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Abstract

A review is presented of heavy quark production in pp, x~p, and pp interactions at

fixed target and collider energies. Calculations of total cross sections and of single quark

inclusive differential cross sections d2a/dk-rdy are described including contributions

through next-to-leading order in QCD perturbation theory. Comparisons with available

data on charm and bottom quark production show good agreement for reasonable

values of the charm and bottom quark masses and other parameters. Predictions and

open issues in the interpretation of results are summarized.
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1. Introduction

The specification of reliable cross sections for heavy quarks, including their produc-

tion spectra in longitudinal and transverse momentum, and comparisons with data test the

quantum chromodynarnic (QCD) mechanisms by which all heavy objects are expected to

be produced. Strategies in the search for new flavors such as top are predicated on best

estimates of cross sections and of momentum distributions in phase space not only of the

new flavor but, perhaps more importantly, of lighter flavors which contribute deceptive back-

grounds. Those considering hadronic experiments to establish flavor-antiflavor mixing and

possible CP violation require a detailed understanding of expected production spectra.

A significant result reported during the past year was the completion1' of a calculation,

through order c% in QCD perturbation theory, of the inclusive single heavy quark production

cross section differential in the transverse momentum hr and rapidity y of the heavy quark.

Here a, is the running coupling strength in QCD. This result follows the earlier publication2'

of the cross section through order a% integrated over all kx and y. Explicit comparisons with

data have also been made3-4'. In this paper I summarize comparisons of the O(c?a) cross

sections with data on hadroproduction of charm and bottom, and I include several predictions

and suggestions for new measurements. The O(a*) contributions are larger in many cases

of interest than the 0{a2
s) terms. Not yet available are O(c?t) predictions for momentum

correlations5' between the heavy Q and heavy Q for values of transverse momentum fcy

greater than the quark mass m.Q. These are eagerly awaited inasmuch as the O(a*) QQ

jet contributions provide different event topologies6'7' when fcy >• niQ. These distributions

are important, especially at collider energies, for a proper estimation of the bottom quark

background to a possible top quark signal.

In Section 2, I provide a brief summary of the results of the O(al) computation.

Comparisons with data on charm production and on bottom production are presented in

Sees. 3 and 4. Conclusions are summarized in Sec. 5.

2. Cross Sections

In hadron hadron interactions, the lowest order parton-parton subprocesses leading



to production of a pair of heavy quarks are qq —» QQ and gg —* QQ. The square of

the invariant matrix element for these two-to-two subprocesses is proportional to QJ, where

ct3 = <72/4TT and g is the coupling strength in QCD. In QCD, a, is a logarithmic function

of the factorization/renormalization/evolution scale Q, which is only determined to be of

order the mass TTIQ of the heavy quark. Additional subprocesses enter in the next order in

the QCD perturbation expansion. These include qq —» QQg, gg —» QQg, gq —* QQq, and

gq —> QQq, and they provide different event topologies.

The total cross section for ab —> QQX, the inclusive production of a pair of heavy

quarks, is

/ / x2ff{xu Q2)/)(x2, Q2)0i5{s, Q2). (1)

In this equation, f*(xi,Q2) represents the density of partons of type i in incident hadron

a; s = XxX2s is the square of the energy in the parton-parton collision. The hard scattering

cross section a;j is written as

where p = 4mg/s. The dimensionless functions Fij are expressed in the form

O(al). (3)Fij L

Explicit expressions for the set of functions F}j', F^ , and FJ-j may be found in Jlef. 2.

Several sources of uncertainty beset attempts to make definite predictions. These

include choice of the heavy quark mass; choice of parton densities (particularly the gluon

density); and specification of the evolution scale Q2. The last is an intrinsic theoretical

uncertainty. For calculations of total cross sections, there is only one scale in the problem,

and it is "natural" to expect Q to lie in the range TTIQ/2 ^ Q < 2m<j. Phenomenological

results are most unambiguous and reliable in cases in which they do not show sensitivity

to the choice of Q. When the cross section is computed to order <xz
3, changes in Q in the

vicinity of TUQ result in "systematic errors" of order a*. These differences are not always

small. There appears to be no general evidence for the choice of an optimized evolution



scale for heavy flavor production4^. For calculations of the cross section differential in the

transverse momentum hr of the heavy quark, a convenient choice of scale is Q2 = Trig + kj-.

