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Aspects of ttt and Y production at supercollider energies
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We extend previous calculations of large-transverse-momentum t( and Y production to Supercon-
ducting Super Collider energies. We then consider gt(, YY, and PY production, both from the
lowest-order (single-parton-interaction) gluon-fusion diagrams and from multiple-parton interac-
tions. Finally, we discuss combined quarkonium and weak-boson production arising from both
single- and multiple-parton interactions. Standard-model W@ and WY production is a potential
background to the detection of charged Higgs bosons through their rare decays H+—~ W +—V.

I. INTRODUCTION

High-precision studies of heavy-quarkonium states
(P,Y) in e+e collisions have provided extremely impor-
tant tests of QCD and the nonrelativistic potential-model
description of such bound-state systems. The production
mechanism in this case is direct production of the S,
states (hereafter V) via e+e ~y*~ V and subsequent
radiative decays. Ever since their initial discovery in p-
nucleus collisions, g and Y production has also been an
important aspect of hadronic collisions with a much wid-
er variety of differing production mechanisms contribut-
ing depending on the energy and other variables.

Exclusive production of charmonium states in pp col-
lisions (at &s =M

& ), for example, can produce cc
bound states with virtually any allowed quantum num-
bers allowing detailed investigations of the 'I'& state and
possible discovery of the charmonium D states. The pro-
duction is mediated in this case by ggg~quarkonium
couplings. At higher center-of-mass energies (but still at
low pz. ), inclusive P and Y production is dominated by

qq ~f/Y and by gg ~yc z (where yJ = PJ bound states
for J=0, 1,2) followed by radiative decays,
y""'~g(Y)+y and fixed-target experiments have mea-
sured the relative amounts of g and y' production.

At higher energies and larger values of pT (as probed at

hadron colliders), there are two sources ' of g produc-
tion, "direct" production (via gg~pg/yg, etc.) and that
from b-quark decays. The two mechanisms can, to a
large extent, be studied separately by imposing various
isolation cuts on the produced l('s and have been con-
fronted with UA1 data at CERN energies. On the other
hand, single high-pT Y production will only arise from
direct processes as Y production from top meson decays
will be quite small. While low-pT Y production has been
observed at CERN energies, detailed studies of large-pT
production including pT and rapidity distributions would
be welcome. Predictions for g (Ref. 6) and Y (Ref. 9)
production at both CERN and Fermilab Tevatron ener-

gies have appeared in the literature.
The next generation of hadron (super) colliders, the Su-

perconducting Super Collider (SSC) (design energy 40
TeV) and the CERN Large Hadron Collider (LHC) (16
TeV), will open an entirely new regime in which to study
physics of the standard model and beyond. The extreme-
ly high luminosities and particle multiplicities per event
will, however, make the experimental environment at
such machines one of the most challenging yet encoun-
tered in high-energy physics. Because of this, events con-
taining easily distinguishable features such as jets and
weak bosons will be utilized heavily and vector-meson
production, with its clean p+p signal, will likely play an
even more important role than at present. While mul-
tipole muons have long been touted as a clear indicator of
new physics, ' one extreme suggestion for coping with
the large particle fluxes at a high-luminosity LHC
machine (namely, surrounding the interaction region
with absorber so that only muons are detected in hopes of
detecting the Higgs boson via its "gold-plated" signature
H ~ZZ ~muons" ) would make clean, muon-related
events even more important. Even the rather mundane
use of P and Y detection as a calibration for mass mea-
surements [as with the present Collider Detector at Fer-
milab (CDF) experiment' ] will ensure the continued use-
fulness of vector mesons in hadronic collisions. Since
large-pT Y production is completely dominated by
gluon-gluon-fusion processes at the parton level, it may
also provide a useful calibration of gluon structure func-
tions at supercollider energies.

