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1. INTRODUCTION 

The existence of the charm quark was postulated in 1970 by Glashow, Iliopoulos 

and Maiani to account for the absence of strangeness changing neutral currents 

(1). However, the first direct evidence for charm quarks came in 1974 from 

observations in a hadroproduction experiment at Brookhaven National Labora- 

tory (2) and e+e- annihilations at the Stanford Linear Accelerator Center (3). 

These observations were the discovery of the J/v, a particle understood to be 

composed of a charm quark and charm anti-quark. The observations were rather 

quickly followed by measurements of higher mass quark-anti-quark states and 

open charm states, states with only a single charm quark or charm anti-quark in 

them. Identification of the J//w with the charm idea was quick. In time, evidence 

built that the constituents of the J/v were indeed strongly interacting quarks. 

However, in the dozen years after the very first observations of charm, 

hadroproduction played a limited, often confusing role. 

1.1 Recent Progress 

In the last five years the situation has improved. The charm results from 

hadroproduction experiments at CERN and Fermilab have become cleaner, less 

biased and have much higher statistical precision (e.g. Figure 1). These charac- 

teristics of recent experiments justify labeling them as a second generation of 

charm hadroproduction experiments. This second generation is the focus of this 

review. It is marked by precision measurements of the trajectories of charged 

particles coming from the production point and decay vertices of the charm 

particles. In addition, we can recognize the beginning of a third generation of 

experiments in which hadroproduction contributes to the detailed study of the 

decays of charm particles. This development arises as a continuation of the 

production studies which have demonstrated the ability to produce copious 

quantities of cleanly reconstructed charm decays. Meanwhile, we continue to 

expand on spectroscopy and other elements of the second generation of 

hadroproduction experiments. 
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There has been similar recent progress in 

theoretical calculations. The quantum 

chromodynamic C&CD) next to leading order con- 

tribution to charm hadroproduction is available. 

The agreement of these calculations with the 

experimental cross-section measurements has in- 

creased confidence in the ability to interpret charm 

results in terms of this accepted theory. The 

calculationsincludedifferentialcross-sectionsfor 

inclusive processes and, most recently, next to 

leading order calculations including correlations 

between the pairs of charm particles produced. 

1.2 The Physics of Charm Hadroproduction 

Three basic elements enter the calculation of the 

hadroproduction process as understood by &CD. 

These are 1) a basic hard scattering between two 

constituents ofthe incident hadrons, 2) the distri- 

bution of those constituents inside the incident 

hadrons and 3) the hadronization of the produced 

charm quarks in which they become the charm 

particles obsel?red in the laboratory. 

In the hard scattering subprocess, one applies the universality of the QCD 

theory, coupling charm quarks in the same way as lighter quarks. The process is 

dominated at fixed target energies by gluon-gluon fusion. This provides the 

opportunity to study gluon physics in a rather well defined environment. Depen- 

dence on the distribution of gluons in the incident hadrons provides a method of 

studying the gluon structure function in a variety of particles. Beams of pions, 

kaons, protons and their anti-particles have been usedin experiments, and these 

particles can have their gluon structure explored in this way. 
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Finally, as the charm quarks emerge from the hard production subprocess, 

they must pass through whateve r residual hadronic matter there is locally, 

whether from the target or projectile. Since the formation time for the charm 

particle is comparable to nuclear distances, one may view the charm quark as 

traveling through nuclear matter for much of its “separate” existence. This 

provides an opportunity to probe yet another area of physics. 

The wealth of physics processes involved in the hadroproduction of charm is 

bothabenefitandaproblem. Thecomplexityofthefullprocessallowsformultiple 

interpretations of effects. Extracting parameters of the most basic physics 

quantities requires convolutions and other calculations which depend on the 

quantitative inputs as well as on the basic theory. On the more purely theoretical 

level, there are also parameters which are less well known than one would like for 

interpretations of the physics. Furthermore, there is the uncertainty due to the 

smallness of the charm quark mass. Is it heavy enough that perturbative QCD 

calculations can be used, even including next to leading order contributions, to 

extract the physics of interest? 

1.3 Relation to Other Processes 

The production of charm quarks at fured target energies is a source of copious 

interactions where gluons interact in an identifiable way, i.e., the gluon-gluon 

fusion process. At hadron collider energies gluon splitting is an increasingly 

important source of charm quarks. 

The gluon fusion events provide a tool for directly determining the gluon 

distribution in the incident hadrons. These structure functions are also relevant 

inlepton,photonandneutrinoproductionofheavyquarks. Intheseprocesses,the 

gluons occur only in the target nucleons. The gluon structure functionis obtained 

in deep inelastic scattering as a part of the evolution of the quark structure 

functions, i.e., as a correction to the dominant quark scattering. In direct photon 

production, gluons can enter directly, becoming quite large for some parts of the 

production. Nevertheless, subtractions due to quark sources are necessary. In 
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charm hadroproduction, the quark-anti-quark annihilation background is at 

most only on the order of 10Y~ in leading order. 

The hadronization of the charm quarks is among the least explored parts of 

the hadroproduction of charm. Hadronization occurs, of course, in any process in 

which the charm quarks are created. Fragmentation functions are a measure of 

this process. The most precise measure of hadronization comes from e+e- 

annihilations producing charm quarks. However, the environment of e+e- 

annihilation is different from hadroproduction. It is uncomplicated by the 

spectator hadronic matter which exists in hadroproduction. 

