
rapidity spectrum. In fig. 6 d>6/dE1 dn is plotted ver-
sus 7. The form of the distribution is not changed, the
full O(aa?) cross section is slightly more peaked than
the LO result.

The direct jet photoproduction cross section for
fixed photon energy has previously been calculated
in NLO in ref. [7]. Here the method of “parton res-

~a+blnR+cR?. (7
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Fig. 4. Dependence of d%c/dE+ dn on the jet cone size R. Dotted
line: LO, full line: NLO. Er=45 GeV, n= -1, \/§== 314 GeV.
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Fig. 5. d%0/dEy dy versus the transverse energy Ey. Dotted line:
LO, full line: NLO. 7= — 1, R=1, \/s=314 GeV.
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Fig. 6. d’6/dEr dn versus the jet rapidity #. Dotted line: LO, full
line: NLO. Ey=45 GeV, R=1, ./s=314 GeV.

olution parameters™ (cf. ref. [12]) has been used in-
stead of the subtraction method [8,13] as in the pres-
ent calculation in order to make the phase space
integral of the 2— 3 processes finite. By replacing the
Weizsidcker-Williams distribution function by a del-
tafunction the present calculation may be compared
with ref. [7]. To obtain their numerical results these
authors eliminated the collinear initial state singular-
ity of the photon by demanding that there is no pho-
ton remnant jet, i.e. no jet with rapidity larger than
New=2. This requires a precise definition since one
has to allow the soft gluons to be radiated in any di-
rection in order to cancel the soft singularities of the
virtual corrections. Although not explicitly stated in
ref. [7] the authors proceed as follows [14]: Quarks
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are required to have n<n,,, while gluons with 7> ¢y,
and E< %65\/:6 are included, where F is the gluon en-
ergy in the parton CMS frame and J; is the “parton
resolution parameter” defining the soft region of the
three-particle phase space, which is possible since at
O(aa?) the collinear emission of gluons is not sin-
gular. In this way J, gets a physical meaning and the
cross section depends on J,. For large values of 1y,
however, this dependence is small. To compare with
their results I have also included quarks with 5> 7,
and E< %65\/3, the collinear singularity is removed
by the MS counterterm. In order to be close to the jet
definition of ref. [ 7] two partons i, j are combined to
one jet if (7,—n,)?+ (¢,—¢;)>< 1 while the jet direc-
tion is defined by eq. (6). Using u=M,=M, and
d,=0.05 I then find good agreement with the numer-
ical results of ref. [7].

To summarize, the full O(aa?) jet-photoproduc-
tion cross section for the direct photon at HERA has
been calculated. At very high transverse energies the
scale dependence is reduced by including the
O(aa?) corrections, at medium E; the cross section
is quite sensitive to the factorization of the collinear
singularity of the photon. The dependence on the jet
cone size shows the expected behavior. For an appro-
priate choice of the renormalization and factoriza-
tion scales, which was suggested by requiring stabil-
ity against their variation, the corrections are small
except at small transverse energies, where the re-
solved photon gives the dominant contribution to the
jet photoproduction.

I thank W. Buchmiiller and G.A. Schuler for help-
ful discussions.
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