Several investigations of g production as a signal for
b-quark production and decays and for use in CP-
violation studies in 8-meson decays have appeared, ' and
a study of single direct P/Y production at SSC energies
would be complementary. Moreover, given the increased
energy and rapidly proliferating gluon content of the pro-
ton at the SSC, rare processes involving quarkonia which
are little or unstudied experimentally at present facilities
may well become observable in that environment.
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Motivated by these ideas, we begin in Sec. II by ex-

tending previous successful calculations of direct g/Y
production to SSC energies. In Sec. III we then discuss
the prospects for the observation of double V production,
namely, Pg, YY, and mixed pairs PY. We also examine
the possibility that twin quarkonium production at values
of pT & -20 GeV could also receive sizable contributions
from multiple-parton interactions thereby providing a
test of such effects which is complementary to the often
discussed use of four-jet events. Finally, in Sec. IV, we
calculate the cross sections for quarkonium+electro-
weak-boson production ( Z, 8'+ / W, and y ), both
from single-parton-induced processes (gg/qq) and from
multiple-parton interactions, and comment on the obser-
vability of these reactions.
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II. HIGH-pr SINGLE g AND Y PRODUCTION

Several groups ' have examined high-pr t)'j production
at collider energies and have shown that the two sources
of such g production are so-called direct processes,
gg~Pg/gg and others, and from 8-meson decays. Be-
cause the g's resulting from b-quark decays are accom-
panied by (strange) hadrons while those from the direct
processes have, at most, an accompanying photon (from
the radiative y decay), suitable isolation cuts can be used
to separate the two production mechanisms. The UA1
Collaboration has already demonstrated the ability to
study the two processes separately and has found reason-
able agreement with existing predictions. f production
from b-quark decays at SSC energies will be an extremely
important (indeed even the dominant) source and will
provide a clean signature useful in B-meson decay studies
helping to make the SSC a B factory of sorts and will also
provide tests of QCD and of the recently calculated
O(a, ) heavy-quark cross sections. ' In this paper, how-

ever, we will concentrate exclusively on "direct" process-
es, ones not resulting from B-meson decay, assuming that
the experimental ability to separate the two production
mechanisms for g's will continue to be available while for
Y production no such identification problems arise.

We will follow (and extend) the analysis of Glover,
Martin, and Stirling (GMS) who calculate direct 1( pro-
duction by using existing expressions for the basis parton-
ic cross sections, gg~Pg/yg (Ref. 15), qg~yq, and
qq~yg (Ref. 16). They fix the overall normalization (E
factor) by fitting data from the CERN Intersecting
Storage Rings and then show quite reasonable agreement
with higher-energy CERN data. Since we wish to extend
their method to even higher energies, we make use of par-
ton distributions which are more reliable at supercollider
energies, namely, those of Eichten, Hinchliffe, Lane, and
Quigg' (EHLQ). Repeating their analysis we find we can
reproduce their predictions with essentially the same
prescriptions but require a slightly smaller K value,
K =1.75, which is consistent with their claimed 30%
QCD/distribution-function uncertainties. Thus, in what
follows, we use the same relatively large and constant
value of a, as used in their analysis (and in earlier analy-
ses of P electroproduction and photoproduction' ),

FIG. 1. The differential cross section der/dpT vs pT for in-
clusive f (solid line) and Y (dashed line) direct production in pp
collisions at &s =40 TeV. EHLQ 1 distributions are used
throughout unless otherwise specified.

namely, a, (Q =M&). We also require the values of the
various quarkonium wave functions and use values de-
rived from realistic potential models, ' i.e., R&(0) =0.70
GeV and Rp(0) /M&=0. 006 GeV . With these values
we reproduce the GMS results. For direct Y production
we use the same approach, E = 1.75, a, ( Q =M ~ ), and
wave functions taken from potential models.
Specifically, we use Rs(0) =7.29, 3.66, 2.87 GeV for
n =1, 2, 3, and Ri, (0) /M&=0. 0157, 0.0160 GeV for
n =1,2. We consider only contributions from n =1,2, 3