Finally, hadroproduction is a copious source of particles containing the 

charm quark. As such, hadroproduction is already beginning to contribute to 

studies of the physics of heavy flavor decay. This role is likely to continue and 

expand. This aspect, however, will not be part of this review. 

2. BRIEF HISTORY OF MEASUREMENTS 

The early years of open charm hadroproduction were limited by the capability of 

detectors in the face of difficult experimental conditions. These conditions can be 

summarized as due to 1) the small fractional charm production cross section (1 

charm pair event per lo3 interactions, typically), 2) the large number ofparticles 

in the charm events and 3) the small branching ratios to the largest specific final 

states (typically l-10%). As it turned out, many of the more reliable early 

measurements were indirect. Among these were the observations of prompt 

leptons which resulted from the semi-leptonic decays of charm particles. Most 

such early experiments had goals other than charm as their primary motivation. 

Nevertheless, the leptons in the intermediate transverse momentum range have 

been understood to come from charm. Charged leptons (electrons and muons) 

were found to occur at lOA and 10s3 of the pion rate at fixed target and collider 

energies, respectively. Muons and neutrinos were also measured in beam dump 

experiments where the beam dump had a variable density. All of these indirect 

measurements had large extrapolations from the observed lepton rate to those 
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which were produced “promptly’ (i.e. directly or resulting from the decay of 

partic!es whose lifetimes were much !ess than t~hose due to the weak decay of 

strange particles). 

More direct measurements of charm decays resorted to limited regions of 

phase space. These were typically in the very forward direction or at high 

transverse momentum where there is better than the 1 part charm in 1000 which 

is characteristic of the charm cross section relative to the total cross section, 

Alternately, specialized cuts were chosen to select specific production or decay 

characteristics. Such techniques ordinarily did result in charm signals, but 

required very large extrapolations to go from the observation to physics param- 

eters ofinterest. One even required multiplication by factors as large as lo6 to go 

from observed signals to total cross-sections. 

The experimental difficulties above led to many strange and controversial 

results and interpretations. The various results and attempts to understand 

them are well described in the excellent reviews of these early days by A. Kernan 

and G. VanDalen (41, and by S. Tavernier (5). The observational difficulties led to 

discrepancies offactors up to 100 in total cross sections and steep, even unimagin- 

able energy dependence in going from futed target (& in the range 17-39 GeV) to 

ISR collider energies t-& of 53-62 GeV). Longitudinal momentum distributions 

suggested very strong leading particle effects, effects where charm particles 

having a quark in common with the incident beam particle were seen to dominate 

in the forward direction. Power law behaviors for longitudinal momentum 

distributions appeared to have powers which could vary by experiment and Iinal 

state from 1 to 11. The average transverse momentum, pt, of observed charm 

particles varied from 0.5 to 1 GeV. Some experiments did not see the major signals 

reported by other experiments with similar detectors. Mass distributions of a 

given charm particle peaked at different values in different data sets or even 

appeared to have double peaks. Attempts to explain the plethora of conflicting 

results were unavailing. 
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More recent experiments have benefited enormously by the application of 

new technology Key among t.hese are the techniques which provide sufficiently 

improved spatial resolution to “see” the decay of charm particles separated from 

their production point. As described in Section 4, the application of these 

techniques very much improved signal to background ratios. These, in turn, have 

allowed for charm measurements with full forward acceptance and more open 

triggers. Additionally, much greater on-line and off-line computing capabilities 

have lead to data samples which resulted in thousands of decays in an experiment 

instead of a few tens of decays. While results from the lower statistics efforts of 

this new generation continued some earlier confusion, more recent results have 

had much greater agreement among experiments, with less controversial and 

easierinterpretations. This review, therefore, is based on a more coherent picture 

ofcharm hadroproduction, one in which the theoretical ideas are amenable to test 

and measurement results can provide input to further theoretical calculations. 

3. BRIEF HISTORY OF THEORY 

Theoretical efforts during the first generation of charm hadroproduction experi- 

ments were focused on explaining the conflicting early data. Quantum chromody- 

namics calculations, done to leading order at the time, fell short in explaining the 

cross-section and were unable to explain many features of the measurements. An 

uncomfortably low charm quark effective mass of 1.2 GeV was required to explain 

even the lowest of cross-section measurements. This left the field open to 

unconventional possibilities to explain the bulk of the charm data. These 

possibilities included intrinsic charm quarks existing in hadrons (6), excitation of 

more virtual charm quarks (7,8), forms of diffractive production as analogs of the 

vector meson dominance model for photoproduction (91, and various enhance- 

ments (101 associated with the fragmentation or hadronization process as the 

partons of the basic interaction turn into the hadrons observed in the laboratory. 

Coincident with the improved data of the second generation of 

hadroproduction experiments came complete QCD calculations in next to leading 
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order (11). These calculations indicated a nearly constant factor of three increase 

in cross section over the cross sections calculated to ieading order in &CD. A more 

natural charm quark effective mass near 1.5 GeV was adequate to explain the 

total cross section. The success of these calculations and the lack of confumed 

disagreement with them has removed the impetus to look for unconventional 

sources of charm or beyond the basic QCD theory. More details of the current 

theory of charm hadroproduction are given in Section 5 ofthis review. 

