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To O{a, ) in perturbative QCD one can identify two separate components in the pro-
duction of heavy flavors such as charm: central qq ~cc, gg~cc and diffractive qc~qc,
gc~gc. For diffractive production, QCD evolution is the source of charm quarks inside
the colliding hadrons. With an estimated 0.5% charm momentum fraction at Q =4m,
from QCD evolution, a hard x distribution of charm, and a resolution cutoff on gluon-

exchange contributions, the diffractive component reproduces the A,+ and D cross sec-
tions observed at intermediate to large longitudinal x, both at Fermilab and at CERN
ISR energies. The diffractive component also contributes to charm production near

xL ——0. This explains the failures of previous analyses, based on annihilation diagrams
alone, to account for the observed charm cross sections in the central region. Estimates
are made of cross sections and xL dependences of b- and t-quark production up to pp col-
lider energies.

I. INTRODUCTION

Two years after the discovery of forward pro-
duction of charmed particles, the mechanism for
the unexpectedly large observed cross sections
remains a mystery. ' This is unfortunate for the
following reasons.

(i) The large diffractive charm cross sections
might be an indication that the forward
longitudinal-x region is the best place to search for
the production of heavier flavors such as b and t.
This question is relevant not only for present ex-
periments, but also for the ongoing design of detec-
tors for future hadron colliders. In the absence of
a dynamical scheme that can accommodate the
charm data, reliable estimates of the dependence of
diffractive production on the quark mass or the en-

ergy of the collision cannot be made.
(ii) In the absence of a quantitative understand-

ing of the diffractive component of charm produc-
tion, it is impossible to make meaningful compar-
isons of the data on central production of heavy
quarks with perturbative calculations of fusion dia-
grams in quantum chromodyamics (QCD).

In this paper we demonstrate that in fact both
the central and diffractive components of charm

production can be understood in the context of
perturbative QCD. The relevant order-a, dia-

grams for the production of charm quarks in ha-
dron collisions are shown in Fig. 1. For diagrams
where the heavy-quark pair is produced via two
momentum fractions x],xz carried by light quarks

[Fig. 1(a)] or by gluons [Fig. 1(b)], the longitudi-
nal momentum xL carried by the heavy quark is
small. These annihilation graphs contribute to
central production (i.e., small xL ) of charm and
have been extensively studied. The additional
flavor-excitation diagrams in Fig. lc have been for-
gotten since early considerations. These graphs ac-
count for diffractive production of heavy flavors,
such as the production of A~+ at large xI in pp col-
lisions. '

The calculation, described in Sec. II, follows the
standard approach of any leading-order perturba-
tive QCD calculation. The essential input is a
hard x dependence of the QCD-evolved charm
distribution c (x, ( Q ) ) at ( Q )=4m, , required
for evaluation of the diffractive diagrams of Fig.
1(c), and a resolution cutoff on the momentum
transfer in gluon-exchange diagrams. In Sec. III
we compare the results with data. With the charm
input motivated in Sec. II, the calculation repro-
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where x~,x2 are the momentum fractions carried
by the interacting constituents from hadrons 1, 2
and fi(xi, Q ), f2(x2, Q ) specify the probability
distributions of these constituents in the initial ha-
drons. The invariant energy squared s of the ha-
dronic process and that of the constituent subpro-
cess, s, are related by s =x&X2s+m

& +m2 where
m &, m 2 are the masses of the incoming consti-
tuents. The domain of integration in Eq. (1) is
0 &x, & 1, 0 &x2 & 1, x ~X 2 )s, /s, where

s, =s,h
—m

~
—m2 with sth the threshold energy

squared. A sum must be made in Eq. (1) over the
subprocesses corresponding to the diagrams of
Figs. 1a- lc.

The differential cross sections with respect to the
longitudinal scaling variable XL,

——
2pL /~s of the

scattered heavy quark can be expressed in terms of
d& /dt, where t is the subprocess invariant momen-
tum transfer squared, as

FIG. 1. Order-ci, diagrams for charm production.
In part (d) the circle represents a nonperturbative QCD
origin of the cc in the incident nucleon.

