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Abstract

It is demonstrated by consistent NLO calculations for isolated hac!ronic prompt p_hoton production
that previous discrepancies between NLO expectations for the dm?ct'-y production rates at small
py (% 11 GeV) and isolated prompt photon data are removed. This is not only dl{e to ti.le use of
experimentally confirmed steep small-z parton distributions, but also due to a consistent inclusion
of isolated photonic fragmentation contributions in N LO.

Prompt photon production rates at high energy pp colliders are studied, among other reasons, ir-x order to gamn
information on the gluon distribution g(z,@?) of the proton. The high-pr prompt photons are mmply due f.o the
dominant Compton-like subprocess gg — v¢ and, for small values of zp = 2py.//5, provide invaluable {nformatlon on
the small-z behavior of g(z,Q?). In practice, when measuring the prompt photon cross section at colliders [1-3], one
introduces suitable isolation cuts designed to reduce the non-prompt photon background resulting, e.g., from the not
yet satisfactorily measured photonic fragmentation functions D‘;’Q(Z,ﬂ%). This cut is charactarized by the opening
angle 26 of the photon isolation cone and an energy resolution parameter e: If the total hadronic energy in the photon’s
isolation cone is less than ¢ E.,, with E, being the photon’s energy, the photon is called isolated. A detailed description
and discussion of the leading order (LO) calculations as well as of some estimates on the effects of the next-to-leading
order (NLO) corrections, which are crucial for a meaningful theoretical analysis of recent data [1-3], can be found for
example in [4].

The fully inclusive, i.e. non-isolated, total production cross section of one prompt photon, ab — 7.X, is generically
of the form

doly = dogir+dograg= 9 [ dzedzsfa(za, s?)fo(zs,4%)
fa:S6=4,4.8

1
x {d&},_{,(l’m ENENTAT SRS g;d&ff,,,(pv,za,zb, 2,12, uF)D] (2, 8F) | (1)
I=q.4,9" Fmin
where zynin = z7(e" 4+ €~")/2. The fragmentation scale is denoted by ur and the factorization scale y, entering the
parton distributions f(z, u?), has as usual been assumed to coincide with the renormalization scale entering o, (u?).
The direct (dir) term in eq.(1) receives contributions from the one-photon inclusive subprocesses fo fy — X (d&'}. f‘)
which in LO (aa,) are derived from g¢g — 7¢ and ¢§ — 7g, and in NLO (aa?) from g¢ — 799, ¢4 — 799, 99 — 744,
etc. [5, 6]. The non-direct fragmentation (frag) dependent term in eq.(1), sometimes referred to as bremsstrahlung
contribution [2, 4], receives contributions from the one-parton inclusive subprocesses f,fy — fX (dé'} 1,) which are
derived from the LO (a?) 2 — 2 and NLO (a3) 2 — 3 parton-parton subprocess cross sections as gi:/en in [7] and
[8], respectively. The produced parton f = ¢, §, g then fragments into a photon as described by the relevant photonic
fragmentation function D}(z,p%.) in LO (a/a,) [9, 10] and HO (a/a, + a) [9] as we shall discuss in more detail
below. It should be mentioned that the purely perturbative NLO (hard) direct contribution in eq.(1) depends, via

the necessity of separating collinear singularities [4, 6, 11] on the fragmentation scale up entering the non-direct
fragmentation contribution in eq.(1) also via the fragmentation functions D}(z, uk).
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A realistic calculation of the contributions in eq.(1)
to prompt photon production affords, however, an
evaluation of the effects due to the isolation cut. In
a theoretical study in LO this experimental criterion
can be easily implemented into the calculation. Here
the dominant contributions arise from hard 2 — 2
subprocesses for which the photon and the other final
state particle, which will give rise to hadrons, are more
or less back-to-back and thus separated from each other.
The implementation of the isolation cut on the LO
fragmentation contribution in eq.(1) is reflected merely
in changing [4] the lower limit zp;, of the z-integration
in eq.(1) to max(zmin, 1/(1+¢)) and pr — pp(6,¢€).

In NLO, as mentioned above, important contribu-
tions to prompt photon production arise from the vari-
ous possible ‘direct’ 2 — 3 processes ab — vyed. In
contrast to the LO processes it is now possible kinemat-
ically that one of the final state partons carrying more
energy than €¢E, happens to be inside the cone around
the photon. Such contributions have to be excluded for
the isolated cross section. Apart from a Monte Carlo
program of Baer et al. [12] there exist two analytical
calculations of the complete NLO corrections for the
‘direct’ (hard) part of inclusive prompt photon produc-
tion, i.e. of the processes ab — vcd [5, 6]. These cal-
culations have been performed integrating over the full
phase space of the outgoing unobserved particles ¢ and
d, and thus no longer allow for isolation cuts directly.
Nevertheless they present the most convenient starting
point for the treatment of the isolated ‘direct’ cross sec-
tion since the latter can be written as the inclusive cross
section minus a subtraction piece [4]:

da‘:‘{;ﬁl = dogiy — d”;irb(éi f) ’ (2)

do’%® being the cross section for producing a prompt
photon which is accompanied by hadronic energy more
than ¢E., inside the cone. The decomposition of doii?!
in eq. (2) has several advantages: The inclusive cross
section dogir is perturbatively well defined in itself in
the sense that a complete cancellation of all poles has
already taken place, i.e. infrared poles have cancelled
between the virtual (2 — 2) and the 2 — 3 NLO
contributions and mass singularities have been factored
into the initial state parton distributions and the photon
fragmentation functions [5, 6].

In order to find a semi-analytical expression for
do®¥®, one may assume that § is small, i.e. that the
cone around the photon, needed for isolating it, is rather
narrow [11]. It turns out that the leading behavior of
do’¥? for small § is logarithmic in § which is a remnant
of the final state collinear singularities arising in the
calculation of do%?. One should also consistently keep
terms constant with respect to é, since these turn out to
be of numerical relevance. They are furthermore needed
since they contain the dependence on the factorization

scheme which must be the same in the calculation of
da‘;}‘," and dogir. All remaining pieces in the subtraction
cross section are suppressed by powers of 62 and are
negligible. The only exception from this occurs when ¢
becomes very small. In this case the subtraction cross
section is dominated by soft gluons being radiated into
the cone which give rise to a logarithmic dependence
on ¢ and eventually lead to an infrared divergence at
€ = 0 [4]. The reason for this is simple: A completely
isolated cross section, with no hadronic energy at all in
the isolation cone, is not a perturbatively well-defined
quantity for a massless particle [4]. Although in reality
¢ is fixed by the experimental resolution, it is necessary
to keep the contributions which are logarithmically
dependent on ¢ in order to improve the accuracy of
the approximation for the subtraction piece. Thus
schematically we have the following structure of our
approximated subtraction cross section:

dof? = Alné+ B+ Cé6%lne , 3)

where the coefficients A, B and C are functions of
the kinematical variables. Note that A and B also
depend on € due to the isolation cuts. The contributing
subprocesses to do’%® are the same as in the completely
inclusive calculation (dog;,) [5, 6], namely ¢¢ — vgg,
q9 — 799, 99 — 79§, etc. Only the processes with
(anti)quarks in the final state can lead to contributions
to A and B whereas, as discussed above, only the first
two subprocesses which involve gluon radiation can give
Ine terms and contribute to C. The explicit result
for dos® can be found in ref. [11], where also the
good accuracy of the small-cone approximation was
proven over a wide range of the isolation parameters
by comparing to a Monte-Carlo calculation.

In order to isolate the NLO fragmentation con-
tribution, a procedure similar to that outlined above
for the direct case can be followed [11]. For the
NLO (a?) partonic 2 — 3 subprocesses, the LO z-cut
max(Zmin, 1/(1 + €)) introduced above is in general no
longer sufficient since a non-fragmenting parton from
the 2 — 3 subprocess can also radiate into the cone
around the photon, giving rise to additional hadronic
energy accompanying the photon. If this happens we
have to make sure that the sum of the energies of the
fragmentation remnants, E7770, plus the energy of the
additional non-fragmenting parton, E’, be smaller than
€E,. The required isolated NLO fragmentation contri-
bution in eq.(1) can then be written as

; >1/(1
dolid, = dojZ, /Y0 — dojiby (6,0 (4)
where da},zay (1+9) is the NLO fragmentation cross

section with the insufficient LO z-cut implemented
which can be calculated using the program of [8], and

da}‘::g is the fragmentation subtraction cross section




satisfying the conditions EYIT < ¢E, but E7TT
E’' > ¢E, [11]. This latter subtraction term has been
calculated in the small-cone approximation in [11] with

its dominant and relevant contributions given by
ot (6,€)=¢€[(A+ A'ln€)Iné + B (5)

with new coefficients A, A’ and B as compared
to eq.(3). Note that each cross section in eq.(4)
vanishes for ¢ — 0, due to the constraint z >
1/(1 + ¢€), and thus the fragmentation contribution is
suppressed proportional to € which explains the different
structure of eq.(5) as compared to (3). The question
about the appropriate isolation-parameter dependent
fragmentation scale up(6,¢) can obviously not be
answered unambiguously. One knows, however, that
pr roughly controls the transverse size of the jet and
thus merely kinematical considerations [4] point towards
prp = 8E,. It has, however, been shown in [11] that
the total isolated NLO cross section in eq.(1) is very
insensitive to the specific choice of ur($, €) since the yp-
dependencies almost cancel in the differences in egs.(2)
and (4) for realistically small values of .