4. DISCUSSION OF TECHNIQUES 

The second generation of charm hadroproduction experiments is distinguished 

from first generation experiments by their ability to identify, by tracking alone, 

those particles which come from the decay of the charm particle. These particles 

are separated from all other particles in the event, the others from the production 

point and from the decay of the other charm particle. This capability has been 

provided by a high resolution small bubble chamber, emulsions and solid state 

detectors. These devices have been coupled to multiparticle spectrometers which 

serve to identify the produced particles, measure the momenta of the charged 

particles and generally select for further investigation those events which are 

most likely to have charm particles in them. In hadroproduction, so far, these 

techniques have only been applied in the fured target environment. 

4.1 Precision Tracking 

Two important advantages result from the ability to reconstruct the trajectory of 

charged particles with high precision. The first advantage is the selection of 

events which have decays characterized by charm particle lifetimes, and there- 

fore, are events highly enriched in charm relative to average events. Another 

large effect in improving signal to background comes in reducing the possible 

combinations ofparticles which need to be examined to find the charm. Hadronic 

interactions which produce charm are characterized by higher multiplicity than 

average events. Selecting only the trajectories ofparticles which come from a well 
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defined vertex reduces the number of combinations enormously. Only particles 

whose tracks form a good, separated decay vertex are considered. Overall 

background reductions by factors of hundreds are achieved. Efficiencies for the 

remaining charm, i.e., those whose lifetime in the laboratory allow seeing the 

decay vertex separately, can be as large as 50%, depending on the spatial 

resolution and particle proper lifetime. 

Table 1 provides a comparison ofthe charm hadroproduction experiments of 

the second generation. Experiments prefured by NA and WA for North Area and 

West Area are from CERN while those with an E are from Fermilab. A very large 

increase in the number of recorded events and in the number of reconstructed 

charm decays is evident in the table. Within the second generation of experi- 

ments, the spotlight has shifted from visual techniques associated with the 

bubble chamber and emulsion to purely electronic detectors. These later tech- 

niques provide the capability ofvery large statistics. The large statistics, in turn, 

have reduced the false observations due to statistical fluctuations and inability to 

adequately study backgrounds. These problems plagued the first generation 

experiments and even the early second generation experiments. 

4.2 Downstream Spectrometers 

Whatever the precision tracking device near the target, all second generation 

experiments have multi-particle spectrometers downstream. A typical example, 

that from the Tagged Photon Laboratory at Fermilab, is shown in Figure 2. It is 

characteristic of the other spectrometers in having charged particle tracking 

through magnetic fields and charged particle identification through two or more 

threshold Cerenkov counters or a ring imaging Cerenkov counter. Electron, 

photon and muon identification is achieved with electromagnetic calorimetry and 

with an absorber for filtering out non-muon charged particles. 

The precision tracking provides spatial resolutions near the target ranging 

from a few to 20 microns. This is at least an order of magnitude higher precision 

than available in the proportional wire chambers or drift chambers used for the 
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Figure2. The Fermilab Tagged Photon Spectrometer, a typical fixed target 
multi-particle measuring apparatus. 

more downstream tracking. On the other hand, the physical extent of the 

precision tracking is only a few centimeters. The wire chamber chambers used for 

downstream tracking extend over at least ten meters. This results in comparable 

angular resolution in the downstream tracking to that achieved with the higher 

precision tracking near the target. Thus, wire chamber tracking has poor position 

resolution compared to solid state devices, but comparable angular resolution. 

The limited spatial extent oftheprecision trackers limits the size ofthe useful 

target. Thus, these experiments all have small luminous regions for targets, even 

in the direction parallel to the incident beam. There are no long liquid hydrogen 

targets, and all of the experiments with solid state detectors use thin targets to 

maintain large forward solid angle acceptance. This increases the importance of 

measurements of the dependence on the target material. One sees a variety of 

targets in each of these experiments. 
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4.3 Selecting Events Containing Charm 

The small fractional probability ofproducing charm remains a technical problem 

for experiments. One must still sift through enormous numbers of events before 

finding those which have the charm particles. This selection is done by some 

combination of triggering at the time the data are taken (on-line) and is typically 

extended in the analysis made later (off-line). 

The need to sort through large numbers of interactions to find the sought 

after signals has lead to a variety of solutions (2 1). While the bubble chamber has 

limiteditseventrecordingtoeventsinwhichbeamparticlescreateinteractionsin 

the bubble chamber, all other experiments have used even more restrictive 

triggers. The emulsion experiments demanded a high transverse momentum 

muon downstream to flag potential charm containing events. The experiments 

with solid state detectors have used triggers based on particle identificationin the 

downstream spectrometer (electrons, muons and kaons or protons), evidence for 

secondary vertices or downstream decays and global transverse energy. Each of 

these help select events where the fraction of charm is higher than in a random 

sampling of interactions. 