=f f dxidx2fi(xi, Q )fz(xi, Q )
dxL

X )X2$ dg

X) +X2 (2)

duces the observed levels of charm production in
the large-XL region, e.g., forward A,+ production at
the CERN ISR and diffractive production of D
states in m. p collisions at Fermilab. In the cen-
tral region xi -0 both annihilation and flavor-
excitation diagrams contribute to the charm yield.
The inability' of previous calculations, based on
the annihilation diagrams of Figs. 1(a) and 1(b)
only, to account for the observed charm cross sec-
tions even in the central region was due to the
neglect of the diffractive production mechanism of
Fig. 1c.

In a final section IV we compute the cross sec-
tions for heavier flavors b, t and make projections
of the yields and phase-space structure of heavy
quarks at energies relevant to the hadron colliders
presently under construction.

The relation of t to the integration variables is

m) +m3 m4 —m2
2 2 2 2

—s(xi —xr )+ +
X] X2

X)X2
X

X)+X2

with m3, m4 the masses of the outgoing consti-
tuents. The domain of the X~,X2 integration is fur-
ther constrained by the allowed region for t, dis-
cussed below. Under the assumption that the
heavy-quark spectator carries the momentum of
the proton not carried by the interacting quark, the
differential cross section with respect to the frac-
tional longitudinal momentum XL of the spectator
heavy quark is

II. PERTURBATIVE QCD CALCULATION
=fi(xi Q') fdx2f2(X2 Q'@

dxL

The cross section o for the production of heavy

quarks in hadron collisions is expressed in terms of
the interaction cross section o. of the constituents
as

with x&
——1 —xi and x2 integration range

Sc/(X iS ) &X2 & l.
In mapping the kinematic range of t, it is con-

venient to introduce the notation
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xo ——(1 —4m /s)'~

yo=(s —m ) /s,

m —u ) t~;„ is imposed on the u-channel pole dia-
gram.

%'e now list the expressions for d&/dt for the
subprocesses of Fig. 1 in terms of their Mandel-
stam invariants s, t, u and the cross-section factor

where m is the mass of the heavy quark in Fig. 1.
For the fusion subprocesses of Figs. 1(a) and 1(b),

m —s(1 —xo)/2( t &—m +s(1—xp)/2,

and for the flavor-excitation processes of Fig. 1(c),

&o ——4~a, /(3s),

where a, is the strong coupling constant at scale
2.

do. — 0o
(qq~QQ) = F(s, t, u ),

dt 3$

i;„(—t (to,
where

tp=minI s —m —tmin~yo I

(6) d0 30p
(gg~QQ) = G(s, t, u ),

dt 64s

d0 0o
(qQ~qQ) = F(t,s, u ),

dt 3yo
(9c)

The quantity t;„ is a cutoff of dynamical origin in

QCD that e1irninates divergences at t =0 of gluon-

exchange diagrams; we return to further discussion
of this point below. Similarly, a cutoff

d0 0p
(gQ~gQ)= — G(t,s, u ) .

dt Syp

The quantities F and G are defined as

(9d)

F(a,b, c)=[t(m b)+(m——c)—2m a]/a

G (a, b,c)= 12(m —b)(m —c) 2 m'(a —4m )

a 3 (m —b)(m —c)
r

8 (m —b)(m —c)—2m (m +b) (m —b)(m —c)+m (c b)—
(m~ —b)~ a(m b)— (10)

The integrated subprocess cross sections and their thresholds s,h are given by

2Xp
QQ)=ao

9
1+

s
s,h

——4M (1 la)

0o 4m' m4 1+xo
&(gg~QQ) = 1+——+, ln

1 —Xp

0pxo 31m7+ s,h
——4M (1 lb)

0p
~(qQ-qQ) =

3
1—tmin

yo

r

2s 2s yo1+ ~ — ln
min yp mon

1 ~
2 i 2 1/2

th m + p min+(m min+ g min ) i

(1 lc)