For many cases of practical interest the QCD contributions in order 0(a%) are large.

The ratio K of the full cross section computed through order a3 to the result obtained in

lowest order, order a£, is defined as

: K = a (O(al)+ 0(a3,)) jo {Otfj) - (4)

I will summarize values of K for specific cases below. Although K is large numerically, it is

remarkable that K does not appear to vary significantly1' over most of the range of kj- and

y-

Examples of calculations of top and bottom quark production are shown in Fig. 1

for pp —> QX at i/s = 1.8 TeV. These figures illustrate the important predictions that

the average transverse momentum of a heavy quark (kr) grows with TTIQ and that (kr) ^

TTIQ. Phase space and par ton density restrictions reduce the value of (iy) at fixed target

energies3-5"7). At -</s = 1-8 TeV, the K factors are about 2.5 for bottom quark production

and about 1.5 for top quark production (mt = 80 GeV) in pp interactions.

3. Hadroproduction of Charm

In Fig. 2 I present calculations of cross sections for charm quark production in pp

interactions at fixed target energies3^. Values of K are typically 3 for charm production in

TT~P and pp interactions at fixed target energies. It has been known for some years that

the lowest order calculations in QCD provide cross sections which are significantly below

experimental measurements. The large increase provided by the O(c%) contributions helps

to remedy this discrepancy.

The data in Fig. 2 are from the LEBC-EHS8> and LEBC-MPS9> experiments. Be-

ginning with the measured DjD inclusive and DD pair cross sections, Goshaw10) obtained

estimates of the cross sections for pp —» ccX. His value is a(pp —» ccX) = 14 to 23 /tb at

Pub = 400 GeV/c. Using his algorithm and the value <r{D/D) = 44±l° fib at 800 GeV/c

reported by G. Mendez9), I find a(pp -> ccX) = 22 to 37 /ib at p ^ = 800 GeV/c. Cross

sections have been determined in many other experiments. However, I choose not to show



them in Fig. 2 because many of those measurements were made with nuclear targets, and

the precise nuclear A dependence is not known in each case.

A glance at Fig. 2 shows the- considerable sensitivity of predictions to the choices of

the charm quark mass mc and of the parton densities. For a given set of parton densities,

a decrease of the mass from me = 1.5 GeV to mc = 1.2 GeV results in an increase in

cross section by about a factor of three. For a given mc, there is about a factor of two

increase in predicted cross section when the Duke-Owens11^ set 1 (DO 1) parton densities

are used instead of the Martin-Roberts-Stirling12' set 1 (MRS 1). Since the cc cross section

is proportional to a,, a substantial fraction of the difference of predicted yields is attributed

to the different values of A in the DO 1 and MRS 1 parametrizations3).

At the ISR energy of y/s = 63 GeV, we may use the DO 1 (mc = 1.5 GeV) and

MRS 1 (mc = 1.2 GeV) curves in Fig. 2 to bracket uncertainties from below and above. I

estimate that a{pp —» ccX; y/s = 63 GeV) lies most likely in the range of 55 to 100 ^b.

Even with 0(a3) contributions included, it is difficult to accommodate a charm cross section

greater than ~130 /ib at y/s = 63 GeV.