As one has learned from off-line analysis how to select the charm events, the 

lessons have moved upstream into the data taking itself. Fast processors with 

exotic names like ESOP (22), FAMP (23) and MICE (24) have been used in CERN 

hadroproduction experiments. These specialized processors have calculated 

electron identification probability and evidence for downstream decays, for 

example. The results enter the decision on whether to write the event to magnetic 

tape for later analysis. An alternate approach has been pursued at Fennilab 

where networks ofmicroprocessors have been assembled for rapid reconstruction 

of larger data sets off-line. This approach has allowed looser on-line require- 

ments, but has also required faster event readout time to achieve the sample sizes 

currently taken. One experiment (E791) recorded 20 billion events onto 8 mm 

tapes. This required faster digitization and readout of front end electronics and 
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significant parallelism in the data acquisition system. An average sized event 

couldbereadoutin35microseconds. Thisismuchfastert,hananyoftheprocessor 

systems used so far at CERN could make a decision on an event. That decisionis 

pushed off-line in E791 to the massively parallel network of microprocessors 

organized in what are called “farms” (25). The farms are used for selecting which 

events will be fully reconstructed and then doing so. 

4.4 Hadron Collider Experiments in the Future 

Precision vertexing is now being added to the CDF hadron collider experiment 

(26) at Fermilab, motivated by tagging events containing bottom quarks as an aid 

in the search for top quarks. It is possible that CDF, and eventually other hadron 

collider experiments, will contribute to charm hadroproduction measurements in 

the future. Such contributions would be welcome since the kinematic range of 

production is very different from that in fixed target experiments. Additional 

processes such as gluon splitting may be explored as an different probe of &CD. 

Nevertheless, since the x regions explored are at very low values, theoretical 

interpretations are more difficult. They involve yet higher order processes and 

more non-perturbative effects. There are also significant technical difliculties in 

the added backgrounds for production so far from threshold (e.g., charm from 

bottom quark decay). Thus, hadron collider charm production measurements will 

presumably also begin by making measurements in limited regions of phase 

space, etc. 

Without the precision vertexing and its capability for background rejection, 

collider experiments have been limited so far to measuring the fractional rate of 

D* production. Using the small energy release in the D* decay to Do plus a pion, 

both UAl(27) and CDF (28) have reported that about 10% ofjets contain D*‘s in 

the fractional momentumrange where the D*‘s have at least 10% ofthe jet energy. 

As was characteristic of other first generation charm results, the UAl result was 

changed from the value published by the same group five years earlier (29). 
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4.5 Other Attempts and Techniques 

A wide variety of other techniques have been developed for use in charm 

experiments. The techniques have focused on precision reconstruction of the 

production and decay region. Holographic bubble chambers (30) and streamer 

chambers (31) have been developed. However, while these might enlarge the 

volume in which decays could be reconstructed with high resolution, the inherent 

cycle times of the devices make them uncompetitive today. Inherently faster 

devices based on bundles of scintillating fibers (32) have been tried at CERN and 

Fermilab. However, conversion oflightimages to digital format for recording and 

later analysis has added a technical problem, which, coupled to the sometimes 

marginal light output ofthe devices, has shifted attention from these techniques. 

Another technique tried at both CERN and Fermilab, actively read targets of 

silicon (331, has failed to achieve notable success. Here, variationinionization by 

individual particles and signals due to target nuclear breakup have limited 

results. The main goal has been to see a multiplicity jump due to the decay of 

charm particles within the target region. 

Solid state devices remain the favorite technique for recognizing and measur- 

ing trajectories of charged particles from charm decays. These devices are 

reviewedin this volume by Helmuth Spieler. Here, we simply note the preponder- 

ance of silicon microstrip detectors, arrays with one dimensional readout. While 

charged coupled devices (CCD’s) have been used by the ACCMORcollaboration at 

CERN, their slow readout has prevented their wider usein spite ofthe advantages 

ofthe two dimensional readout and higher spatial resolution they provide. Efforts 

at greater integration of the readout electronics using modern microelectronic 

technology (34) may change this in the future. However, the enormousincreasein 

the number of readout elements, already quite large for the microstrip detectors, 

provides a challenge, both for their use in fast trigger schemes and general 

readout. 
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5. QCD THEORY OF CHARM HADROPRODUCTION 

The leading order QCD diagrams (i.e., schematic representations of the basic 

processes) for charm hadroproduction are shown in Figure 3. It is assumed that 

there is a hard scattering of one par-ton (quarks, antiquarks or gluons) from each 

ofthe incident hadrons. The hard scattering is necessary to produce the relatively 

high mass of the charm quark pair. The calculations are performed in this par-ton 

model starting with Equation 1. 

