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We calculate the inclusive ¢ cross section in pp collisions and emphasize its importance as (i) a unique
measure of bb production via the decay B — X, and (ii) a clean and sensitive probe of the small-x gluon
distribution via the production mechanism gg — Xg followed by X — ¢ry.

It is widely believed' that the best signature of heavy-
quark (Q =c¢,b, . ..) production in high-energy pp collisions
is charged leptons (/=e or u) originating with large
transverse momenta (p;r) relative to the beam axis from
the semileptonic decays Q — gq/v. Estimates of ¢¢ and bb
production at the CERN pp collider energy (+/s =540
GeV), based on the QCD fusion subprocesses alone (i.e.,
22,97 — QQ), give typically?

a(ct)=03mb, oc(bb)=6ub . n

Thus, we anticipate large ¢ and bb event rates at the collid-
er (where the present integrated luminosity L =100 nb~!).
Unfortunately, the decay leptons occur dominantly at rela-
tively low transverse momenta where the lepton-
identification problems are severe. In this respect the most
favorable signatures will most likely exploit the identifica-
tion of muons, which may be observed with momenta as
low as p,r=3 GeV/c in the UA1 detector.’ Due to the
copious production of hadrons at the collider, the main dif-
ficulties are the possibility that a hadron is misidentified as a
decay lepton or that the muon from = — uv decay, for ex-
ample, is mistaken with that from a heavy-quark decay
O — guv. Furthermore, it is very difficult to distinguish
between the ¢ and b parentage of a decay lepton.

In contrast, ‘“‘hidden’’-flavor J/¢ or Y production, with
subsequent u*~ decay, has an extremely distinctive signa-
ture. In particular we emphasize the importance of y pro-
duction at large transverse momenta (pyr =5 GeV/c) be-
cause (i) the experimental signal should be especially free of
background, and (ii) in the same region the estimates of the
¢ yield based on QCD perturbation theory should be reli-
able. Here, we address two questions. First, is the in-
clusive ¢ yield large enough to provide a practical event rate
at the collider? Second, what type of physics do we expect
to explore via the observation of §’s? As shown in Fig. 1,
there are two possible mechanisms for ¢ production. The ¢
can be produced (A) via cc bound-state production, such as

gg — Xyg with X;— ¢y , V)]

or (B) via bb production, » — B fragmentation, followed by
B — X decay.* A recent measurement’ from CLEO of the
branching ratio for B — X gives (1.0 £0.5)%, in reason-
able agreement with theoretical predictions (based on the
process circled in Fig. 1 with gluon corrections®).

We first calculate the  yield from mechanism (A). The
production of charmonium states (¢, X,, . . .) directly from
the light-quark and gluon constituents of the colliding ha-
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drons is studied in detail in the papers of Baier and Riickl.”:$
Although estimating the ¢ production by hadron interac-
tions has been challenging, its yield at large pr is now well
understood. It is calculated from the dominant O (a,?®)
QCD diagrams shown in Fig. 1. At large pr, ¥ is either pro-
duced directly via the subprocess gg— y)g or via
88,99 — Xg, qg — Xq with subsequent radiative decay
Xx— yy (see Fig. 1). The resulting p,r distributions are

(A) Direct ¥ and X—V¥ 7 production

)% ‘P or X
gg—¥(orX)g
X X
§ ”~
1
99—~X;9 99—~X;g
X X
qq—X,q 99—X;q

(B) ¥'s from bb production: gg—bb—¥X
Py \"
P b OB
\ !
_ \\\_\ S,/

FIG. 1. ¢ production (A) via (c¢) bound-state production and
X— ¢y, and (B) via bb production and B — ¢X. X, denotes the
3P, (with /=0, 1,2) charmonium states. Diagrams with permu-
tation of the gluon lines are implied. The O (ag?) subprocesses
28 — Xg,2— ¥y only produce ¢’s of low transverse momenta and

are omitted. For mechanisms (B) only one of the possible
£2,q9 — bb QCD subprocesses is shown.
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FIG. 2. The ¢ transverse-momentum distributions arising from
mechanisms (A) and (B) in pp collisions at Vs =540 GeV. We
take the branching fractions for X; — ¢y to be 0.027, 0.315, 0.154
for J =0, 1, 2, respectively, and for B — X to be 0.01. We normal-
ize to o(bb)=6.6 ub. The QCD calculation of the subprocesses
which directly involve ¢ and X; depends, respectively, on the S
wave (Rg) and the derivative of the P-wave (R,) charmonium
wave functions at the origin (Refs. 7 and 8). We take Rg?=0.49
and R,?%/M*=0.009.

shown in Fig. 2 and the cross sections, integrated over the
region pyr > 5 GeV/c, are listed in Table I. At collider en-
ergies, for this range of p,r, we see that of the O (a;®)
processes, the subprocess gg — Xi1g (followed by x;— ¢y)
is the dominant source of y’s. The relative contribution to
X production from the subprocess ¢gg — Xg is negligible
while that of the subprocesses gg — Xq and gg — Xq is
small; this implies an approximate equality for the X produc-
tion rate at pp and pp colliders. At small §/M,? the contri-
bution from the direct channel gg — Xg is comparably small,
too. The main uncertainties in the prediction of the ¢ yield
are therefore related to the choice of gluon structure func-
tions and to the value of a;. The quoted yields correspond
to using the nonscaling gluon structure functions of Ref. 9
and
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2y
a;(Q%) = (33—2nf)ll’l(Q2/A2)

, 3)
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FIG. 3. The number of events per (GeV/c) interval of
PwTEpT([.L+;L_) expected in pp collisions at /s =540 GeV for an
integrated luminosity of 100 nb~! arising from mechanisms (A)

and (B) of Fig. 1. The y — utu™ branching ratio is taken to be
7.4%.

where we put ny,=4, A=0.3 GeV, and Q?=M,? or M,
At the CERN collider energy Vs = 540 GeV, the uncertain-
ty introduced by the gluon distribution functions is of the
order of ten for the ¢ yield from the subprocesses
gg — (¢, X)g. The highest rate can be achieved by taking
scaling glue

xg (x)=3(1—x)° ;

the gluon distribution functions of Ref. 9 predict a rate ap-
proximately ten times smaller than that from scaling glue.