30p0.(gC~gC) =
4yo

2
4s m 2 (to+ tmin) 2syo

9yp s 9 (s —m ) tot m;„

4

(t, —t;„)+2(s+m')1n „
(s —m to)(s —m t;„)— — tp

4 (s —6m s+6m )
1

s m tmin+ ~ 2 w 2(s —m ) s —m —tp
+2tmin

(1 ld)
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For the fusion processes of Eqs. (1 la) and (lib),
we assume that the interval 4m &s &4M yields
bound QQ and that s &4M corresponds to open
heavy flavor production (M is the mass of the
lightest meson with flavor Q). The flavor-
excitation subprocesses do not contribute to bound

QQ production.
The Q scale enters through the momentum dis-

tributions f&(x&,Q ), f2(x2, Q ) and the strong
coupling constant a, (Q ) =12m/[(33 —2f)
ln(Q /A )]. We take an effective Q scale of 4m
and make typical choices A=0. 5 GeV with

f=4,S,6 for c,b, t production. All our calculations
are based on a gluon distribution'
G (x) =3(1—x)'/x and the light-quark distribu-
tions of Owens-Reya9 evaluated at Q =4m 2. For
quark masses we take m, =1.5, mb ——4.7, and

m, =20 GeV. For the physical thresholds of open
heavy flavor production via the fusion mechan-
isms, we use MD ——1.87, Mg ——5.24, and MT -——23.3
GeV.

We next consider the input for the charm distri-
bution c (x,Q ) which initiates the diffractive di-

agrams of Fig. 1(c). We hypothesize that the
charm or anticharm quarks with which the gluons
interact in Fig. 1(c) are not "intrinsic" but are
generated by QCD evolution of the structure func-
tions, as illustrated pictorially in Fig. 1(d). That is,
we suppose that at low Q the charm content of
the proton is virtually nil, but at Q of order 4m,
one has sufficient resolution to find charm quarks
deep inside the proton. The typical flavor-
excitation diagram of Fig. 1(d) is analogous to elec-
troproduction if we replace the gluon carrying

A
momentum transfer t by a photon with Q = —t.
In deep-inelastic electron scattering the virtual
photon must have Q & Q02 to excite charm. Simi-
larly, in the gluoproduction diagram of Fig. 1(c),
the gluon must carry sufficient momentum transfer
squared t to ensure that Q & Qo . This implies a
minimum dynamical resolution t;„ for the
momentum transfer t of the qc —+qc and gc ~gc
subprocesses in Fig. 1(c), whose amplitudes would

otherwise be divergent at t =0. A momentum
transfer squared of at least t~;„=O(m ) is there-
fore necessary to excite a cc pair. We choose
t;„=m, although, as in any leading-order QCD
calculation, the specification of the scale is uncer-
tain by factors, i,e„ t~;„=4m, 4 m, . . . are
equivalent choices in leading order.

It is usually thought that a charm distribution
generated by QCD evolution would be soft. This
bias is, however, based on leading-order perturba-

xc(x, (Q ))=Nx'(I —x)" (12)

at an effective value (Q ) for the processes. The
normalization E is fixed such that

Jdx xc (x)=0.00S (13)

which is the level of charm found at Q =4m, in
the QCD moment analysis of Buras and Gae-
mers. " This choice for N is not crucial, since the
normalization of the flavor-excitation cross section
is also very dependent on the resolution cutoff t, .

1

The parameters l, k are chosen & —, so that xc (x)
resembles the momentum distribution of valence
quarks. Similar results are obtained with l, k
choices that have I,k=3.

III. COMPARISONS WITH DATA

Inclusive charm results for do. /dxI, based on
the calculation described in Sec. II, are shown in

tive QCD and is not relevant to our considerations
%'e are talking about the evolution of the charm
distribution from low Q up to Q -4m, . In this
region the evolution will be rapid, because of the
large effective coupling, and any considerations
based on perturbation theory are probably ir-
relevant. Hence it is not incompatible with the
spirit of QCD evolution to suppose that the frac-
tional momentum distribution xc(x,Q ) of charm
at Q -4m, 2 will actually be quite hard. [Of
course, at higher Q, after further (perturbative)
evolution, xc (x,Q ) will peak towards low x, but
this is not the kinetic region of interest. ]

