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Aspects of four-jet production in polarized proton-proton collisions
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We examine the intrinsic spin dependence of the dominant gg+gggg subprocess contribution
to four-jet production in polarized proton-proton collisions using helicity amplitude techniques.
We find that the partonic level, longitudinal spin-spin asymmetry aL, L, is intrinsically large in the
kinematic regions probed in experiments detecting four isolated jets. Such events may provide
another qualitative or semiquantitative test of the spin structure of QCD in planned polarized pp
collisions at BNI RHIC.

PACS number(s): 13.87.—a, 13.88.+e, 14.70.Dj

The prospects for a comprehensive program of polar-
ized proton-proton collisions at collider energies at the
BNL Relativistic Heavy Ion Collider (RHIC) [1,2], cul-
minating in the approved experiment R5 [3], has moti-
vated a large number of studies of the spin dependence
of many standard model processes and their sensitivity
to polarized parton distributions. Many processes which
already have been well studied, both theoretically and
experimentally, at existing unpolarized hadron colliders,
have been reexamined in the context of a physics pro-
gram dedicated to the extraction of the spin-dependent
quark, antiquark, and gluon distributions and tests of the
spin dependence of the basic hard scattering processes of
QCD and the electroweak sector.

Familiar processes such as direct photon production
[4—6] and Drell- Yan lepton pair production [6,7] (includ-
ing W and Z production [6,8]) are known to be sensitive
to the longitudinally polarized gluon and sea-quark con-
tent of the proton, respectively. (We will henceforth take
polarized to mean longitudinal polarization; transverse
polarization efI'ects will also be studied at RHIC but will
only be briefly discussed here. ) Calculations of the ra-
diative corrections to the spin-dependent cross sections
for these processes have even appeared [9,10] and con-
firm the general conclusions of leading-order results. Jet
production has also been extensively studied at lowest or-
der [5,11] and the technology for the efficient calculation
of the next to leading order (NLO) corrections to helic-
ity amplitudes for jet production is now well known [12]
although a detailed analysis of the spin-dependent radia-
tive corrections to jet cross sections has not yet been per-
formed. Taken together, these processes already provide
the basis for a substantial experimental program using
the two planned RHIC detectors [3], STAR and PHENIX,
which are complementary in their physics capabilities.
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A wide variety of other processes has also been stud-
ied at leading order in the context of the RHIC spin pro-
gram including heavy quark production [13,14], quarko-
nium production in different kinematic regions [15—17],
three-jet production [18], and double-photon (pp) pro-
duction [19]. All of these processes have been studied
experimentally, to varying degrees, in collider energy un-
polarized pp or pp collisions and seem to agree reasonably
well with theoretical expectations. Some other processes
whose spin dependence has also been discussed, such as
two-jet plus direct photon [18] and Q + p [20], have yet
to be measured but may be detectable for the first time
given the large luminosity and energies (up to 2x10s2
cm s and ~s=500 GeV) possible at RHIC and the
nature of the proposed detectors.

Just as with single inclusive jet, dijet, and three-jet
production, four-jet production has been observed at
hadron colliders ranging from the CERN Intersecting
Storage Rings (ISR) [21,22] (~s=63 GeV) to the CERN
Super Proton Synchrotron (SppS) [23] (vs=630 GeV)
and most recently at the Fermilab Tevatron [24] (~s
=1.8 TeV). In the last two cases, comparisons of data to
leading-order QCD predictions for various shape and an-
gular varibles have been made and reasonable agreement
is found. In addition to providing another test of stan-
dard QCD, this process has the additional feature that
it has also been widely discussed as a possible arena in
which to study double-parton scattering [25,26], an effect
which is expected to appear at sufFiciently high energies.

Because the 2~4 subprocesses leading to four-jet pro-
duction are proportional to as, changes in the value
of ns used and uncertainties in the choice of' Q scale
(i.e. , lack of knowledge of the next order QCD correc-
tions) make the prediction of the absolute rates difficult.
This, coupled with the lower rates compared to two- and
three-jet production and the increasing difhculty of un-
ambiguously defining n isolated jets, makes this process,
at present, a semiquantitative or qualitative test of QCD.
Because rapid progress is being made in the calculation of
the NI 0 matrix elements for two- and three-jet produc-
tion [12] with hope held out for the eventual evaluation
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of the necessary radiative corrections for the 2~4 sub-
processes as well [27], this situation may well change in
the not-too-distant future.

