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We evaluate the charm and b-fl varocontent of high-pr jets in pp collisions at Js =540 GeV, on the
basis of perturbative QCD through order u, . The resulting charm fraction is of order 5% for jets with

IrtI « 1 and 10 & pT & 50 GeV, in agreement with estimates based on evolution equations for structure
and fragmentation functions, indicating that the much larger value found in a recent experiment by the
UA1 collaboration requires a nonperturbative origin.

The heavy-flavor content of QCD jets initiated by light
partons is an important question for present and future ha-
dron colliders. There are tentative indications' from the
CERN pp collider that high-p~ jets may contain a substantial
charm component. Some investigation of hard cc contribu-
tions to light-parton-initiated jets has been made using the
Altarelli-Parisi equations in the ISAJET program, and using
the evolution equations for fragmentation functions direct-
ly; these suggest small charm components at the 5-10%
level. Possible nonperturbative origins of cc pairs have also
been suggested. In the present work we concentrate on
perturbative calculations of jets, based on explicit Feynman
diagrams through order a, in the QCD coupling rather than
evolution equations: heavy-quark-mass effects then enter
directly through the kinematics. We calculate what fraction
of jets contain charm quarks, in the rapidity and pT range of
the experimental analysis, ' and the fractional momentum
distribution of the resulting charmed hadrons.

For normalization purposes, we first calculate the cross
section for light-quark jets in pp collisions from the lowest-
order QCD subprocessess gg gg, qq; g tq & g tq &;

qq qq; qq qq, gg; qq qq. We use the parton distribu-
tions from model 1 of Ref. 6, with A=0.2 GeV taking
Q'=s, the subprocess energy squared. The resulting in-
clusive jet cross section is shown in Fig. 1 versus jet p~, for
c.m. energy Ws = 540 GeV and pseudorapidity cut IriI «1
corresponding to the UA1 analysis. ' Note that since the
cross section is inclusive, events with two jets within the ra-
pidity cut are counted twice. The fraction of jets due to fi-
nal gluons is 80% at pT = 10 GeV, falling to 50% at p~= 50
GeV.

The lowest-order heavy-flavor production subprocesses
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These contain soft and collinear singularities, regularized by
heavy-quark masses in the kinematics and by requiring the
final-state light parton to have pr ) 5 GeV (as in a previous
analysis ). They also overlap with the lowest-order flavor-
excitation processes; in fact we find that the cross sections
from (2b) and (2c) with pT(Q) & 5 GeV (the region where

where q, g indicate light quarks (d, u, s) and gluons, while Q
indicates heavy quarks (c,b, t, . . .); Q may also be replaced
by Q in (lc) and (ld). The "flavor-excitation" processes
(lc) and (ld) require special consideration when we include
higher-order processes. They represent processes where a
QQ pair has evolved within the incident p or P; Q under-
goes a high-pT collision while Q is left at low pT [see Fig.
2(a)]. There is a risk of double-counting such processes if
we include higher-order contributions, as illustrated in Fig.
2(b). We proceed as follows. We explicitly calculate the
next-order QQ production subprocesses from light partons
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FIG. l. Inclusive jet cross sections at Ws =540 GeV with

~vt~ ~1, calculated from low-order Feynman diagrams. The dot-
ted curve denotes the light-parton jets from two-body scattering.
The solid curve denotes the frill charm cross section (including
b c decays); the dashed curve and dot-dashed curve are the
2 3 body charm and b-flavor contributions, respectively; the
short-dashed curve is the two-body cc contribution (the corre-
sponding bb contribution being similar). The starred curve is the
electroweak contribution to inclusive b and c jets.

(a)

FIG. 2. Typical Feynman diagrams for (a) two-body heavy-flavor
0 excitation and (b) 2 3 body 00 production, illustrating the pos-
sibility of double-counting between these processes.

the processes may be expected to overlap) are numerically
close to the cross sections from (lc) and (ld), respectively,
for the case g = c with the c distribution of Ref. 6. Accord-
ingly, we omit the charm-excitation contributions from
processes (lc) and (ld), regarding them as properly includ-
ed within the calculation of the next-order processes (2b)
and (2c). This approach has the advantage that we can ad-
dress bb production in the same spirit [the uncertain
kinematics of the missing Q quark makes calculations of
(lc) and (ld) more questionable as mtJ increases at fixed
Js ]. We calculate the 2 3 processes with full kinematics
but using matrix elements in the massless limit, since mass
effects are minimal when pT » m0 ', the fu11 matrix ele-
ment with mo & 0 has been Publishedte for cases (2a) and

z = p (hadron) p (jet)/ [ p (jet) ] (3)

Similarly the 2 2 bb processes give a hard b-quark distri-
bution, but after b fragmentation and b c decay, the
resulting e-quark distribution is much softer. (Incidentally,
experiment indicates' that the subsequent c D fragmen-
tation does not soften the distribution any further; the PSSZ
model is apparently inapplicable in the environment of B-
hadron decay where there is relatively little energy release. )

In contrast, the 2 3 processes give several different
sorts of heavy-flavor jets:

(a) Isolated g jets, giving hard distributions as above.
For charm jets in the range pT=16-20 GeV, these are
about 40% of the contribution.

(b) Q +g, g+q, Q+q jets, where the g component is
softer. For the charm sample above, these are about 10%.

(c) Qg jets, with softer individual g or g components.
For the charm sample above, these give about 50% of the
inclusive signal.

For 2 3 bb production, the final charm distribution is

(2b) and we have confirmed numerically that those mass
corrections are not important.

