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QUARK AND GLUON TRANSVERSE MOMENTA AND QCD
PREDICTIONS FOR LARGE TRANSVERSE MOMENTUM
PARTICLE PRODUCTION
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Large p single particle and single jet cross sections according to QCD perturbation
theory are calculated with parton transverse momenta taken into account. Good agreement
is found with data at transverse momenta from 3 GeV/c up to 16 GeV/e. The inclusion of
parton transverse momenta is essential to obtain agreement with data at intermediate
energies 1/s =~ 20 to 30 GeV.

1. Introduction

Large p, single particle distributions according to quark quark, quark gluon, and gluon
gluon scattering as predicted by QCD were computed in Refs [1] and [2]. In Ref. [1]
also the deviations from scaling of quark and gluon distributions were used as predicted
by asymptotic freedom [3, 4]. Recent calculations of higher order contributions suggest
that such an approach can indeed be justified from QCD ([5]. In this approach it was
found that no artificial suppression of the quark and gluon scattering was needed to
understand the data. The Q% dependence of asymptotic freedom of the structure functions
and of the coupling constant for the single particle distribution leads to the behaviour

d*c 1
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The power n.(x, \/s) at present energies is in the range 5 to 6 depending on Vs and x,
in a complicated manner (see figure 1). At ISR energies of (/s ~ 50 to 60 GeV rather
good agreement with the data was found in Refs [1] and [2]. However, at lower energy,
Js =~ 20 to 30 GeV, calculated single particle distributions [1] were below the data by
a factor 5 to 10.
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Fig. 1. The effective power neee(p |, 4/s) for three different energies4/s = 20, 30 and 50 GeV (a) plotted
separately for the three dominant mechanisms contributing to the QCD predictions of large p | jet produc-
tion quark-quark, quark-gluon, and gluon-gluon scattering, (b) plotted for their sum. The curves are only
given in the p, range where a given mechanism contributes significantly to the total cross section

2. Approximate analytical calculation of the influence of parton transverse momenta on
single jet distributions

The influence of parton transverse momenta on large p, spectra was studied last
year in a couple of papers [6-8]. Most of them did indicate that the parton transverse
momentum does not change the effective power significantly. Therefore the conclusion
was that starting from hard scattering models with ~ pl‘* parton transverse momenta
are not sufficient to obtain the experimental behaviour ~ pls. This picture seems to change
if the QCD predictions are used as a starting point as recently found by Monte Carlo
calculations [9, 10]. In the present paper we use an approximate analytic method [7]
to study the influence of quark gluon transverse momenta on the large p, distributions
according to QCD which we compute as in Ref. [1]. The approximation of our treatment
consists in the following:

i) We use factorized quark and gluon distributions in the form

F(x, Q% k7) = F(x, 0M)g(k)), 2
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with F(x, Q% according to predictions from asymptotic freedom [4] and

g(k?) = : exp(_k2>- (3)
ndkd ) G

We work out the predictions for transverse momenta of quarks and gluons equal to
(k% >Y2 ~ 0.7 and 1 GeV/c. Such rather large values of (k%) are suggested by experi-
ment [11].

ii) We call the system of the 2 jets produced a “di-jet”. It has the variables ¥, P L
and the mass s. We calculate first the di-jet production cross section. In terms of the parton
distributions g(x, k 1) = /x) f(x, k 1) for “di-jet” rapidity Y~ O and resulting jets
observed at & = 90° in the c¢. m. s., the “di-jet” production cross section behaves like

do const ) R L
dsayarl =~ 57 /. d’ky fix1, k )fi(x2, P =k ), @
L]

where we have already used conservation of the transverse momentum. We limit our
discussion to the kinematic region where s » 1 (GeV)? and 5> P}.

To study the influence of parton transverse momenta on single-jet production, the
P dependence of Eq. (4) is more essential than the Y or P|; dependence. Modifying the
P, dependence, we would still expect to find the essential effects caused by the parton k , .
The longitudinal momentum distribution of Eq. (4) is determined by the parton x distribu-
tion and a transverse momentum distribution determined by the parton k, distribution.
We replace the exact distribution by an isotropic one where the di-jet longitudinal

d4
distribution is the same as the transverse one { F —A—L which at 6 = 90°
ds dP3 isotropic
(Y = 0) agrees with (4).
The energy distribution do/(ds dE) of the *““di-jet” is easily obtained from an isotropic

“di-jet” distribution. If the “di-jet” decays isotropically in its rest frame into two jets i
and j with momenta |p;| = |p}| = V5/2 and polar angles 6, and 6; = 0,+m, the energy
distribution of the single jet i in the collision ¢. m.s. is given by [7]

1

do . do 1 5 Js
‘E:J\dEdSA——, E0=8+z~, E1=—5 (5

o]

We use Eq. (5) only for jets produced at § = 90° in the collision ¢. m. s. From Eq. (5)
the invariant single-jet distribution at 6 = 90° is

do
“ap}

1 do

6=90° 2np; dg;
Pi=Ppts

We perform calculations with the factorized distributions (2) and Gaussian k&, distribu-
tions (3).
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In this case all integrals but one can be performed analytically and we obtain for
the single-jet spectrum at 6 = 90°

d3c 1 constj’ ds [ 1 ( s ‘2]
& = —— &z exp| — =< P — ‘—“)
dP? g=00°  27P;, 2n 2 <ki> + 4p; |