S, states and n = 1,2 p radiative decays and do not in-
clude Y(nS)~Y(1S)arm. channels as this can give rise to
accompanying hadrons as in the b-decay case. Its contri-
bution, in any event, is not very significant. Finally, any
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FIG. 2. The ratio of differential cross sections for Y produc-
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FIG. 3. The ratio of differential cross sections for i( and Y
production vs pT (GeV) illustrating the effects of rapidity cuts,
~y(

~ 2.5 (dashed), ~y~
~ l. 5 (solid).

produced Y(2S,3S) is counted as a fraction of an Y(1S),
suitably weighted by its p+p branching ratios. With
this prescription we then reasonably reproduce the pre-
dictions for high-pz Y production of van Eijk and Kin-
nunen (after taking into account the differences in distri-
butions, wave functions, etc.).

Using these parameters and EHLQ 1 distributions, we
can then calculate the differential cross sections (do /dpr
vs pz) for g and Y production in pp collisions at SSC en-

ergies (&s =40 TeV) which appear in Fig. 1. [The corre-
sponding values at LHC energies (&s = 16 TeV) are 40%%uo

smaller over the entire pT range. In fact, we find quite
generally that the cross sections scale nearly linearly with
center-of-mass energy. ] Figure 2 shows the effects of
varying parton distributions by using EHLQ 2 in place of
EHLQ 1 and of changing the definition of the momentum
transfer used in the evaluation of a, and in the parton
distributions to Q =M +pr, both of which give some
measure of the prescription dependence of our results.

FIG. 5. The same as Fig. 4 except for Y production.

We also illustrate the effects of imposing various rapidity
cuts on P and Y production in Fig. 3. In Fig. 4 (5) we
show the relative contribution to g (Y) production from
S, and y states and we see that the contributions from

y production (mostly g' and y ) completely dominate f
(Y) production for pz. ~ 8 (15) GeV. Finally, in Fig. 6 we
show the integrated cross sections as a function of the
minimum pz (but uncut in rapidity).

This last figure points out that both 1( and Y produc-
tion will have large cross sections at SSC energies. Recal-
ling that the integrated SSC design luminosity is expected
to correspond to 10 events/(nb yr) one finds that there
will be l. 5 X 10 (2.2 X 10 ) p+ p events from direct Y
(1() production with pT ~ 60 GeV (only reduced by a fac-
tor of -0.8 if the rapidity cut ~y~ 2. 5 is imposed). We
find as many as 10 /10 p+p events arising from Y pro-
duction with pz~ 100/150 GeV (and ~y~ ~2.5). More-
over, Y production is comparable to P production for al-

most all values of pT so that studies of direct quarkonium
production will be possible with Y s even if l( direct pro-
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FIG. 4. The relative amounts of l( production arising from
'S, , y', y, and y contributions as a function of pz. (GeV) for g
production.

FIG. 6. The integrated (over pz. ) cross sections for f (solid)
and Y (dotted) production as a function of the minimum value
ofpT (GeV) (uncut in rapidity).
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duction cannot be successfully disentangled from that
from B decays. Given these relatively large rates for sin-
gle V production, we are naturally led to investigate the
prospects for rarer quarkonium production processes and
we begin with double V production.

III. fg, YY, AND gY PRODUCTION

Compared to single g or Y production, double V pro-
duction is a much rarer process as it is higher order in a,
[0(a, )] and requires the formation of two bound states.
Double g production has been observed, ' in only one ex-
periment, in relatively low-energy (&s =28 GeV) p-
nucleus collisions and has been interpreted ' in terms
of the lowest-order [O(a, )] subprocesses gg/qq~gf
(Double g production from the decay of a pair of b
quarks gives too small a contribution to be relevant at
these energies but will, of course, become important at
SSC energies. %'e assume once again that such produc-
tion mechanisms can be separated as in the single P case. )

Given the dominant role played by y states in single f
production, it is natural to ask whether their effects
should be considered in Pg production and VV produc-
tion provides another laboratory in which to study the
relative importance of V and y production.