(1) 

In Equation 1, one begins with the distributions, fi and 4, of the relevant 

par-tons in the incident hadrons. These distributions are called structure 

functions, the number densities of the light quarks and gluons as a function of 

their momentum fraction, xi and x> evaluated at a scale p. The par-tons from the 

incident hadrons interact with the cross section, 8, a function of the momenta of 

the incident par-tons and the scale u. The total center of mass energy squared of 

the incident hadrons is s. The total center of mass energy squared of the par-tonic 

subprocess isxlxzs, 

HADROPROCKTICN 

Figure 3. Leading order QCD diagrams for the hadroproduction of charm quarks, Q. 
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The net result of these calculations is 

---OOI (leadIng a&l only) 

I that the total cross sectionincreased 

Lii++hJ by a factor of about 3 relative to the 
400 leading order calculation. Agree- 

Plab IGeVI 

5.1 &CD Perturbative Calculations 

The parton level cross section, 6, is normally calculated in a perturbative series 

in the strong interaction coupling constant “s(p*). The use of Equation 1 for 

calculations ignores all of the possible effects discussed in Section 3. Flavor 

excitation is ignored, as is the role of the spectator (non-interacting) non-charm 

producing par-tons in the incident hadrons. This leading order cross section is 

proportional to a,“, These first order calculations have been done by a number of 

authors (35) and the justification of the factorization represented by Equation 1 

examined on the basis of the lowest order contributions (36). 

ment with the total cross section data 

Figure4. Total charm quark production YS 
is comfortably achieved with charm 

incident proton momentum. The dashed quark masses on the order of 1.5 GeV 
curve represents a calculation to leading or- 
der only with a charm quark mass of 1.3 GeV. as seen in Figure 4 (39). Differential 
The two solid curves represent calculations in 
nexttoleadingordertiththeindicatedcharm 

cross section shapes do not change 

quark masses. much by the addition of the next to 
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Given the large increase in rate pro- 4 
T 

g vided by the next to leading order calcula- 

tion, one might ask whether the next 

order terms are negligible. In addition, 

J------c there are significant uncertainties re- 

C 
N -+z2 

maining in the predictions of these theo- 

retical calculations. These include the 

precise values of the effective mass of the 

charm quark, and the renormalization 
Figure 5. Charm quark excitation dia- scale. There are also effects associated 
gram from Odorico (8). 

leading order diagrams. There is still no intrinsic charm quark included in the 

calculations, but diagrams having the same topology as flavor excitation (Figure 

5) (8) are included in these higher order calculations. 

with the spectator partons, etc. of the 

order of Mm, (the strong interaction scale over the mass of the charm quark). In 

spite of these uncertainties, the QCD framework provides a useful tool in 

understanding the process itself. Furthermore, comparisons involving different 

incident hadrons and outgoing charm particles may be expected to have common 

basic interaction calculations and high order calculations even if these cannot be 

performed explicitly. It may be useful to see how far one can pursue application of 

the current theory. 

5.2 Structure Functions 

So far, gluon and quark structure functions have been taken as input to 

calculations of charm production. These inputs come from compilations of data on 

deep inelastic lepton scattering and neutrino interactions. This is particularly 

appropriate for the nucleon’s quark structure functions where the data are easier 

to interpret and more precise. However, the gluon structure function is not well 

determined. In the case of pions and especially kaons, the gluon structure 

function is essentially unmeasured. One may anticipate that the best informa- 
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tion on these structure functions will come from analysis of the high statistics 

production data coming from the second generation hadroproduction of charm 

experiments, especially the energy dependence of the cross section and the 

longitudinal momentum dependence of charm particles. Uncertainties associ- 

ated with the perturbative calculations above and the hadronization process 

described below will affect the absolute determination of structure functions. 

However, comparisons of pion and kaon production of charm on the same target 

should allow determination of the relative hardness of their gluon distributions. 

Does the extra mass of the strange quark influence the gluon distribution of the 

kaon relative to the pion? Similarly, the gluon distributions in the quark-anti- 

quark mesons may be different from the gluon distributions in the three quark 

baryon. Such comparisons are of basic interest and provide relevant tests for 

lattice gauge calculations. 

5.3 Fragmentation I Hadronization 

The calculations described so far relate to the inclusive production of charm 

quarks. The development of these quarks into charm hadrons requires addi- 

tional, non-perturbative calculations. These are normally represented by frag- 

mentation functions which, one might hope, would be the same as those measured 

in e+e- annihilation into charm quarks. However, the direct applicability of these 

functions is not apparent. 

The fragmentation has not been calculated as extensively or analytically as 

the quark production itself. Monte Carlo style calculations are more typical of 

theoretical efforts. Three models dominate the efforts at this time. These are: 

string fragmentation, cluster fragmentation and independent fragmentation. 

The status of these fragmentation models has been reviewed recently by T. 

Sjostrand (40). The Monte Carlo calculations are used widely byexperimentalists 

in modeling the physics presented to their detectors. Well known and widely 

availableMonteCarloprogramssuchasISAJET(41),PYTHIA(42)andEUROJET 

(43) are used. The focus of these programs has been on collider energies and, in 
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fact, none of the physics generators of these or other programs have been tuned to 

match the results offixed target charm production. ISAJET uses an independent 

fragmentation model (44) while the others, LUND programs, use JETSET which 

is based on string fragmentation. FRITIOF (45), the newest member of the Lund 

family, is more relevant for fixed target experiments. It is aimed at hadron- 

nucleus collisions and pays more attention to the spectator par-tons in events. 

6. RECENT DATA ON INCLUSIVE CHARM HADROPRODUCTION 

The three physical quantities describing the inclusive production of charm 

particles are the total cross section, the longitudinal momentum distribution and 

the transverse momentum distribution. The longitudinal momentum distribu- 

tions are usually parameterized in terms of the Feynman x, xF. This is the 

longitudinal momentum in the center of mass divided by its maximum value: 

3cF = p (parallel to the incident beam) 
p maximum 

(2) 

Data on correlations between the two charm particles produced in an event 

are discussed in Section 7. The dependence of results on the nuclear target 

material is discussed in Section 8. 

