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ABSTRACT
Following the idea of Sterman and Weinberg, we calculate the jet angular
radius of a gluon jet and its energy-dependence in the framework of perturbative
quantum chromodynamics. The result is free of infrared and mass singularities and
does not depend on the gluon fragmentation function. We find that the gluon jet
spreads much more (i.e. less jet-like) than a quark jet; this renders the detection of

gluon jets very difficult.
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The hope that quantum chromodynamics (QCD) provides a complete descrip-
tion of hadron physics is widely spread. One of the key characteristics of QCD is
the existence of gluons. A crucial verification of QCD would thus be the
observation of its gluonic structure. Partly motivated by the observation of
hadronic jets (which we shall refer to as quark jets, since they are believed to be
jets arising from energetic quarks) in ete” annihilation,1 we expect the gluons to
reveal themselves in the form of gluon jets (i.e. hadronic jets arising from
energetic gluons). In fact, gluon jets are expected to be produced in many
experimental processes‘such as large P scattering, e*e” annihilation, lepton-proton
deep inelastic scattering and Drell-Yan di-muon experiments.

Recently it has been emphasized that, in QCD, the three-gluon decay mode2
of the upsilon 73 (or some other heavy quark-antiquark bound states) would provide
a very clean place to find and study the gluon jet.lJL From e’e” annihilation we
learn that a quark jet is observable when the initial quark has an energy
E q > 3 GeV. Since the mass of T is around 9 GeV, the average energy per gluon is
3 GeV. Hence, whether a gluon jet from T decay is observable or not depends
crucially on its jet-like nature, i.e. the jet angular radius and its energy-dependence
as compared to those of the quark jet.

In this paper we shall study these gluon jet properties using the approach
suggested by Sterman and Weinberg;5 they showed that the quark jet structure
follows from a perturbative calculation in QCD without assuming a transverse-
momentum cut-off. Furthermore, their result does not require any knowledge of
the fragmentation function.6 This means that their approach is particularly useful
to the study of gluon jets since how a gluon fragments into hadrons is totally
unknown (presumably, fragmentation is a consequence of quark confinement, an

issue we shall not discuss here).
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Instead of studying a possible three-gluon jet-like structure in the T decay
directly, we choose to consider a simplified process where a pair of energetic

gluons is produced by a color-singlet, gauge-invariant scalar source (Fua\)) 2_

b
u
decay mode, this scalar source effectively represents a color-singlet ot quark-

(BUA\? - avA&;+ g £3bCx AS )2 in the center-of-mass frame. For the two gluon
antiquark system in the limit of heavy quark mass. It is our basic assumption
(which, we believe, is very plausible) that the jet angular radius and its energy
dependence do not depend on the source. Calculations using the pseudoscalar
séurce FS\) 1;3\) have also been carried out.’” The result supports our assumption.
This will mean that the essential features of gluon-jet structures do not depend on
how the energetic gluon is produced and that our results are applicable to gluon jets
produced in all scattering processes.

To study gluon jets we calculate, to order gz, the partial cross section
o(E, &, §) for the two-gluon jet-like events, where all but a small fraction ¢ of the
total energy E is emitted within some pair of oppositely directed cones of half
angle § <«<l1, lying within the solid angle dSZ(1762<< dQ <<1). For high-energy
phenomena in perturbative QCD, there appear degenerate states within the
resolution of detector devices. These degenerate states lead to infrared
divergences and mass singularities,8 which, however, are expected to be cancelled
for physically sensible cross sections such as ofE, €, §).

Fig. | shows six types of diagrams that contribute to o(E,e, §) to order gz.
Quark masses are set to zero. Each diagram divided at line (1) (diagrams (i)-(v))
represents a real particle (i.e. gluon, ghost or quark) emission process. The hard
Bremsstrahlung region (where the energies of emitted particles K9 >¢E and
9,0 >¢E are within the angular cone Tr62) gives rise to mass singularities and
determines the jet angular radius. (For diagram (iii), quark pairs are produced

2,

within the angular cone 74§ The soft Bremsstrahlung region (where k9 < eE or
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52,0 < eE) gives rise to infrared divergences as well as mass singularities. As we

shall see below, these infrared divergences and mass singularities are cancelled by
those arising from the virtual corrections to the external gluon lines and the
source;9 diagrams (i)-(vi) divided at line (2) represent these virtual corrections.

We perform our calculation in the Feynman gauge and use the dimensional

regularization method10

to control the ultraviolet and infrared divergences and
mass singularities. Proper combinatoric factors are taken into account. The real

particle emission processes give the partial cross section

2
o) = ao(f—z) f(D)[CZ(G)3 (5“5%-) ED - (¢ 1n 20) + Lhin (8)
i
2
LA i +%T(R)Nf{iDED+1n(s)-f—g-}] (1)

as the space-time dimension n=4 + D +4, where f(D) = [(2/7D I‘(%-Jr 1)]’1, and
o, =(do/dQ), is the lowest-order differential cross section for the two-gluon
production from the source. N is the number of quark flavors and C,(G) and T(R)
afe color factors for the gluon representation G and the quark representation R

respectiv ely1 1

: in QCD, CZ(G). = 3 and T(R) = /% for quark triplets. The double pole
term l/D2 and the In(2e)In(§) term originate solely from diagram (v) where an
infrared divergence and a mass singularity show up simultaneously. Finite terms
proportional to € and/or § have been neglected.