Calculations for K~p —» ccX are presented in Ref. 3, and those for photoproduction

are available in Ref. 13. The results in Fig. 2 and those for n~p —» ccX and -yN ~* ccX

demonstrate that defensible QCD calculations reproduce the energy dependence and the

magnitude of the measured total charm cross section at fixed target energies. However,

because of the sensitivity to the choice of the parton densities, we cannot use the results

to "pin down" the charm quark mass appropriate in perturbative calculations to better

than 1.2 < mc < 1.5 GeV. It does appear possible, however, to discard a mass as large

as mc = 1.8 GeV. The agreement between theory and data in Fig. 2 is an indication that

charm production may be on the way towards being "understood" in terms of perturbative

QCD. There are important open issues3 ,̂ however, including: discomfort with the large size

of the K factor; possible leading particle effects in the experimental longitudinal momen-

tum distribution of charm particles, dcr/dxp, not reproduced by perturbative calculations

of charm quark production; the nuclear dependence of charm production; and higher-twist

effects known to be important in deep-inelastic lepton scattering for values of Q2 ~ 4m .̂

I would emphasize the special importance of experiments to determine the nuclear A

dependence of charm production. The incoherence/factorization assumptions inherent in



applications of perturbative QCD lead to the expectation of an approximately linear depen-

dence on A. If measurements were to establish that && oc croAa with a substantially less

than 1, e.g. a ;$ 0.9, then the applicability of perturbative QCD would be seriously in doubt.

An interpretation of values of a < 1 is proposed in Ref. 14. As data samples become larger,

it should be possible to study charm production at large hr and to examine cc momentum

correlations5^.

4. Hadropro duct ion of Bottom

In Figs. 3 and 4 calculations of 66 pair cross sections are shown as a function of energy

in it~p and pp interactions. Predictions for pp —* bbX may be found in Refs. 1, 3, and 4.

As in the case of charm discussed in Sec. 3, the contributions in order a3 are significant.

At fixed target energies the value of K in pp interactions is larger than in -x~p interactions,

related to the more important role of gluon initiated subprocesses in pp interactions3).

In Fig. 3, I present the total 66 pair cross section in ir~p interactions at fixed target

energies for a particular choice of bottom quark mass mj = 5 GeV. The one datum is a mea-

surement of the CERN WA78 collaboration15). Originally the WA78 group had published19)

a value of O{-K~N —* bbX; puh = 320 GeV) = 4.5 ± 1.4 ± 1.4 nb per nucleon. Subsequent

reevaluations were made of their overall normalization reference as well as of their accep-

tance and efficiency based on a model which incorporates production properties in transverse

and longitudinal momenta consistent with those predicted5'6) in perturbative QCD. These

improvements result in a reduction of the cross section15) to 3.2 ±1.1 nb per nucleon if the

66 mixing parameter x *s fixed at x = 0-2- A linear dependence of <r on nuclear baryon

number A was assumed, as is reasonable for bottom quark production. Another group20)

reported observation of a signal consistent with bottom production and quotes a "model

dependent 66 production cross section" a(x~N -» bbX; pub = 286 GeV) = 14t£ nb per

nucleon, considerably larger than that of the CERN WA78 collaboration. An analysis by

the WA78 collaboration15) shows that the difference between the cross sections quoted by

WA78 and NA10 is most likely due to different model assumptions, not to differences in the

data. The model adopted by the NA10 group to simulate BB production is questionable3);

it incorporates correlations considerably at variance with QCD expectations5).



The calculations shown in Fig. 3 are appropriate for x~p —* bbX whereas the one

datum is derived from interactions on a uranium target. The theoretical results should be

modified for the fact that the target is a mixture of neutrons and protons. This effect was

studied in Ref. 7 where I showed that the cross section per average nucleon is smaller than

the cross section for production from proton targets; the factors are 0.68, 0.80, and 0.87 at

= 200, 400, and 600 GeV/c.

For ir~p —* bbX in the momentum range 300 to 600 GeV/c, there is about a factor of

two decrease in the total cross section when the evolution scale is increased from Q2 = rn\ to

Q2 = 4mf. Comparison with the datum in Fig. 3 favors the choice Q2 = Ami if "ij = 5 GeV.

