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Quarkonium production at pp colliders
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We evaluate cross sections for q('So) and li(3S&) quarkonium states of cc, bb, and tt from
lowest-order gg~q, poz( Poq) and gg~gg subprocesses, including pz~liy decays. Data on pp
production of l( and Y are well described. High rates are predicted for rib and Yb production at pp
colliders. The much smaller q(tt) and g(tt) rates are critically dependent on the singular part of the
confining potential.

The importance of hadroproduction searches for bound
heavy-flavor states P(QQ) has been dramatically demon-
strated in the past by the discoveries of the J/1b char-
monium and the Y b-quarkonium states in pp collisions.
With higher-energy beams now available at pp colliders, it
is pertinent to investigate the expected production rates
for cc and bb bound states and to estimate whether tt
bound states are likely to be produced with sufficiently
large cross sections to be detected in forthcoming pp col-
lider experiments. To address these issues we calculate
quarkonium (0) production from leading-order QCD
subprocesses (gg~d' and gg, gg~Wg) using 0 wave
functions at the origin obtained from nonrelativistic po-
tential models. These calculations approximately repro-
duce the available data on pp, pp ~f, g„and Y cross sec-
tions. Encouraged by this success, we make projections
for quarkonium production at pp collider energies.

Previous QCD studies of g and Y hadroproduction' at
low transverse momenta were based on semilocal-duality
arguments. The cross section from gg, qq~QQ sub-
processes integrated between 2m& and the 2M (Qq )

threshold was attributed to quarkonium production. Al-
lowing for soft-gluon color rearrangements, a fraction of
this cross section gives the vector quarkonium state. This
calculation successfully described d o /dy (y =0)-versus-
M/vs and do/dxF-versus-xz distributions of P and Y
hadroproduction data up to Vs =63 GeV. The fraction
of vector states was found to be strongly dependent on the
quarkonium mass, so this duality approach does not lead
to definite predictions for P(tt ) production at pp collider
energies. Also, duality arguments do not specify the rela-
tive abundance of the various quarkonium states, such as
7k."lb and 'gb'. Y.

An alternative perturbative QCD approach is to use
quarkonia wave functions from a nonrelativistic potential
model. The absolute cross sections for individual quar-
konium states are then determined. This approach has
been used previously ' to explain data on g and Y pro-
duction at high transverse momenta. For our present ap-
plication to quarkonium cross sections integrated over pz-
we consider the contributions from the lowest-order a, or
a, diagrams shown in Fig. 1. Other contributions of or-
der a, with divergent behavior at pT ——0 would be includ-
ed as nonscahng effects in the initial parton distributions

o.(gg~W)=, 1(d'~gg)5 —1
(2J+ 1)n. S

SM M

where M is the quarkonium mass, J is its spin, and the
widths in lowest order are given in terms of wave func-
tions evaluated at the origin by
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FICJ. l. Lowest-order @CD diagrams for quarkonium ha-
droproduction.

according to the factoriz ation theorem, and by a
semiempirical multiplicative K factor of order 2 analo-
gous to that needed to account for electroweak W +—and Z
production rates. In our analysis we neglect the small
contribution from gg~X|g, which may further enhance 1b

productton vta X&~1by.
The leading-order subprocess of Fig. 1(a) for ri, Xo, or

gz production has the cross section (see, for example, Ref.
6)
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where

a, =12~/251n(M /A );
we choose A=0.2 GeV. .Table I lists widths obtained
from the wave functions of two representative potentials
that describe g and Y mass spectra. The more singular
r ' Cornell potential gives larger widths at high M than
the ( r lnr ) ' singular behavior of the Wisconsin potential 9

that takes into account the Q dependence of o, For the
Cornell potential, V, (r)= a/r —+ar, we use the parame-
ter choice' ~=0.494 and a =0.173 GeV .

The hadroproduction cross sections are obtained by
folding Eq. (1) with the QCD evo-lved gluon distributions
evaluated at Q =M . Figure 2 shows the results obtained
for the universal cross-section-to-width ratio

TABLE I. Partial widths and radiative branching fractions
for quarkonium decays calculated using the Wisconsin (Cornell)
quarkonium potential. The cc Pq~fy branching fractions are
taken from the Particle Data Group tables [Rev. Mod. Phys. 56,
Sl (1984)]. To calculate B(JJ~3S&g) for t-quarkonium we
have taken the partial width for P single-quark decay to be 47
keV (Ref. 19).

I'(g gg) I {X, gg } a(X, 'S, y) S(y. 'S,y)
(Mev) (MeV) (%)

~(pp
(2J+ 1)I'(W~gg)K

D x, D —,2, 3

where ~=M js and Dz is the gluon distribution in a pro-
ton and K is a QCD-motivated enhancement factor. For
our numerical evaluations we used two recent sets of
structure functions, namely, the parametrizations of Duke
and Owens" and Eichten, Hinchliffe, Lane, and Quigg'
with A=0.2 GeV. These structure functions give signifi-
cantly differing results only at low M/v s as shown by
the two sets of curves in Fig. 2. For quarkonium hadron-
ic widths that are measured the pp or pp production cross
sections can be directly read off from Fig. 2.

One source of the S~ states f(cc ), Y(bb ), P(tt ), collec-
tively denoted by lt(QQ), is Xz(QQ) —+1((QQ)y decays.
The go q(cc)~gy and +2(bb)~Yy branching fractions
have been measured. For the other transitions we use
potential-model calculations of the partial width ps ex-
pressed by

I (Xs @y)=(—,
'

)aeg kr ( (Rs (r
~
Rp)

~

For tt the photon momentum kr is calculated from the
XJ and l(, masses obtained from the potential models with
m, =40 GeV as input. ' The branching fractions are
summarized in Table I.