We are motivated to assume this by the follow-
ing argument used in other contexts. ' If a cc
pair is produced and remains bound to the rest of
the proton for some time, then the charm quarks
must travel with roughly the same velocity as the
valence quarks. In this configuration most of the
momentum of the proton is carried by charm due
to its large mass. Now, this argument relies on
having a long time scale. However, for Q less
than 4m, , the time scales are relatively long, so
we feel that this argument should have some vali-
dity for the early stages of the evolution of the
charm distribution. Consequently, we shall assume
a charm distribution resembling the broad
Bjorken-x distribution of the valence quarks. The
difference from the intrinsic-charm picture is that
the charm is not present at very low Q .

For an explicit evaluation of the flavor-
excitation cross section, we assume a QCD-evolved
charm distribution of the form
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component) and the contributions of the interact-

ing (active) and spectator c quark from the flavor-

excitation diagrams of Fig. 1(c) (the diffractive
components). ~ith our choice of the charm distri-
bution c (x), the average xL of the active c quark is
intermediate between that of the centrally produced
(average xL near 0) and spectator (average xL near
1) c quarks.

Fo11owing the scattering subprocess, the charm

quarks fragment into charmed hadrons. The spec-

tator charm quark can easily recombine with two

parallel moving valence quarks of comparable
momentum and thus will fragment primarily into a

charm baryon, resulting in A,+ production at large

xL. The interacting charm quark leads to produc-

tion at relatively lower xL of D (or A,+). Thus dif-

fractive A,+ data should be compared primarily

with the spectator-c component. The forward A,+

data ' at &s =62 GeV are reproduced by the cal-
culation, as shown in Fig. 3. The ISR measure-

ments and upper bounds on D production ' ' are,

also plotted in Fig. 3, for comparison with the pre-

dictions.
More generally, in pp collisions, we expect the

following fragmentation products to be dominant:
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FIG. 2. Longitudinal-momentum distributions for
charm excitation in {a)pp~cX at &s =27.4 GeV, (b)
pp~cx at &s =62 GeV, and (c) ~N~cX at &s =19.4
GeV.

Fig. 2 for pp collisions at &2=27.4 and 62 GeV
and rr X collisions at v s =19.4 GeV. Also
shown separately are the contributions from the fu-
sion diagrams of Figs. 1(a) and 1(b) (the central
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Comparisons of absolute cross sections can at
best be qualitative at the present time, since the
data have sizeable systematic and statistical errors
and inadequate knowledge of decay branching frac-
tions makes it difficult to translate yields into pro-
duction cross sections. In view of this, we do not
attempt a detailed description of the fragmentation
or attempt a best determination of the parameters
l, k in Eq. (12) or of the scale t;„Fu.rther work

along these lines can be carried out when the data
become more precise.

In Fig. 2(a) we note that in pp collisions the cen-
tral region at v s =27.4 GeV is comparably popu-
lated by centrally produced and active c quarks.
The predicted yield of 7 pb from the fusion com-
ponent is below that of present observations. The
pp charm-production experiments at v s -27 GeV
suggest that the central-production cross section is
of order 20 pb, with a factor-of-2 uncertainty. An
additional -20 pb from the active-c-quark process
bridges the gap with the data on D production at
this vs.

The Princeton-Saclay- Torino-BNL group' re-
ported a ~ N cross section do. /dxL ——10 pb for
D" at xl ——0 and ~s = 19.4 GeV. Assuming that
o.D-o. D, this agrees with the 20 pb prediction at

xL ——0 of Fig. 2(c). Even more interesting is that,
unlike QCD calculations of fusion processes alone,
we obtain a diffractive yield at ~s -20 GeV of
o.-10pb over the intermediate xL range covered
by the Illinois-Fermilab-Harvard-Oxford- Tufts
m p experiment, in accord with the observed cross
section. Their result that cr +-o agrees with

our expectation based on the dominant role of the
active c and c quarks in this xL range. In the for-
ward region xI )0.7, where the spectator quark is
dominant, the leading fragmentation products of
the m should be D,D .