In their analysis, Ecclestone and Scott found that the
lowest-order QCD calculation had to be normalized by a
factor of -4.5 to fit the data and they invoked a factor of
K =2 (similar to that needed in Drell-Yan processes and
single high-pT P production) while they added a factor of
(1.5) =2.2 in an attempt to include the (uncalculated)
contributions of y states (based on an -50%%uo y contribu-
tion to single, low-pT f production at these energies). If,
however, one uses the same values of a, and Rs(0) as ob-
tained in the fits to single g production and EHLQ 1 dis-
tributions, we find cross sections which are -2.25 larger
than those discussed in Ref. 22 (who made use of some-
what older gluon distributions) so that only a K =2 fac-
tor is needed and the need for any significant contribution
from y states is not clear. A partial calculation of the
gg~gy cross sections suggests that their contribution
is, in fact, quite small and will be neglected in what fol-
lows. (This mechanism is, however, the lowest-order con-
tribution to mixed quarkonium, i.e., gY, production and
will be required below. )

Then, using the gg/qq~ VV cross sections derived in
Refs. 22 and 23, EHLQ 1 distributions, and the quarkoni-
um wave functions mentioned above, we calculate the
differential cross sections for gg and YY production (un-
cut in rapidity) reproduced in Fig. 7, while the total cross
sections are given in Fig. 8 (9) for gg (YY). (The qq con-
tributions are never more than a few percent of the total. )

Recalling that the muon-pair branching ratios for g and
Y are 0.069 and 0.026, respectively, one finds 48 and 6.8
four-muon events/pb yr at SSC luminosities so that there
will be only 5—10 events in each channel with pT~20
GeV when rapidity cuts are taken into account; reason-
able numbers of events (500—1000 after cuts) are predict-
ed with pT ~ 10 GeV if such low-pT muons can be trig-
gered upon and detected.

As mentioned above, "mixed" (fY) quarkonium pro-
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FIG. 8. The integrated (over pT ) cross section (pb) vs
minimum Pr (GeV) for l(g Production from single-Parton in-
teractions Idashed) and multiple-parton interactions (solid).

duction, because of charge conjugation and color-
conservation arguments, only proceeds to lowest QCD
order [O(a, )] via gg~y y' and the cross sections for
this process have been discussed in Ref. 25. [There are
no O(a, ) contributions to qq~g'g . ] We evaluate the
total g+ Y production cross sections arising from all nine
(J,J'=1,2, 3) different yjgJ combinations using essen-
tially the same prescriptions as above, namely, E =2, the
relevant value of a, (Q =Mr~) at each vertex, and
EHLQ 1 distribution functions and the resulting
differential cross section is included in Fig. 7 while the in-
tegrated cross section is plotted in Fig. 10. Note careful-
ly, however, that the fY curve in Fig. 7 has been multi-
plied by 10 . {The relative smallness of this contribution,
which arises solely from g production and radiative de-
cays, is consistent with naive expectations based on the
fact that S, [y] states couple via Rs(0) [Rp(0)] in am-
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plitude. This would suggest that single g production
might be suppressed relative to single V production by a
factor R =[Rp(0) /Mz]/Rs(0) =10 . The complete
domination of single V production by y states, even con-
sidering the enhancements from color factors arising in
the gg ~yg diagrams, is still, perhaps, surprising. )
Given the smallness of the y'g" contribution, one can
well imagine that other processes, while formally of
higher order in a„might, in fact, dominate gY produc-
tion. We have in mind the 0 (a, ) 2~3 processes

gg ~y'Yg, y gg, or even the 0 (a, ) 2~2 process

gg~gY. The general conclusion that g+Y is strongly
suppressed relative to 1(1( or YY production is, however,
still unavoidable.