6.1 Total Cross Section 

Recent data on the total cross section for the proton induced interactions has 

already been shown in Figure 4. The recent data (Table 2) can be easily modeled 

with the QCD predictions including next to leading order contributions and using 

a charm quark effective mass of about 1.5 GeV. This fits both the absolute cross 

section and the energy rise from 400 to 800 GeV. There are more experiments on 

charm production by incident mesons, but the energy range is still small for those 

who have reported on the total cross section. More results with a broader incident 
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Table 2 Recent open charm cross section data 

Exp’r PdiCk It Events oaroB rF>O Irb/nuclear ref. 

NA32 

r 

230 GeV 

E769 

7r 

750 GeV 

NA32 

K- 

230 Gr” 

NA32 

P 

200 Ge” 

E653 

P 

00 543 

Df 249 

AUD 792 

II, -+ KKa 60 

D’ 147 

A, --t pKn 154 

=” + pKK’(892) 3 -c 

5: iZ-,T+n+ 3 

E; + Z+K-n+ ?. 

All D 2283 

D, + @r+K’K 29 

AUD 31 

D, + KKlr 4 

h, 7 
T-0 -c I 
:+ -C I 

A”” 9 

o= 6.3m.3*1.2 W) 

O= 3.2m.zm.7 

0 = 9.sm.4il.9 

oB = 0.057~.01lf.010 

O= 3.4m3m.8 

oB = O.lSt.OZf.03 (47) 

R(A,fi,)=O.99f.l6 

OB = 0.019*.011 :.E (48) 

oB=o.13m.O8 1::; (49) 

OB = 0.012 (49) 

0=9.lfZ.l~l.2 (50) 

OB = 0.036m.015 (51) 

0=8.5~1.6*1.2 (6) 

(- /- )- K N+D x N-+D -0.9fO.Z (46) 

oB =0.11m.06f0.02 (6) 

AUK,! (47) 

(48) 

(49) 

l.5m.7m.i (52) 

c,~(from Do) 146+ 35 38f3fl3 pb (53) 

c.?(from D+) 38mtl4 pb 

SIN GIV AllXp 

energy range should be available soon. However, the size of the pion and kaon 

production cross sections appear to be larger than that for protons at the same 

incident momentum, consistent with a harder gluon distribution in the mesons. 
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6.2 Longitudinal Momentum Distributions 

The longitudinal momentum distribution is conventionally fit to the form in 

Equation 3 

This form was motivated historically by kinematic considerations at highx,, and 

there are predictions by Gunion (54) for the power n at highxF. Nevertheless, the 

form appears to fit the data down to quite low values of xF. Most of the new 

experiments have significant acceptance only for xF > 0. Although the theory 

predicts a maximum somewhat forward of XF = 0 for mesons, data are not yet 

sufficiently precise to distinguish this offset. Figure 6 (50) is an example of the 

scaled longitudinal momentum distribution and a fit (solid line) to the above form. 

A single contribution with this functional form seems to tit the data over two 

orders of magnitude. There is no evidence for lo-20% of the total cross section 

having a second xF distribution as reported earlier (55). 

Figure 6 also shows two theoretical curves. The dashed line is taken from the 

first order calculation of Nason, Dawson and Ellis (37) and comes quite close to 

fitting the data. The normalization has been floated in this fit. Since the 

calculation is done for charm quarks, the fragmentation process would have to be 

such that the charm particle takes all the momentum of the charm quark (a S 

function for fragmentation!). Using fragmentation functions from e+e- annihila- 

tion reduces the average xF. A convolution of one such fragmentation function 

with the theoretical prediction for charm quarks is shown by the dotted line in 

Figure 6. This simple convolution of fragmentation functions does not represent 

what happens in this data from hadroproduction on nuclear targets. It may be 

that the drag due to color strings attached to the opposite and residual spectator 

partons is balanced by a pull ofother color strings towards spectatorpartons going 
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in the same direction as the charm 

quark. Such processes are included 

in the Lund fragmentation, but over- 

estimate the leading particle effect 

(56). 

All the pion and kaon induced 

charm data (Table 3) have the power 

law behavior of Equation 6 with the 

power in the range of 3 to 4. Protons at 

similar energy have a softer distribu- 

tion corresponding to a largern. There 
Figure 6. Scaled longitudinal momentum dis- 
tribution of D* mesons. The solid curve is the 

has been a suggestion that protons 

best fit to the data using equation 3. The have anincreasingly soft distribution 
dashed curve is for charm quark production 
from (37). The dotted curve is this distribution 

with increasing energy. However, 
convoluted with fragmentation functions from 
e+e- annihilations (50). 

such an energy dependence is not well 

established in recent data nor ex- 

plained by current theoretical calculations. 