The dependence of the diffractive charm cross
section [i.e., flavor excitation via the diagrams of
Fig. 1(c)] is shown versus t;„twas =62 GeV in
Fig. 4(a). For t~;„ in the range m, to 4m, , the
diffractive crosss section varies from 100 to 10 pb.
This range of cross-section values is in agreement
with ISR experimental indications. The spectator
and active c quarks contribute equally to o. so the
A,+ cross section is expected to be at least —, of the
total diffractive cross section (due to the fragmen-
tation of the spectator c quark to A~+).

To estimate diffractive b-quark production, we
change the heavy-quark mass to mb ——4.7 GeV,
take (Q )=4mb, and change the physical cutoff
to

100

lD

10
O
O

10 20

t cutoff {GeV )

FIG. 4. Total c and b diffractive cross sections [di-
agrams of Fig. 1(c)] at v's =62 GeV versus the QCD
dynamical cutoff t;„on the subprocess momentum
transfer t. The cutoff values m, and mq are denoted

by arrows.

2Rb
(tb)min= (rc)min ~

Pl C

(14)

This cutoff reflects the excitation necessary to pro-
duce a bb pair in the company of the usual consti-
tuents of the nucleon. We further assume that the
evolved xb(x, (Q ) ) distribution at the appropriate

(Q ) for b production is similar to that used in

the charm analysis. The resulting b-production
cross sections are shown in Fig. 4(b) versus (tb);„.
We estimate that the Ab cross section at v s =62
GeV is at the few-percent level of the A,+ cross
section for (rb);„given by Eq. (14).

The transverse-momentum distribution of the
spectator fragments is expected to be comparable
to that of light-quarks fragments, (pT)=0.3 Gev,
though it may be somewhat larger due to the in-

creased mass. The interacting charm quark is pro-

duced with pr -Q, which results in a broadening
of the pT distribution, in qualitative accord with
observations.

The forward A,+ production via a spectator
quark occurs with an accompanying short-distance
interaction. Therefore we expect the nuclear
dependence to be A ', as for central production, and
not A, which might have been expected other-
wise.

We conclude this section by pointing out that
c (x,Q2) is expected to fall at large fixed x with in-

creasing Q . The stringent experimental limits'
on c (x,Q ) from charm-muoproduction data at
high Q pose therfore no difficulty here, . unlike the
case for instrinsic charm.
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FIG. 6. Longitudinal-momentum distributions of
heavy-quark production at &s =540 GeV (a) pp~cX,
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dependences of the components of the charm cross
section are shown in Fig. 5(a). At 2 TeV, the total
charm-production cross section is about 1 pb, in

agreement with cosmic-ray observations. ' The &s
dependence of the b and r-qua-rk (with m, =20
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FIG. 5. Energy dependences of heavy-quark cross
sections (a) pp~cX, (b) pp~bX, (c) pp~tX with

m, =20 GeV.

IV. PREDICTIONS FOR FUTURE
COLLIDER ENERGIES
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Although our estimates involve quantitative un-

certainties, it nevertheless seems plausible that dif-
fractive production of charm is understandable in

perturbative QCD. The QCD calculation can
therefore be used to estimate cross sections for
heavy-flavor production when the collision energy
&s or the quark mass are increased. The energy
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FIG. 7. do. /dxL at &s =2000 GeV. (a) pp ~cX, (b)
pp~bX, (c) pp~tX.
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GeV) cross sections are given in Fig. 5(b), and 5(c).
The do. /dxL dependences of c, b, and t production
are shown in Fig. 6 at ~s =540 GeV (CERN col-
lider). and in Fig. 7 at ~s =2000 GeV (Fermilab
collider).

An important conclusion can be derived from
these calculations, which is unlikely to depend on
any quantitative uncertainties: at collider energies
the proportion of diffractive production is higher
for heavy quarks (t, . . .) than for the lighter (b, c)
quarks which are produced predominantly in the
central region. The threshold behavior is such that
the diffractive component dominates at low ener-

gies and the central component dominates at high
energies; the energy at which this crossover occurs

depends on the quark mass. For the t-quark mass
this crossover is still not reached at future collider
energies.
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