For our actual LO and NLO calculations [13] we use
for the parton distributions f(z,u?) in eq.(1) the LO
and HO GRYV distributions [14], since the predictions for
the steep small-z behavior of the structure functions as
well as their predicted Q2 dependence has, so far, been
fully confirmed by recent HERA measurements [15].
The appropriate LO and HO fragmentation functions
D] ,(z, u}) are taken, from [9], i.e., the ones relevant for
inclusive prompt photon production. We furthermore
use for our calculations of the isolated photon cross
sections [2] § = 0.7 and ¢ = 2 GeV/py, although a
commonly used fixed value of [4] ¢ = 0.15 leaves our
results essentially unchanged. In Fig.1 we present our
LO and NLO results [13] for the isolated total prompt
photon production cross section. To illustrate the
importance of the fragmentation contribution dos,ay ~
D} in eq.(1) at small pp (£ 20 GeV), the ‘direct’
contribution in eq.(1) is shown separately in the insert.
(The vertical bars indicate the scale ambiguity due
to p;/3 < p < pJ). It should be noted that this
latter ‘direct’ NLO result (dash-dotted curve) is already
in better agreement with the Tevatron data (2], in
particular at small pJ. (< 20 GeV) [16], than the result
obtained with the older (flat) experimentally already
disproved [15, 18] KMRS(By) parton distributions which
is about 25% smaller [19]). It should be nevertheless
emphasized that the separation into a direct and
fragmentation contribution depends strongly on the
factorization scale (up) chosen, and their absolute
values are factorization scheme dependent. Only the
sum of both in eq. (1) is manifestly scheme invariant at
a given perturbative order (O(aa?)).
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Figure 1. LO and NLO predictions [13] for isolated prompt
photon production in pj collisions at /3 = 1.8 TeV for n = 0,
using the LO and HO GRV parton distributions [14} and
fragmentation functions [9] in eq.(1) with x = p7./2 and

pr = 6py. These results are very similar (within 1%) to the
ones obtained from averaging over the experimental rapidity
range |n| < 0.9. The vertical bars illustrate the dependence of
our results on the choice of scale: Upper edge (u = p}./3), lower
edge (s = p}). The CDF data are taken from [2] and have an
additional 2~ 10% normalization uncertainty.
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Figure 2. The LO and NLO GRYV predictions of Fig.1 [13]
shown on a linear scale in the small-p7. region where the isolated
fragmentation contributions are most important. The dotted
curves result from using the NLO MRS(D’_) parton distributions
[20}.

In order to demonstrate more clearly the important
change in shape caused by the isolated NLO fragment-
ation contribution in the small-p}. region, we show the
various LO and NLO contributions [13] on a linear scale
in Fig. 2. As expected [19], the NLO results are insens-
itive to the specific choice of parton distributions.

The agreement between data and our fotal isolated




S —
- direct
0.5;— *“w -::.
0.0F-------Wt4h--ooey } _—
o ¢ ? 3
-05F 3
oy E (a) 3
C ol 1 N 1 PR { gt
S | AL B | B | BB
E 055 direct+fragmentation
1 - ]
E | ]
R 3
: ¢ 3
05 r
C (b 3
_lo ol i e do | R W | Y NS T M
0 20 40 60 80 100 120

p; {GeV]

Figure 3. The isolated photon cross section data [2] compared
to the NLO QCD predictions of Fig.1 [13]. The ‘direct’
contribution in eq.(1) is shown in (a), whereas the total (=
direct + fragmentation) one is shown in (b).

predictions in Fig.1 [13] is seen better on a linear
scale, as in Fig.3, where we show the default quantity
(data — theory)/theory. It becomes clear from
Fig.3(a) that the (factorization scheme dependent)
isolated ‘direct’ contribution alone does not suffice
to describe the data at p} < 20 GeV where
the data appear to be significantly higher than
theoretical expectations. However, the inclusion of the
fragmentation contribution, Fig.3(b), appears to remove
this discrepancy, taking into account the theoretically
intrinsic ambiguities due to different choices of the scale
i in eq. (1) as shown in Figs. 1 and 2. Here, in Fig.
3, we have chosen p = p}./2 which is the favored choice
obtained from the hadronic jet analysis of the CDF data
[21].

Let us note that we find a similarly good agreement
[22] between our total NLO results for the isolated
prompt photon cross section and the D0 data [3]. It
should be mentioned that the theoretical predictions as
well as the data differ slightly from the ones for the CDF
case since the DO collaboration uses a different isolation
criterion in restricting the hadronic energy inside a cone
annulus of opening angles § = 0.2 and § = 0.4 [3].

We finally note that all our results are hardly
changed if we use the simple asymptotic LO solutions
for D}(z,y%), as parametrized by Owens [10]. The
differences are immaterial due to the very similar shapes
of D ; in the large-z region [9].
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