Another possible source of double quarkonium produc-
tion (aside from 8-meson decay) is multiple-parton in-

teractions and this possibility has been discussed previ-
ously. (See Ref. 26 and extensive references therein. )

Evidence for multiple parton interactions (MPI's) leading
to double Drell-Yan production at relatively low energies

has already been inferred from hadronic production of
multiple-muon events. Four-jet production is, however,
often discussed as the most likely possible laboratory in
which to study such effects. Given the integrated cross
sections for single f and Y production in Fig. 6, one can
estimate the multiple-parton-interaction contribution to
double quarkonium production using crMP(gg)
=o (P) /2o „, (and similarly for YY states) and
O'Mp( 1('Y ) =0 ( p)a(Y ) /o «, where we will use rr„,=60 mb
as an estimate of the effective total cross section. We
then add these total cross sections to Figs. 8, 9, and 10.
The multiple parton contributions to both gg and YY
production are small and for the gg case an observable
numbers of events (say 10) would only be possible for

pT & 10 GeV and this is even before realistic rapidity cuts
are imposed which would reduce each 1( cross section by
a factor of roughly 2 thereby reducing the multiple-
parton cross section by a factor of 4. Only in the
"mixed" gY case is the multiple-parton interaction (MPI)
the dominant contribution due to the extreme smallness
of the single-parton gg~y'g source. Even in this in-
stance, it is necessary to identify vector mesons with

pT & —10 GeV in order to see the signal. If it proves im-

possible to study ff production under these cir-
cumstances, further tests of this process will only likely
be possible in planned 8 hadroproduction experiments
or perhaps in very-high-energy Axed-target experiments
at Serpukhov's UNK Collider [where E(beam)=3 TeV
corresponds to &s =77 GeV].

As with all MPI-induced interactions, suitable kine-
matic cuts can be used to enhance the MPI contribution
relative to that of the single-parton interaction. In this
case, the gg ~ VV subprocesses produce V pairs which
are back-to-back in transverse momentum (ignoring any
small inherent parton pz) while the MPI-produced V

pairs will appear uncorrelated to each other but balanced
in pT by a hard (gluon) jet. In half the cases, the two

quarkonia will even appear on the same side of the in-

teraction. For the gf and YY cases, this means that the
background actually comes from the higher-order single-

parton subprocesses gg~ VVg. For the mixed case, the
uncalculated gg ~gg g, Yy'g subprocesses would likely
be the chief background.

Finally, MPI-induced processes will generally be more
sensitive to the gluon distribution function at low x, de-

pending as they do on 0(1() instead of tr(g), making
their prediction, on the one hand, more uncertain but
also providing a separate gauge of the low-x gluon con-
tent of the proton.
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FIG. 10. The same as Fig. g except for gY production.
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IV. QUARKONIUM+ WEAK-BOSON PRODUCTION

Analyses of high-pT V production have mainly focused
on exclusively strong-interaction processes but events in-
volving weak bosons and quarkonia could be expected to
give complementary information to those already dis-
cussed. In existing analyses, most attention has been paid
to rare Z decays involving quarkonia, namely, Z ~Vy,
Py (Ref. 30) (with P—= 'So bound state), Z~ggV (Ref.
31), Z~QQV, QQP (Ref. 32), and Z~ VV, VP (Ref. 33).
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At SSC energies, the production of quarkonia in associa-
tion with weak bosons (Z, IV+/IV, and even y) be-
comes, in some cases, large enough to be, in principle, ob-
servable. In addition, ZV, Z8' and Zy' production all
give rise to clean signals which greatly add in their poten-
tial observability. In this section we discuss both single-
parton-interaction- (gg or qq ) and multiple-parton-
interaction-induced production of quarkonia plus weak
bosons.