6.3 Transverse Momentum Distribution 

The data on transverse momentum distributions (Table 3) now extend out to 

transverse momenta of 4 GeV, The data from WA82 (591, shown in Figure 7, and 

from E769 (50) which reach these ptvalues suggest a simple exponential behavior 

beyond the lowest pt. These experiments and previous experiments with smaller 

pt range have traditionally fit their data with a Gaussian distribution as in 

Equation 4. 

do Ke-b~: 
dp: 

(4) 

The average pt is measured to be approximately 1 GeV and is in agreement with 

QCD calculations which give average pt’s comparable to the charm quark mass. 
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Table 3 Rccenl xr: and pt dependence data 

E.Xpt Dam Pzutic~e n b(GeV’ j ref. 

NA32 

NA32 

E769 

WA82 

NA27 

NA32 

NA32 

WA82 

NA32 

NA27 

E743 

E6S3 

200 GeV 7r 

230 GeV rT 

250 CeV r 

340 GcV II- 

360 GeV 11. 

ZOO GeV K- 

230 GeV K 

370 GeV p 

200 GeV p 

400 GeV p 

800GeV p 

800 GeV p 

All D 2.Sf 2:; 

Leading D 2.lf 2:: 

Non Leading 3.3f $2 

NID 3.74m.ni0.37 

Leading D 3.23 $1: 

Non Leading 4.34 rg$ 

h, 3.52 2:;; 

4 3.94 T$g 

IF 3.21f.24 

Lading D 2.84m.3 1 

Non Leading D 3.SOm.36 

Du 4.2t.S 

All D 2.9m.li0.3 

AUD 3.8rn.6 

Leading D I.8 2.2 

Non Leading 7.9 ‘1:: 

All D 4.7m.9 

All D 3.56 ::“w 

All D 5.510.8 

All D 5.5 :::; 

Allc 4.9m.5 

Allc 8.6f2.0 

All c 6.9 ‘;:P 

6.8 !f:, XF > 0 

1.06 2:;: 

1.22 2::7” 

0.91 2:;: 

0.83f0.03m.02 

0.74m.04 

0.95m.05 

0.84m.09 

0.59m.10 

1.09k.15 

0.78m.04 

1.18m.17 

2.7 $1; 

1.36i ;:;; 

1.27m.18 

1.42:: 

1.MO.l 

0.8rn.2 

0.84f ;:A: 

(52) 

(46) 

(50) 

(57) 

(58) 

(55) 

(52) 

(46) 

(58.59) 

(52) 

6-J) 

(‘51) 

(53) 

(53) 

8.32:2 XF<o (53) 

At high enough incident energy and pt, there could be a small contribution 

from bottom quark decay to charm. However, neither the measurements of 

bottom production at these energies nor the statistics at the highest pt values are 

sutXcient to demonstrate such an effect. Both E791, the follow-on to E769 at 

Fermilab, and WA92, the follow-on to WA82 at CERN, may be able to address this 

possibility. 
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Figure 7. Transverse momentum distrib ,u- 
tions from WA82 for D mesons indicating the 
preferencefora simpleexponentialfitathigh 
transverse momentum. 

In the simplest models with equal 

partition of energy among possible 

states and ignoring mass effects, one 

might anticipate charm final states 

6.4 Comparing Structure Functions 

The total cross se&ion and xF depen- 

dence data is useful for comparing 

structure functions among mesons 

and protons. On the basis of what is 

known so far, it appears that the pion 

and kaon have similar gluon struc- 

ture functions. The mass of the 

strange quark does not appear to 

change the gluon distribution dra- 

matically. The three quark baryon 

has a softer gluon distribution (i.e., 

larger n). 

6.5 Fragmentation to Specific Final 

States 

appearing in proportion to the spin factor, (25 + 1). This would argue for equal 

numbers of directly produced D+ and Do, and a factor of 3 for each of the charged 

statesoftheD*. Thelowestmassbaryonmighthaveafactorof2largerproduction 

relative to the single charge pseudoscalar mesons. Beyond this, one might 

anticipate a factor of 10 to 20 reduction for each additional strange quark in the 

final state. Such a picture is grossly consistent with the data for the lowest mass 

states showninTable2. However, detailedquantitativestatementsrequiremore 

analysis from the experiments and measurement ofthe absolute branchingratios 

of the baryons and charm-strange states. Again, it will be interesting to compare 

results here with the e+e- annihilation and photoproduction ratios. 
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7. CORRELATIONS IN PRODUCTION OF CHARM PAIRS 

Observations of both of the charm particles produced in a hadron induced event 

hold promise for additional information on the production process and for tests of 

&CD. In addition, if the production dynamics are known, it is possible to 

determine absolute branching ratios for charm decays from such data. 