As discussed in Refs. 6 and 7, over the range 400 < pu.b < 1000 GeV/c, the expected cross

section cr(pp —* bbX) is decreased by about a factor of two when the b quark mass is increased

from rrii = 5 GeV to 5.4 GeV and increased by about a factor of two if the b quark mass is

decreased from 5 GeV to 4.6 GeV.

Predictions of the total cross section at collider energies are shown in Fig. 4. Taken

at face value, the curves indicate a fairly large spread in predictions associated with the

choice of different parameters. For bottom production at -̂ /s >̂ 200 GeV, the pp and pp

cross sections are nearly equal. The only measurement of bottom production at pp collider

energies is that reported by the UAl collaboration based on an analysis of muon production.

The bb pair cross section extrapolated to all phase spare18) is cr(pp —* bbX) = 10.2 ± 3.3/ib

in fine agreement with expectations and tending to favor mj J> 4.75 GeV and pi = Q )> TO*.

The integral transverse momentum spectrum a(kr > h^"a) is shown in Fig. 5 for

pp —> bX at y/s = 630 GeV. Theoretical predictions are presented as a band of values

corresponding to ranges of uncertainty in mi, the evolution scale, the parton densities, and A.

The data are from the UAl experiment18^. Good agreement between theory and experiment

is apparent for k™"11 & 15 GeV. There may be a discrepancy at larger values of k™"1. However,

several remarks are in order. The data in Fig. 5 appear not to have been corrected for

smearing effects in fcr associated with expeiimental resolution functions. Smearing tends to

broaden steeply falling fcy spectra. Second, in the data, in addition to hadronic production

mechanisms, there are other sources of i's with large kx such as Z° —> bb not included in the

theoretical calculation. Third, single and double muon momentum spectra are measured,

and a multi-step procedure is used to work back from these data to the b quark momentum



distribution shown in Fig. 5. The three data points with Jt™n > 15 GeV are based entirely on

the measured inclusive single muon spectrum. It is not clear that experimental systematic

uncertainties are properly estimated. Finally, on the theoretical side, whenever two different

large momentum scales are present (here, kx and m<j), contributions arise proportional

to [as ln(fcr/m<j)]B. Such terms must be summed if as ln(kT/mQ) becomes of order unity1'.

These contributions will either soften or harden the A;"1"1 distribution. More detailed analyses

of larger data sets at both y/s = 630 GeV and -*/s = 1.8 TeV as well as theoretical studies

of the a, ln(kT/mQ) series should resolve these questions.

At y/s = 1.8 TeV, the integral kr cross section a(pp —» bX) is expected to exceed 5 fib

for kr > 5 GeV and \y\ < 1. The CDF collaboration currently has an integrated luminosity

of ~ 4.7 pb"1 on tape at y/s = 1.8 TeV. Correspondingly, more than 2 x 107 bb pairs should

have been produced in the range |y| < 1 and kj > 5 GeV and should be available for analysis

in those tapes. The 6 events are of interest in their own right (QCD dynamics, correlations,

mixing,...) and must be understood as a background in searches for new physics including,

but not limited to top.

In lowest order perturbation theory simple momentum correlations are expected be-

tween the heavy Q and Q produced in hN —» QQX. For example, the transverse momentum

vectors should be equal in magnitude but oppositely directed: PTQ = —f>rQ- Thus, the pair

transverse momentum is expected to be small {\PTQ+PTQ\ & O{1 GeV)), and the distribution

in the difference A^ between the azimuthal angles of the Q and Q in the transverse plane

should display a peak near A^ = 180°. Next to leading order contributions in QCD change

these expectations. "Gluon splitting" terms produce events in which A^ ~ 0, and "flavor

excitation" terms provide a broad distribution in A<f>. The distribution in the pair transverse

momentum \PTQ + PTQ\ is broadened. A full O(a*) calculation of these correlations has not

been published, but Monte Carlo programs can be used to estimate the role of the next to

leading order terms.