Motivated by the large rates possible for many hadron
processes at the high luminosity polarized pp RHIC fa-
cility, in this Brief Report we briefly discuss the spin
dependence of the dominant QCD subprocess contribut-
ing to such four-jet production, namely gg~gggg; the
analysis presented here thus extends and complements
the discussion of the spin dependence of three-jet pro-
duction given in Ref. [18]. While the Collider Detector
at Fermilab (CDF) [24] Collaboration has presented evi-
dence for a small ( 5%) contribution from double-parton
scattering events at i/s=1800 GeV, the UA2 [23] data at
a lower energy (below the maximum RHIC energy) are
consistent with no such contribution; it is therefore un-
likely that double-parton scattering will play any role in
multijet production at RHIC, and we will discuss only
the spin dependence of 2~4 processes.

We follow the analysis of four-jet production at Teva-
tron energies as given in Ref. [26] with some minor differ-
ences. We consider only the dominant gg+gggg subpro-
cess and because we are interested in the spin dependence
we use the exact expressions for the matrix elements for
this process instead of relying on any approximation tech-
nique; specifically, we use the compact expressions for the
necessary helicity amplitudes in Refs. [28,29]. In the cal-
culation of the appropriate cross sections, we modify the
cuts of Ref. [26] Set 2 (motivated by the smaller RHIC
energy of ~a=500 GeV) and insist that pl ) 15 GeV and
~rj~ & 0.8 for each jet and that cos(0;~) (0.643 for each
jet pair. Finally, we insist that there is a minimum total
transverse energy of Ez & 70 GeV. For this leading-order
calculation, we use the updated parton distributions of
Duke-Owens (in this case, only the gluon distribution
of Set I is required) of Ref. [30]. For definiteness, we use
Qz = s in the distributions and running coupling, and we
discuss below the sensitivity of the results to this choice.

The resulting differential cross section as a function
of transverse momentum, do/dpT versus pz (with four
entries per event), is shown as the dot-dashed curve in
Fig. 1 and has a very similar shape as the corresponding
plot [Fig. 2(a)] in Ref. [26]. The spin-dependent cross
sections
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FIG. 1. The solid and dashed curves shower the spin-
dependent, differential cross section, dna/dpT (nb/GeV) ver-
sus pT (GeV), for four-jet production from the gg —+gggg sub-
process with the cuts discussed in the text; the solid (dashed)
curves correspond to a polarized gluon distribution given by
AG(x, Q ) = x G(x, Q ) with o. = 1(0.25). The dot-dashed
curve is the unpolarized differential cross section da/dpi'
(nb/GeV) versus pT(GeV) with the same assumptions.

while p;„ is the minimum angle in the transverse plane
between the largest p~ jet and the other three jets and
finally cos(0&s) is the cosine of the angle between the
second and third most energetic jets in the four-jet cen-
ter of mass. Differential distributions in each of these
quantities look very similar to the corresponding plots in
Figs. 2(a)—2(d) in Ref. [26].

The measurable spin-spin asymmetry in any observ-
able quantity, defined by

tion to the total proton spin.
Using the gg~gggg matrix elements and these cuts,

we have calculated differential distributions in the
other kinematic variables discussed in Ref. [26], namely

p „q, P;„,and cos(82s). The transverse momentum out
of the plane passing through the beam and the jet of
largest pT, i.e. , p „q, is defined via

dna 1 (da(++) der(+ )l—
dpT 2 i dpi dpT

da(++) —do (+—)
da (++) + do (+—)

' (3)

where (++), (+—) refers to the helicities of the incident
protons, are also shown in Fig. 1 for two choices of the
polarized gluon distribution. The spin-dependent gluon
distribution, conventionally written as AG(x, Qz)
G+(x, Q ) —G (x, Q ) [where + (—) refers to parton
helicity in the same (opposite) direction as the parent
proton helicity], is assumed, for simplicity, to have the
form AG(x, Q ) = x G(x, Q ). The two choices n=l
(solid curve) and a=0.25 (dashed curve) correspond to
an integrated gluon contribution AG = f AG(x, Q )dx
equal to G.5 and 4.5, respectively, and thus bracket the
expectations for a "normal" to "large" gluonic contribu-

is determined by both the partonic level spin dependence
of the underlying hard scattering,