Figure 1 shows our calculated inclusive charm and b-
flavor jet cross sections versus pT(jet) from the 2 2
processes (la) and (lb) and the 2 3 processes (2a)—(2c),
calculated with m, = 1.5 GeV and mq = 4.6 GeV. Since b fla-
vor decays dominantly by b c, each b jet necessarily con-
tains a charm hadron contributing to the charm signal. Iso-
lated final-state partons are regarded as generating single
jets with the same momentum. %hen two final partons
come close in orientation, such that

(@t—@2)'+ (nt —n2)'» I,
where @; and q; are the azimuthal angles and pseudorapidi-
ties, respectively, they arc regarded as a single jet and their
momenta are combined (following the UA1 jet algorithm).
In the inclusive c (b) jet cross section, a jet containing a cc
(bb ) pair is counted twice, since it yields twice the number
of corresponding heavy hadrons compared to a single c (b)
jet.

Figure 1 shows that 2 3 cc processes dominate in the
kinematic region considered; this echoes the familiar result
in heavy-flavor production, " that flavor excitation tends to
dominate over qq and gg fusion. The 2 3 bb contribu-
tions are also significant; this is not surprising since at
pT » mb thc kinematical suppression relative to cc is not
large.

In principle, t-quark production also contributes to charm
in jets via t b c, but the calculated rates for m&=40
GeV are too small to show in Fig. 1. More significant addi-
tional sources of charm in high-pT jets are the electroweak
processes qq 8' cs, tb and qq Z cc,bb. These con-
tribute significantly to the heavy-quark fraction near pT ——40
GeV, as seen in Fig. 1, but are negligible in
the range pr = 16-20 GeV of the UA1 study. ' The
qq 8;Z qq contributions are negligible compared to
the light-parton QCD contributions in Fig. 1.

The 2 2 cc processes give hard charm, in the sense that
the c quark carries the whole jet momentum; subsequent
fragmentation to a charm hadron [e.g. , by the model of
Peterson, Schlatter, Schmitt, and Zerwas' (PSSZ)] gives a
relatively hard distribution in the longitudinal momentum
fraction:
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softened further by the B-hadron decay process, as before.
%e have calculated the z distribution of charm hadrons

arising from the jet contributions described above for the
particular range 16 (pr (jet) ( 20 GeV and Iq(jet) I

~1.
%e calculate primary c- and b-quark fragmentation by the
PSSZ model' in the laboratory frame, B-hadron decay by
b cdu V —A matrix elements, and assume a c D frag-
mentation 8(1—z) for the decay product. The results are
shown in Fig. 3, normalized by the lowest-order light-parton
jet cross section; they are compared with the apparent distri-
bution deduced from D' — production in the same pT and q
range. It is-interesting that about half of the produced
charm in Fig. 3 comes from jets containing both c and c
(from 2 3 processes); i.e., such jets are about 4 of all

charm jets in our calculation for 16~p~~20 GeV and

It can be seen that the perturbative contributions lie far
below the UA1 signal at small z. At large z, however,
where there are no measurements at present, it may still be
that the low-order perturbative contributions are close to the
true result.

Our results cannot consistently be changed very much. If
a, and the parton distribution functions were scaled with

pT —
4 s rather than s, the 2 3 processes would be rela-

tively enhanced but only by a factor close to 1. If the light-
parton pT cutoff were reduced, the 2 3 processes would
again be enhanced; however, any big enhancement from
this quarter cannot be believed, because it would come from
soft and collinear singularities and they make the perturba-
tion calculation unreliable. We have used no empirical K-
factor enhancement in the light-parton contributions so the
latter may in fact be underestimated. The 2 2 light-
parton curve in Fig. 1 agrees well with published jet data' if
an enhancement factor K = 1.5 is applied; an equal
enhancement would be expected for charm jets, however,
leaving the ratio unchanged.

Some degree of uncertainty attends the UAl charm sig-
nal. It includes an electron trigger requirement, which is
usually satisfied by hadrons but could somewhat favor jets
containing heavy quarks. Also, the branching fraction used
for D E m

+ may require some revision upward. '

There is also an ET & 50 GeV requirement which may add
bias when studying jets of only 16-20 GeV in pT. On the
other hand, the UA1 signal is based on D' — production
alone and could plausibly be doubled (or more) to allow for
D' and other charm hadrons. Barring accidents, a large
qualitative discrepancy at small z seems unavoidable.

%e conclude the following.
(i) Low-order QCD cross sections for charm production

in jets are at the 5% level for the range 10 ~pr(jet) ~ 50
GeV with Irt(jet)I «1. This agrees qualitatively with esti-
mates of charm production based on evolution equations. '

To explain the UA1 signal, nonperturbative effects seem to
be needed.
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(ii) The corresponding low-order contributions to the z
distribution are considerably harder than the UA1 signal.
However, they may correctly describe the high-z behavior,
which has not yet been measured.

(iii) Our study provokes further interesting questions for
hadron collider experiments: What fraction of jets contain c
or c alone? %hat fraction of jets contain ce pairs? What
fraction of c in jets comes from b decay (or t decay)? What
is the charm production at large z? The. eventual answers
could shed more light on jet structure and the application of
perturbative calculations.
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FIG. 3. Normalized z dependence of charm production. N(all
jets) ~ dN(charm jets)/dz is plotted vs z for our calculations at
Ws = 540 GeV, pr(jet) = 16-20 GeV, Iq(jet) I

~ 1. The data points
represent the UA1 results (Ref. 1). The solid curve is the net
charm contribution. The dashed curve is the contribution from
hard c and c (i.e., jets from isolated c,c jets) and the dotted curve is
the contribution from b and b jets with b c decay.
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