»z»

(a)

.-V

(b)

.V

A. Vy and VZ production (c)

Both Vy and VZ production have been discussed pre-
viously and arise primarily from the gg~ Vy, VZ sub-
processes. The differential cross sections for these pro-
cesses are shown in Fig. 11. In evaluating these cross sec-
tions we have once again used EHLQ 1 distributions,
E =2, and a, (Q =Mv). There are other contributions
from qq~ VZ which are expected to be smaller as they
are O(a ) compared to the (a,a ) gluon-fusion dia-
grams. The diagrams contributing to this rnechanisrn are
shown in Fig. 12 and we have found that for g and Y
quarkonia that only the contributions from Figs. 12(a)
and 12(b) where the V couples directly to the y' are im-

portant, i.e., qq~Zy*~VZ. We have calculated the
partonic cross section for this process (which we discuss
in the Appendix) and have evaluated its contribution to
both Zf and ZY and include its effects in Fig. 11. It has
at most a 30% effect in the Zg channel while its contri-
bution to ZY is negligible.

In contrast to large-pT V+gluon production, the con-
tribution coming from decays of the y states is quite
small in these processes. This was conjectured in Ref. 34
and we have verified it by explicitly performing the calcu-
lation of gg ~Z +go. The differential cross section is too
complicated to be displayed here; for g' we typically find

IQ

FIG. 12. Diagrams leading to qq ~ VZ.

it to be a factor of 100 smaller than the direct gg —+gZ
production even before branching ratios are included.
This is consistent with simple estimates based on the ap-
propriate wave function couplings and with previous cal-
culations of the contributions of g states to
quarkonium+ Z processes.

The integrated (over pr ) cross sections are then plotted
in Figs. 13 and 14 and assuming that the Z is only
detected in its p p mode one finds that there will be 23
(8.5) 4p events/pbyr arising from ZP (ZY) production
so that there could be of order 10—20 4p events per year
with pT( V) ~ 10 GeV in the ZY mode (depending on ra-
pidity cuts). In this case, only the Y itself is required to
be at sufficiently large pT as the muons from the Z decay
can have pT values up to Mz/2. If electron pairs from
the Z decay are also counted, the number of observable
events would be doubled.

Another possibility for VZ production arises from
multiple-parton interactions via the zero-pT production
of a Z (via qq ~Z ) accompanied by the single-parton-
interaction production of a vector meson. The cross sec-
tion for this is then estimated to be o Mp( VZ)
=cr(Z)o ( V)/o „,and making use of the integrated f and
Y cross sections in Fig. 5 we show the multiple-parton
contributions to the VZ total cross sections in Figs. 13
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FIG. 11. Differential cross sections, do. /dpT (pb/GeV) vs pT
(GeV) for Py, Yy, gZ, and YZ production.

FIG. 13. Integrated (over pT) cross section (pb) vs minimum

p „(GeV) for single-parton-interaction (SP) and multiple-parton
(MP) induced gZ production.
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and 14. We use the value cr(Z)=65 nb taken from Ref.
17 (with no rapidity cuts applied}.

It is obvious from the figures that the "direct" Vy and
VZ production through gluon fusion drops very rapidly
at large pT. This can be directly traced to the form of the
contributing Feynman diagrams. By inspection, one sees
that for large-pT production a large momentum has to
Bow in two quark propagators, which gives a big suppres-
sion at large momentum transfers. This is in contrast to
the "mixing" process qq~Z, y+y*~Z, y+ V, where
only one quark propagator (from the initial state) is off
mass shell. At very large pT (above 60 GeV in the fy
case) the latter type of process will dominate. However,
there the cross sections are already quite small any~ay.
We also note that the y*-V mixing diagrams are always
much less important for the Y case. This is because the
y"- V mixing factor 12ae& ~R (0)

~
/m „is around a factor

of 10 smaller for Y than for l(t. In fact, at SSC energies a
good approximation to the contribution from the mixing
diagrams can be obtained by just multiplying the cross
sections for real y production by this factor.