To calculate the ¢ yield from mechanism (B) we perform
a QCD fusion calculation based on the gg,qq — bb sub-
processes, folding in a & — B fragmentation function of the
form given by Peterson, Schlatter, Schmitt, and Zerwas!®
with €, =0.016. For the B — X decay we consider a wide
range of two- and three-body (isotropic) decays with
X=KK* Km,K*mr, ..., taking K*(890) and K*(1430).
We find the uncertainties are well encompassed by the al-
lowed range (1+0.5)% of the B — ¢X branching ratio.’
The resulting pyr distribution is compared with that for the
““direct’” and X-initiated production mechanisms in Fig. 2
and in Table 1.

Even though o (c€) >> o (bb) [see Eq. (1)] we find that

TABLE 1. Contributions to the J/¢ production cross section (in nb), integrated over the range pr>S
GeV/c, from the mechanisms (A) and (B) of Fig. 1, for pp collisions at energy Vs.

Vs g8 — g Via X;— ¢y Via bb Total o (nb)
(GeV) Xo X1 X2 B— yX for pr > 5 GeV/c
540 0.31 0.13 3.9 1.1 11.2 16.6
620 0.42 0.15 4.9 1.4 17.3 24.2
2000 1.1 0.30 13.2 3.0 164.0 181.6
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mechanism (B) gives the larger ¢ yield, particularly at the
larger pyr values. This is well illustrated by Fig. 3 which
shows the number of y — w*u ™ events expected for an in-
tegrated pp collider luminosity of L =100 nb~!, which is ap-
proximately equal to the present accumulated luminosity at
CERN.

The event rate is such that the proposed ¢ — w*u ™ sig-
nal should be clearly visible in the pp collider data. It
should thus allow us to perform a clean measurement of 5b
production. Besides their flatter p,r dependence, the bb-
initiated events may also be distinguished by the fact that
the ¢ will be accompanied by a strange particle [see
mechanism (B) of Fig. 1] and recoils against a b jet. On the
other hand, in the X-initiated events [mechanism (A)] the ¢
should be predominantly accompanied by a relatively slow
photon and recoil against a gluon jet.

It might be thought that the corresponding Y — u*p~
signal could be exploited to measure # production at the pp
colliders. Unfortunately, the expected 7 — Y X branching
ratio is much too small. Interestingly, at the current collider
energies, the dominant QCD subprocess turns out to be the
““direct” reaction gg — Yg.

In summary, we should stress the value of measuring ¢
production at the pp collider. In understanding heavy-flavor
production in high-energy pp collisions it is important to
find a way to unravel b-quark production from the much
larger c-quark background. Here, we propose that the
¥— ntu” signal (together with a strange particle) offers a
unique ‘‘clean’ trigger for b-quark events. We have seen
how it may provide a quantitative test of the QCD fusion
mechanism for bb production (and in fact it may also reveal
whether or not there is a large bb diffractive component).
The second major mechanism for producing ’s, which has
a steeper pyr dependence, is gg — Xg with X — ¢y. Isola-
tion of such events may give a valuable direct measurement
of the gluon distribution of the proton at collider energies.

We thank Kaoru Hagiwara, Peter Watkins, and John Wil-
son for discussions. This research was supported in part by
the University of Wisconsin Research Committee with
funds granted by the Wisconsin Alumni Research Founda-
tion, in part by the Department of Energy under Contract
No. DE-AC02-76ER00881, and in part by the British Sci-
ence and Engineering Research Council.

1S, Pakvasa, M. Dechantsreiter, F. Halzen, and D. M. Scott, Phys.
Rev. D 20, 2862 (1979).

2y. Barger, H. Baer, A. D. Martin, and R. J. N, Phillips, Phys. Rev.
D 29, 887 (1984).

3UAL1 collaboration (private communication).

4H. Fritzsch, Phys. Lett. 86B, 164 (1979); 86B, 343 (1979).

SCLEO collaboration, reported by S. Stone, in Proceedings of the
1983 International Symposium on Lepton and Photon Interactions at
High Energies, Ithaca, New York, edited by D. G. Cassel and D. L.
Kreinick (Cornell University, Ithaca, 1984).

SM. W. Wise, Phys. Lett. 89B, 229 (1980); T. A. DeGrand
and D. Toussaint, ibid. 89B, 256 (1980); J. H. Kiihn and R.
Riickl, ibid. 135B, 477 (1984).

7R. Baier and R. Riickl, Phys. Lett. 102B, 364 (1981); Nucl. Phys.
B208, 381 (1982), and references therein.

8R. Baier and R. Riickl, Z. Phys. C 19, 251 (1983).

9M. Gliick, E. Hoffmann, and E. Reya, Z. Phys. C 13, 119 (1982).

10C, Peterson, D. Schiatter, I. Schmitt, and P. M. Zerwas, Phys.
Rev. D 27, 105 (1983).