X -—1.-——.F1 (QZ, \/s> F, (Q"-, \/S) @)
2ndk3 > s ‘ 5

An asymptotic estimate for this integral using Fi(\/ §/_s) = const leads to ed*o/dp® ~ 1/p', .
Thus, asymptotically no change of the power n can be expected, with F; independent
of @2, i. e. no scale breaking. In our calculation we use Eq. (7) in the form

d*c - 1 " -
E-— =H 5 s k2 = d H N 3 kz = 0
Fp e = T Ve k) 4pl\/27z<ki>j Hpo s, k> =0
(-5)
-
4
Xexpl| — —”‘Tki”p;“ s (8)

where H(p, = V312, S5, <k2 > = 0) is the single jet distribution without parton transverse
momenta. Contrary to the claim in Ref. [8], we use in this approximation not only
symmetric parton parton collisions with x, = x,. Considering the well known parton
momentum distributions in hadrons we find that our approximation (which uses the
average parton longitudinal momenta equal to the parton transverse momenta) is
expected to be a rather good one at the energies presently of interest, /s =~ 20 to 30 GeV
and leads to results which agree with Monte Carlo calculations of other authors.

3. Numerical calculation and comparison with data at ISR and FNAL-energies
We define
H(p, /s, <k}))

H(p ,+/s, k1) =0)

In figures 2a and b we plot the ratio R as obtained by inserting the QCD single jet cross
sections into Eq. (8). R depends strongly on p, and ./s; it is largest where the large p
single jet distribution is steep like at small /s or for the gluon gluon contribution. At
Fermi-lab energies R depends dramatically on the average parton transverse momentum,
as shown in Fig. 2a.

In Fig. 2c we plot the effective power n.(\/s, x ) for the total jet distribution (quark-
-quark, quark-gluon, and gluon-gluon contributions) for /s = 20, 30 and 50 GeV and
(k% >Y2 = 1 GeV/e. In the p 1 Tregion around 5 GeV/c we find indeed an effective power
near to 8, as found experimentally; but it is to be noted that n. depends strongly on x
decreasing with rising x .

R(p /s, <k)) = ©)
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Fig. 2 (a, b). The influence of parton k distributions on single jet distributions. The ratio R between
the large p | jet cross section calculated with and without parton transverse momenta as defined in Eq. (9)
plotted as function of p , for different values of 4/s and <k_’L $1/2 (3) The ratio R for the total jet cross section
for two different <k§_ >t/2; (b) The ratio R calculated separately for the three contributing mechanisms
at <k%>Y? = 1 GeV/c; (c) The effective power negr(+/5, x ) for the sum of all three mechanisms, at
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Fig. 3. (a) Comparison of the QCD prediction for #° production at large p | at 4/s = 62.4 GeV and

0 = 90°. The data are due to Biisser et al. [12] and Clark et al. [13]. The four curves are for average parton

transverse momenta <!cj_>’/2 = 0.7 and 1GeV/e and gluon fragmentation functions G§(z)~ (1—2)"

with ng = 3 and 1; (b) Comparison of the QCD prediction for the large p | single jet cross section in pp

collisions at4/s = 19.4 GeV and 6 = 90°. The data is due to Bromberg et al., Ref. [14]. The three curves
are the QCD predictions for (k3 >¥/2 = 0, 0.7 and 1 GeV/c
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In figure 3 we compare the predicted cross sections with experimental datg [12, 13,
14] at ISR and Fermi-lab energies. We find at ISR energies: The good agreement with
data found already in Refs. [1] and [2] is confirmed also for the new data [13] with p n
up to 16 GeV/c. At low p, the agreement is improved by taking the parton transverse
momentum into account, especially when using the more likely gluon distribution function
of the form (1—z)3.

At Fermi-lab energies we compare with the jet production cross section [14]. This
has the advantage that the comparison is not influenced by the choice of the parton
fragmentation function. The predictions without parton transverse momenta are approx-
imately a factor 10 below the data. This was already found in Ref. [1] comparing
with large p, particle cross sections. Using average parton transverse momenta as large
as 1 GeV/c the predictions agree also at this energy much better with the data. We
stress, however, that the rise in the single jet cross section with growing <k2 >'/? is very
steep at these energies, as shown in figure 2. Parton transverse momenta of similar size
were necessary in the Monte Carlo calculation in Ref, [9].

We conclude: The predictions for large p, particle production obtained by using
lowest order QCD perturbation theory and taking barton transverse momenta into
account agree rather well with presently known single particle and single jet production
cross sections at large p .

To confirm the relevance of QCD predictions for large p, production in purely
hadronic collisions further tests are needed, e. g. concerning the spin dependence of large
p, particle production [15] and correlations between two particles or jets in large p,.

We acknowledge discussions with B. R. Combridge, A. P. Contogouris, P. Darriulat,
J. Ellis, J. Kripfganz and R. G. Roberts. We thank Mr. Discher for assistance with
numerical calculations.
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