An analysis was presented in Ref. 5 of the expected correlations in longitudinal mo-

mentum between a heavy quark Q and its antiquark Q produced in hadronic interactions at

fixed target and collider energies. For a sufficiently heavy quark (e.g. bottom), the nature

of these correlations should be predicted reliably by lowest-order perturbative QCD as long

as the transverse momentum kj is not large in comparison with TTIQ. The QCD Born cross



sections have simple dependences on the difference Ay of the rapidities of the Q and Q.

They show that the basic QCD dynamics favors positive, albeit broad correlations in rapid-

ity. When sufficient phase space is available, as it is at collider energies, the two particle

' rapidity distribution cPcr/dyidy2, considered as a function of jfc for fixed yit should therefore

display at peak at 2/2 near y%. However, d2<jldy\dy2 is expected to be a broad distribution.

Depending upon the rapidity j/i of an identified Q, the "correlation length" between the

produced Q and its accompanying Q may exceed by a factor of two the ~ 2 units which is

typically assumed. This statement has implications for the design of future detectors and

for the evaluation of acceptances in analyses of current data.

Doubly differential distributions in rapidity and in Feynman xp are presented in Ref. 5

for bottom quark production at typical fixed target and collider energies. One conclusion

evident from a comparison of results at y/s = 630 GeV and yfs = 1.8 TeV is that the

average value of the rapidity difference is expected to increase. Considered as a function

of i/2 at j/i = 0, the predicted full widths at half maximum of di&/dyidy2 are 3.6 and 4.2,

respectively. At fixed target energies, the relatively limited phase space mitigates against

observation of strong correlations. In terms of the Feynman XF variable, one expects a slight

residual anticorrelation5^. Comparison of these predictions with forthcoming data should

provide valuable additional insight into the applicability of perturbative QCD for heavy

quark production.

5. Conclusions and Discussion

Heavy flavor production has been advanced to a new level of precision in perturbative

QCD now that full next-to-leading order calculations have been completed for the total cross

section and for the single quark inclusive cross section. The contributions in order «f are

large in many cases of practical interest. These calculations offer the potential of better

agreement with data, but they also raise questions about convergence of the expansion of

the cross section in perturbative QCD.

The size of the O(cv^) contributions is particularly significant when the integration

over phase space is dominated by values of the parton-parton subenergy either close to

threshold, J ~ irriq, or very large, s ^ irng. Correspondingly, predictions will be most

stable in restricted intervals of 2m.Q/y/s. According to these criteria, predictions for top



quark production at the current collider energies of -Js = 630 GeV and -y/s = 1.8 TeV

would seem particularly reliable, as would those for bottom quark production at Fermilab

fixed target energies. While the large contributions from the O (af) 2 to 3 subprccesses for

y/s ^> Imq may appear alarming, they do not per se cast doubts on the applicability of

perturbation theory for heavy quark production. The higher order 2 to 3 subprocesses are

mediated by gluon exchange in the crossed (£) channel, implying that £2—3 approaches a

constant as s increases, whereas the lowest order 2 to 2 subprocesses are controlled by heavy

quark exchange in the crossed channel, with O2_2 —» l/s. Thus, the large contributions at

order d% arise from new subprocesses, with different i channel exchanges, not from simple

"corrections" to the lowest order subprocesses.

Applicability of the perturbative results requires that the mass of the heavy flavor

be "large". Whether charm, with 1.2 < mc < 1.5 GeV, satisfies this restriction is not

clear. Issues in charm production also include a quantitative understanding of the nuclear

A dependence, possible leading particle effects, and quantitative estimates of the role of

(additive) higher twist terms, proportional to 1 GeV/m<j. If the reservations discussed

above are set aside, the calculations through order c% may be compared with data on charm

production at fixed target energies, as was done in Sec. 3. Good agreement is obtained for

values of me in the range 1.2 < rnc < 1.5 GeV. Uncertainties include the choice of AQCD»

the magnitude and shape of the gluon density g(x, Q2) in the relevant interval of x, and

the choice of the evolution scale Q2 in both as and the parton densities. Measurements of

correlations in rapidity between a produced Q and Q will provide valuable additional checks

on production dynamics5*. They may be particularly valuable in the case of charm production

for separating perturbative effects from those associated with final state interactions.