The virtual corrections (diagrams (i)-(vi)) lead to, after renormalization, the

partial cross section

2
4 =D 11 {1\ D 67
o(2) = oo<ﬁ?>f(D)|:C2(G)3-D—2E +T(B>p °E$

{502 ] o
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We have carried out the renormalizations of the gluon propagator and of the source

by subtracting only the ultraviolet divergent terms at an arbitrary off-mass-shell

point p2= uz for gluon momem:a12 Z E2

and on the mass shell p*= for the outgoing
source momentum. As expected, cancellations of infrared divergences and mass

singularities take place in the sum of o(l) and ¢(2). Taking the limit D = 0, we

obtain
2 5 2
a(1) +0(2) = o _8—2 CAQ) 3 = In (Eh) - (4 In 2¢) + )1n (8) + 2% - _TGL
bn
4 1
+ 2 T(R)N {m (E/W +1n () -1 NG

3 f 4

The coefficient of the In (E/u) term is simply the anomalous dimension!3 of the

source (FE;N)2 . This term reflects the nature of the source and is not related to
that of the gluon jet. Let us choose u=E so that gz/lm za(E) is the coupling
constant renormalized at u= E. Then, to order a(E), the partial cross section

o (E, €, §) is given by
o(E ¢, 0 = 00[1 - 9B {4 ¢ (Gin(ze) + Hc 2(G)—§NfT(R)}ln(6)] , @

where only the logarithmic terms in eq. (3) are kept. The E dependence occurs only
in the definition of a(E). It is amusing to observe that the coefficient of the single
logarithmic term is precisely the one-loop B function““ of QCD.

To facilitate comparison to the quark jet we integrate o(E,c,8) over the
whole solid angle {2 = 47 and define the fraction f of all jet-like events which have
a fraction (1 - €) of the total energy E inside some pair of opposite cones of half

angle §:

ttguon) = 1 - 2B fu ¢ @inze) + Ley@ -§ NTR o) - O
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Here £ is independent of the gluon production source.!” The same formula for the

b]

quark jet case” is

fquark) = 1 -2E) {4 1n(2¢) 4 3} C,RUN(S) , (e

where the color factor CZ(R) = 4/3 for a quark triplet. For the same values of f, E

and ¢, the ratio of the quark-jet angular radius to the gluon-jet angular radius is

independent of ofE):

n [8quark) ] C2(@In2e) + B @ -3NTR)  Cyl@) o
In [8(gluon) ] ~© CZ(R)[ln(Ze) +%] CR) ~ &4

where the approximation is qualitatively valid for € < 0.2 and Nf = 4. Hence
8(gluon ) ( G(quark))u/ 9 where 6 is measured in radians; this shows that the gluon
jet spreads more than the quark jet. If we assume a(E) to be the running coupling
constant in QCD, then the decrease of the gluon-jet radius with increasing energy E
is much slower than that of the quark-jet radius. This general qualitative feature is
mainly a consequence of the difference in the color factors associated with the
representations of the quark and the gluon in QCD. Typically, a quark jet of

angular radius 10° (5°) corresponds to a gluon jet of angular radius 27° (19°). Also the
| threshold energy for the detection of a gluon jet may be as mlich as an order of magnitude
bigger than that (~ 3 GeV) for the detection of a quark jet. 'This renders the observation of
gluon jets very difficult.'® It is intriguing to consider this as the reason why gluon-jet
structures have so far escaped detection.

Although we expect a marked increase in sphericity (or spherocity) when the
energy in e* e~ annihilation approaches that of a heavy-quark-anti-quark bound state, its

distinct three-gluon angular distributions would be difficult to measure.
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better place to test the gluonic structure in QCD is probably the photon angular

and energy distribution in the two-gluon-one-photon decay mode17

of T. This test
is even better if there exists another heavy charged 2/3 quark.
We were informed that this problem is also under investigation by M.B.

Einhorn and B. Weeks. We thank our colleagues at Fermilab, in particular C.K.

Lee, for discussions.
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lsz means of this off-mass-shell renormalization procedure for giuon momenta
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tot
leading contribution proportional to In(8). As we shall see, our main result
depends only on the In(2¢e)ln( 8) term. Hence our conclusion is applicable to all
scattering processes if the coefficient of this double logarithmic term is

independent of the source. This is a weak form of the assumption we mentioned

earlier.
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FIGURE CAPTION
Fig. 1: Leading-order corrections to the two gluon production cross
section. Wavy lines are gluons, dotted lines are Faddeev-
Popov ghosts and solid lines are massless quarks. The dashed
lines numbered | and 2 denote the unitary cuts. Mirror
reflections of the diagrams shown above and diagrams that do

not contribute in our calculation are not shown.
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