FIG. 15. Diagrams leading to qq ~ WV.

qq ~Wy'~ WV in the Appendix and calculate the
differential cross sections for WV production shown in
Fig. 16. Both W+ and W contributions are included
and we use K =2 and EHLQ 1 distributions as always.
The integrated cross sections are then displayed in Fig.
17.

Because the single-parton contributions to WV produc-
tion are so much smaller than in the VZ case, the
multiple-parton contribution will be expected to play a
larger role than before. Moreover, the larger production
cross section for W versus Z production, the ability to
use both W+ and W, and the relatively large branching
ratio into observable states (IV—+ev„pv„) enhance this
channel over the VZ MPI case. We then estimate the
MPI-induced contribution to WV production as
crMp--tr(IV )o(V)/cr„, where we include W's of both
signs and use the value tr(IV*}=200 nb (from Ref. 17).
We then include these cross sections in Fig. 17 and we see
that the MPI-induced contributions dominate for both
IV/ and IVY production out to pT =20 GeV. Since the
8 s will likely be observable in both their pv„and ev,

l ~ I I I I I I I ~ I ~ I I I

B. WV production

In contrast with VZ production, there are no O(a, a )

gluon fusion contributions to WV production so that its
standard model value is expected to be quite small. A
realistic evaluation of WV production is important as it is
an important background to the rare decay mode
H —+~ W —V which has been discussed as a potentially
very clean signal for the production of charged Higgs bo-
sons. Moreover, a small single-parton-induced contribu-
tion could make any possible multiple-parton-interaction
contribution more observable.

Once again, there are several diagrams contributing to
qq~ WV and these are illustrated in Fig. 15. We have
found for light quarkonia (g/Y as opposed to toponium)
that only the contributions from (a), (b), and (c) where the
V couples directly to the y* give important contributions
and we present the partonic cross section for

~ IO'
C9

b IO'

gl W

WT

IO-4 I I I I i I i I I I I I i I I I I

4 6 8 IO l2 l4 l6 l8 20 22
PT (GGV)

FIG. 16. Difterential cross sections, do /dpT (pb/GeV) vs pT
(OeV) for Wtt (solid) and WY (dashed) production via

qq~ WV.
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modes one would have 150/56 [@+p (charged
lepton+missing pr)] events/pbyr for these Wg/(W'Y)
processes and several events of this type might be ob-
served in both channels.

The background problems for the kind of processes
studied here remain to be investigated in greater detail.
One type of background is, however, easy to estimate.
For processes such as qq ~ 8'V, which are dominated by

y -V mixing, there is for a given invariant-mass resolu-
tion (for the lepton pair used to detect the V meson) an ir-
reducible background coming from the direct conversion
of the y' to a lepton pair. For an invariant-mass resolu-
tion 5 (assumed «m„) the conversion probability to a
lepton pair with invariant mass within a range 5 of m v is
(see Ref. 34) 2a/(3ir)(b. /mv). Comparing this with the
conversion probability to a V meson 12ae(i ~R (0)

~
/m i

and demanding that the signal be greater than back-
ground one finds the requirement on the detector resolu-
tion:

mv

18neg~R(0)~ I (V I+I )

mi I ( V~all)

which means 5/m& &4. 1% and b, /m~ &0. 13%. The
value for 1( is reasonable for a realistic detector, whereas
the f case could be more problematic.

FIG. 17. Integrated cross sections (pb) vs minimum pT (GeV)
for single-parton (SP) and multiple-parton (MP) induced 8'V
production.