For bottom production, the scale is set by the relatively large mass of the bottom

quark m./, ~ 5 GeV. Perturbative calculations ought to be reliable, and the nuclear depen-

dence should be linear, a oc A1. Theory and experiment ;.gree at better than the factor

of two level at fixed target and collider energies, but only much more precise data over a

broad range of energies will permit tighter bounds on the "parameter set" (mi,, Q2, A, and

g{x,Q2)). Cross sections from the CDF experiment at y/s = 1.8 TeV are eagerly awaited.

Approved fixed-target experiments on bottom quark production include CERN WA84 TTN

at 350 GeV and Fermilab E791 irN at 500 GeV, E653 *N at 600 GeV, E771 pN at 800 GeV,

and E789 pN at 800 GeV.



Further theoretical study is necessary to better understand the large size of the next-

to-leading order contributions. It is desirable to extend present calculations of the O(o%)

contributions to a full treatment of the joint Q and Q distribution in hN —* QQX so that

QIQ momentum correlations will be fully specified through O (o^). It would also be valuable

to incorporate the O (a3
s) cross sections into a full Monte Carlo simulation program to permit

a detailed investigation of double-tagged events, associated jets, and other properties of

events containing heavy quarks.
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FIGURE CAPTIONS

Fig. 1 The predicted differential cross sections cPa/dydkj as a function of k? for selected

values of rapidity y for (a) bottom quark production, and (b) top quark production,

mt = SO GeV, in antiproton-proton collisions at i/s = 1.8 TeV, from Ref. 1. The solid

lines are the full calculations through order c?a, and the dashed lines are lowest order

a2 results multiplied by constant K factors of (a) 2.5 and (b) 1.5.

Fig. 2 Cross sections for pp —y ccX as a function of the laboratory momentum for two choices

of the charm quark mass mc and two different sets of parton densities. I obtained

these results from the full QCD expression through order a3
s; the evolution scale Q2

was chosen as Q2 = 4m2. The data at pi,b = 400 and 800 GeV are derived from

measurements by the LEBC-EHS (Ref. 8) and LEBC-MPS (Ref. 9) collaborations.

Fig. 3 Cross section through order o^ for bottom quark production in K~p interactions as a

function of laboratory momentum, from Ref. 3. Here TOJ = 5 GeV, and two choices

are made for the evolution scale, Q2 = m2 and Q2 = 4m2,. The one datum is the result

reported by the WA78 collaboration, Ref. 15.

Fig. 4 Calculations of bottom quark production in proton-antiproton collisions as a function

of y/s, Ref. 16. The full answer through order o 3 is shown for three different choices

of the QCD scale A (5 flavors), the bottorr u/ assm, and the factorization scale

H (= Q). The Diemoz et al. Barton dens*. lsed, Ref. 17. The one datum is

from the CERN UA1 collaboration, Ref. 'A

Fig. 5 Integral transverse momentum spectrum a{hr > fc1™"1) as a function of the minimum

transverse momentum fc""" of the bottom quark for pp -* bX at y/s = 0.630 TeV, with

the rapidity of the bottom quark restricted to the interval \y\ < 1.5. The data are

from the CERN UA1 collaboration, Ref. 18. The solid line is an order c% calculation

from Ref. 1 in which the bottom quark mass is fixed at mj = 4.75 GeV, the evolution

scale is Q2 = m2 + fcf., and the DFLM set 2 parton densities (Ref. 17) are used with A

(four flavors)=260 MeV. The dashed lines represent the band of theoretical uncertainty

obtained as a result of varying the bottom quark mass, the evolution scale, and the

parton densities over the ranges shown on the figure.
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VS = .63 TeV, |yj<1.5, kT>kmin

mB=4.75 GeV, A,=260 MeV, :

DFLM. Mo = V(mB
a+kT
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