The lowest-order direct production of g(QQ) states
occurs via the so-called bleaching-gluon a, subprocess
of Fig. 1(b), whose cross section is given in terms of the
$~3g width

40(m —9)a, (M) |RE(0) iI ($~3g)=
81+M

X
10

9 2

g (gg~Pg) = I ($~3g)I(s/M ),
SM (sr —9)

where

2y in@ 2(y —1) 4 iny+ 2+
(y —1)' y(y+1) (y+1)'

(6)
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FICx. 2. Universal cross section to width ratio
cr(pp ~gg ~W) l[(2J+1)I ( P—egg ') ] for gluon-gluon-fusion
production (with IC = 1) of heavy-quarkonia states 0(gg )
versus the quarkonium mass for several c.m. energies Vs. Solid
(dashed) curves are obtained with Duke-Omens (Eichten et ah. )
structure functions.

TABLE 11. The cross sections (in nb) for p( S, ) production
via gg~l(|g and Xq~1(y, respectively at Vs =63 GeV (620
GeV). The calculations are based on the %'isconsin quarkonium
potential. For the Cornell potential, the tt cross sections would
be an order of magnitude larger.

~(pp gg
~(PP ~gg ~~J4Y )

280 (3000) 0.13 (19) (3 X 10-')
300 (1800) 0.24 (15) (2.5~10-')

The calculated pp ~fX cross section due to the
bleaching-gluon mechanism is comparable in size to that
of lt production via X~py decay. The values for cc, bb,
and tt 1(( S~) production are given in Table II for two
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FIG. 3. Comparison of gg~X~lt(QQ)y and gg~f(QQ)g model predictions with data on lb{3.1) and Y{9.46) production (a), (b)
do'/dy at y =0 versus V s, (c) do/dxF versus xr. Leptonic branching fractions B(Q~IJIT)=0.074 and B(Y~plM)=0. 03 are used.
Data are from Ref. 14.

ty ical energies, V s =63 and 620 GeV. For cc at

~

~

s =63 GeV the bleaching-gluon and X-decay contribu-
tions are about equal in accord with experiment. '

An additional bleaching-gluon contribution originates
from qq fusion [Fig. 1(c)]. The threshold divergence in

qq —+Xqg at s =M (equivalent to the singularity in
XJ~qqg decays) is due to the breakdown of the nonrela-
tivistic model for quarkonium states and can be regular-
ized by requiring (s)'/ &M+6. with b, -0.3 GeV. How-
ever, the q and lt (from X &fy) cross—sections obtained
from qq~Wg were found to be insignificant in compar-
ison with the gg initiated subprocesses. As a consequence
the quarkonium production rates in pp and pp collisions
should be equal, which is compatible with the available
f(3.1) production data' at accelerator energies.

This model for vector-quarkonium production is com-
pared with data on p(3. 1) and Y(9.8) production'~ 'b in
Fig. 3, taking I{.=2. The normalization of the cross sec-
tion, the M/~s dependence of do/dy at y =0, and the
shape of the x~ distribution are reasonably well repro-
duced (Y',Y" contributions are not included in the calcu-
lation). The y and xF variables are defined as in Ref. 1.

The predicted energy dependence of the g and g quar-
konium cross sections are given in Fig. 4. The following
statements can be made about the results.

(i) For any hidden fiavor, q production is larger than 1(
by about an order of magnitude (see also Ref. 4).

(ii) With the present CERN pp collider integrated
luminosity of approximately 100 nb ' at Vs =540 GeV
about 100000 g~ would have been produced. The rare de-
cay mode gb ~yy, with branching fraction of order 0.1%
or less, or the expected gb —+AA mode may provide a pos-
sible means to search for the qb in pp data.

(iii) An Y cross section of about 30 nb is predicted at
vs =540 GeV and so the existing data sample should
contain about 100 Y~p+p events. Detection of these
requires muon identification down to transverse momen-
tum of p~-5 GeV.

(iv) Enormous numbers of g, and g(cc ) events are pro-
duced at pp collider energies but only those at high pT are
likely to be detected. '

(v) The predictions for 8'(tt) production depend very
sensitively on the singular part of the potential, with
larger cross sections expected for a 1/r behavior at small
r t-qu. arkonium detection will be difficult at collider en-
ergies up to vs =2 TeV. The higher-cross-sections pre-
dictions in Fig. 4 at 2 TeV are cr(g, )—1 nb and
o(P, ) -20 pb. The expected branching fractions '
B(g,~yy) 0 2%-.and B(g,~p+p, )-3%%uo suppress
these detectable modes.

(vi) If a light Higgs boson exists, the radiative decay'
Q, ~Hy provides a good t-quarkonium signature of a
high-pT photon. In the standard model B(g,(80)
~Hy) (1%.
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FIG. 4. Predicted cross sections with K =2 for heavy-quark
bound states, resulting from gg~g, X02 and gg~iPg produc-
tion with Xo 2~fy decays, versus the c.m. energy ~s.
The shaded regions for production of bb and tt (80 CieV) states
are representative of the uncertainty in potential model calcula-
tions; the lower (higher) curves correspond to the VA'sconsin
(Cornell) potential (Refs. 8—10). Solid (dashed) curves corre-
spond to use of Duke-Owens (Eichten et al. ) structure func-
tions.
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