We have seen that high-pr P and Y production will
have large cross sections out to pT values of over 100
GeV. Single g and Y production give almost identical
numbers of p+p events for p&~20 GeV. The large
numbers of Y's mean that detailed studies of direct quar-
konium production will be possible even if the various P
production mechanisms cannot be separated. Twin quar-
konium production will only be observable if vector
mesons with pT 20 GeV are detectable. In that case,
1(tY production receives a large contribution from
multiple-parton-interaction-induced events although cer-
tain, perhaps important, higher-order subprocesses have
yet to be calculated. Finally, 8'V production also re-
ceives important MPI-induced contributions which
should clearly stand out against the small standard-model
single-parton events. As this channel is also one in which
important new physics (rare decays of charged Higgs bo-
sons, for example) may appear, we urge its further study.
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APPENDIX

In this appendix we present the differential cross sec-
tions, de/dt for the processes qq~Zy'~ VZ and

qq ~8'y'~ 8'V discussed in the text.
For the qq~ VZ process, the diagrams of Fig. 12 all

contribute but we have checked that only those in (a) and
(b) where the V couples directly to the y' are important
for light quarkonia, here meaning g and Y as opposed to
toponium. We have, for example, calculated the subset
of diagrams in Fig. 12(c) (after first checking that we
reproduce known expressions for V~ZZ, Zy using our
methods) and found them to have a negligible contribu-
tion in our case. (They are, however, important in the
production or decays of a superheavy quarkonium. ) To
project into the quarkonium bound state we use the for-
malism of Kuhn, Kaplan, and Safiani and we find the
resulting differential cross sections of interest in our case.
For the process q(k, )+q(kz)~Z(p, )+ V(p~) we find,
with s=(k, +k2), t=(k, —p&), u=(k& —p2), and in-

cluding an average over color

2( + 2)~ e e2 ~g (())~2
[ 4(~r2+~ 2) 2(~~r2+~~ 2+~r3+~r2~+~r~ 2+~ 3)

dt mst u

—2s r u+2s r u+2s t u +r u+r u ] . (Al)

Here g, and g„are the axial-vector and vector Zqq couplings [g, =g/(4sin8@cosOii, ), etc.], e& is the electromagnetic
charge of the incident quark, e& that of the quark forming the V meson. We note that in the limit m v~0, the kinemat-
ic part of Eq. (Al) reduces to known expressions for ff~Zy (Ref. 38).
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For the case of qq ~ WV, we find that only the diagrams of Figs. 15(a)—15(c) where the V couples directly to the virtu-
al photon are important. We have also considered the complete subset of diagrams in Figs. 15(c) and 15(d) and found
them to be negligible for light-quarkonium production. (We do, in the process, reproduce existing results for
V—+ W+ W . ) We then find the differential cross section

80 (qq~ Wy*~ WV)

a'e~a. ~/ V.b J'/Z (O) ['

2m(m —s)mstu
X [[2(8t +St u+u )mu u+2(2t —12t u —3u )mu,

+8mu u t u—)m„t +[(20t+ 1 lu )mu, u+8(t —2u )mu, —2t u 2u ]m—vt

+ 8 ( m ~t 2m —~s t mu—,t 2m —~t u +m u,u +m u s t +m u,s u +m u,s t

+3mus t u+2mu, t u mu,—u —s u —2s u —s u ' t u—+t u )(mu, s)e;—mu, t

+4(mut +mu, u —mu, s t mu, s u——mu, t —mu, t u m~—t u —mu, u

+2s t u+2s t u+2s t u +t u+t u )(m& s) —e; m~+2(2mu+4mu u —u )m~t

+4(t +u )mn, t u —8(t+u)mu, t u+8m~t uI,

with a =a/sin 0~ and with V,b being the Kobayashi-
Maskawa matrix element for the coupling of the 8'to the
initial quarks. The formula given is for 8' production,
and here e, =e„=+—', ; for 8' production, let t~u and

put e; =e& = —
—,'. In this case, when m&~0, we find that

we reproduce the very simple kinetnatics (and remarkable
factorization property) of the qq ~ Wy cross sections
first found in Ref. 39.
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