Al, l.da = ) dx dxbdaal, L, &f.(x, Q )
72

XAf~(xb, Q ). (5)

da (++) —da (+—)
da(++) + da(+ —)

and the magnitude of the polarized parton distributions
since
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FIG. 2. The spin-spin asymmetry, AI.L, , in
various differential cross sections for four-jet
production. The plots correspond to asym-
metries in difFerential distributions for (a)
pT, (b) poui) (c) /min) and (d) cos(823).
The solid (dashed) curves in each plot corre-
spond to polarized gluon distributions given
by AG(x, q ) = x G(z, Q ) with m=1(0.25).
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Using the polarized parton distributions mentioned
above and the exact 2g~4g matrix elements, we
Gnd the observable asymmetries for the four variables

pT, p~„t, P~;„, and cos(02s) shown in Figs. 2(a)—2(d).
The increasing value of AL, g with larger values of p~
[Fig. 2(a)] and p „& [Fig. 2(b)] is reminiscent of simi-
lar effects in two-jet [5,11] and three-jet [18] production
and simply rejects the increase in gluon polarization for
large x (where, of course, the cross sections are very
small). Figures 2(a) and 2(b) also show that the intrin-
sic spin-spin asymmetry of the hard-scattering subpro-
cess, ai.l„ is large; we estimate that the average value
of the partonic level spin-spin asymmetry in the con-
6gurations measured in four-jet production is roughly
(aL,I, ) 0.8 which is even larger than the corresponding
value of (a~~) 0.7 found for the gg-+ggg contribution
to three-jet production. We have also checked explicitly
that when one gluon is allowed to be soft the resulting
partonic level spin-spin asymmetries reduce to those for
three-jet production derived in Ref. [18]. On the other
hand, the angular varibles we have studied show little
variation for a given set of polarized distribution func-
tions as seen in Figs. 2(c) and 2(d); this is also consis-
tent with earlier results on spin dependence in three-jet
events. These results reaKrm the fact observed in the
case of two- and three-jet production, namely, that once
one is in the kinematic regime required for the isolation
of jets, the intrinsic longitudinal spin-spin asymmetries
for gluon initiated processes is almost maximally large
and varies little with the relative orientation of the jets.

Even though the predictions for the absolute rates of
four-jet production are extremely sensitive to the choice
of Q used in the calculation, the fact that many distribu-
tions of angular and shape variables agree well with lead-
ing order (LO) predictions implies that ratios of cross sec-
tions may well be less sensitive to changes in the pertur-

bative parameters. In the context of spin measurements
in three-jet production, for example, it has been noted
[18] that varying the value of Q2 in the range Q = 4s to
Q2 = s/9 gives rise to a variation in the difFerential cross
section of order 300Po, while predicted spin-spin asym-
metries are hardly changed at all.

To examine the sensitivity of our analysis to such vari-
ations, we have performed a similar test by varying Q
from the nominal value of Q = s used above. Using
Q = 4s(s/4), we find that the difFerential cross sections
are decreased (increased) by a factor of 2 consistently
over the range of pT which is quite similar to the re-
sults of Ref. [26]; with the same variation in Q2, however,
the spin-spin asymmetries in all variables we consider are
changed by less than 5%. We therefore expect that spin-
spin asymmetries will be more sensitive to the nature
of the polarized gluon distributions (the exponent n, for
example, in our simple parametrization) than to uncer-
tainties arising from a lack of knowledge of the NLO cor-
rections; this is certainly consistent with the cases where
the NLO calculations have been performed [9,10].

One can also consider transverse spin eÃects in jet
physics but the situation is far less diverse. The quarks
and antiquarks (and not the gluons) carry the "transver-
sity" [31]so that only qq or qq initiated processes in trans-
versely polarized pp collisions need be considered. It has
been known for some time [32] that the partonic level
transverse spin-spin asymmetries, a~z, for the relevant
2~2 processes vanish in the case of unlike-quark scatter-
ing via qq'~qq' and are much smaller (roughly a factor
of 10) than the corresponding longitudinal asymmetry
(al, l, ) for like-quark scattering via qq~qq due to a color
factor. An identical pattern is seen in the transverse spin-
spin asymmetries for three-jet production via qq' —+qq'g
and qq~qqg [33]. We expect a similar situation in the
four-jet case for the processes qq'~qq'gg, qq~qqgg, and
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qq' —+qq'qq. Since these processes only form a significant
part of the four-jet cross section at the very largest values
of pT where the cross sections are unmeasurably small,
we expect no significant transverse spin dependence in
such processes.
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