Observations of pairs of charm particles in events fall into two classes. In the 

first class, the individual charm decays are identified by topological reconstruc- 

tion in bubble chamber pictures (62,63) or emulsion (64,65). In the second class 

of observations, one reconstructs fully one or both final state charm decays using 

the more complete information from spectrometers, In the first class of observa- 

tions, the efficiency for observing a second decay, given the first decay, is quite 

large, approaching6030%inpublishedresults. Thishighefficiencyisimportant, 

of course, since the number of events with at least one charm decay is limited by 

the number ofevents which one can measure. In the second class of experiments, 

the number of double charm events is more typically 1% ofthe number ofinclusive 

charm decays observed. This is due not only to the geometrical acceptance ofthe 

detectors (typically smaller by at least a factor of 21, but more so to the much 

smaller fraction of charm decays which can be fully reconstructed in the existing 

detectors. The much larger sample of inclusive charm, however, overcomes the 

branching fraction limitation. In addition, the use of fully reconstructed charm 

pairs allows the measurement of more precise physical quantities since both 

longitudinal and transverse momenta are explicitly measured. In the topological 

measurements, one must basically be satisfied with azimuthal correlations or 

heavy dependence on models for unfolding other kinematic correlations. Table 4 

lists the recent experiments with published results on double charm events. So 

far, the physics results are scattered over a variety of topics. These include raw 

kinematic correlations, meson-meson and meson-baryon final state production 

ratios and qualitative tests of QCD with evidence for next to leading order 

processes. 
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Table 4 Charm correlations 

Erprkcnt Energy Reamrrarget Number Physics Results ref. 
EWlt.5 

NA32 230 It-K3 584 Final States (66) 
Absolute BR’s (66) 
Angular Correlations (66) 

WA 75 350 xmEmulsion 102 Final States (64) 
Angular Correlations (64) 

LEBC-EHS 360 C’P 53 Angular Correlations (62) 
LEBC-EHS 400 P’P 233 A”@,larCorrelatiions (63) 
E653 800 p/Emulsion 35 Angular Correlations (65) 

Angular correlations are the most copious results from the various experi- 

ments The charm and anti-charm particles are expected to be opposite each 

other in the transverse plane in the simplest par-ton models. Only the intrinsic 

transverse momentum ofthe incident partons, k,, modifies this. Indeed, opposite 

peaking (62-66) is observed. However, the width of the correlations are much 

broader than one predicts from leading order gluon fusion model calculations. 

This supplies evidence for the importance of next to leading order effects where 

emitted gluons would further modify the nearly back-to-back production of the 

final charm hadrons. In general, the peakingincreases(e.g., as showninFigure8) 

with such kinematic variables as the mass of the charm pair, the transverse 

momentum of the charm pair and the rapidity gap of the charm particles (67). 

This is as one might expect in the hardest collisions, as tagged by high values of 

these parameters. On the other hand, E653 observes polar angle peaking whichis 

more pronounced than predicted by QCD models. 

NA32 has the largest pair sample with 642 charm pair events (only 584 of 

these appear to be charm-anti-charm). From the charm-anti-charm events, they 

report (66) a dominant fraction of pair produced charm (DE and A,&, etc.) 

relative to associated production (Di\, etc.). Among these events, the DE seem to 

be produced back-to-backin the plane perpendicular to the beam. The DES are not 

so, and the associated production seems to lie in-between. With their sample, they 

explore the technique of determining absolute branching ratios (68) and obtain 

(model dependent) results consistent with the more precise measurements from 
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Figure 8. E653 data an correlations in the transverse plane YS production 
parameters, showing increased correlations with increased sum pt of the 
charm pair, XF gap between them and effective mass of the charm pair. 

e+e- collisions. Their sample and our general understanding are not adequate yet 

to determine absolute branching ratios for D, and charm baryons. 

Theoretical work has been limited to leading order QCD calculations so far 

(69). However, Mangano, Nason and Ridolfi (70) have performed calculations 

which are relevant to collider energies and indicated ongoing work about to be 

available which will be relevant for fixed target experiments. 

One should not leave the charm pair observations without noting the 1% 

fraction, relative to charm pair events, of double associated charm (i.e., 4 charm 

particles per event) reported by WA75 (71). 

8. NUCLEAR TARGET DEPENDENCE 

The use of small, solid targets is required in order to benefit from solid state 

tracking devices. This, in turn, necessarily raises the issue of the dependence of 

results on the nuclear material used. Not only is this important for comparing 

results among experiments with different targets, but also in extrapolating to 
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experiments with hydrogen targets and to theoretical calculations of the basic 

process. More fundamentally, if the process of producing charm quarks is truly 

the result of hard par-ton-parton interactions, one anticipates that the cross 

section will be proportional to the number of partons and, therefore, the number of 

nucleons in the target material, i.e. a=1 in Equation 5. 

IJ = o,,A= (5) 

This is unlike diffractive production, for example, which should go as the atomic 

weight, A, to the 2/3 power. Thus, the A-dependence is a measure of the 

applicability of the QCD calculations. In fact, the early (indirect) measurements 

by WA78 (72,73) and E613 (74) indicated a cross section which was proportional 

to A314. This contributed to the belief that charm hadroproduction was not a 

domain where perturbative QCD calculations could be applied. There is also the 

possibility that the structure functions and fragmentation could vary with the 

nuclear environment. 

The A-dependence of charm production is best measured by using directly 

observed charm particles in data taken in a single experiment from a variety of 

target materials at the same time. Both WA82 at CERN and E769 at Fermilab 

ATOMIC NUMBER ATOMIC NUMBER 

Figure 9. Nuclear target dependence ofthe D meson cross sections from E769. 
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followed this technique. Many experi- 

mental uncertainties cancel in the de- 

terminationofafromthedata. InE769, 

the beam went through all ofthe targets 

at the same time while in WAS2, part of 

the beam went through each target ma- 

terial, providing less complete cancella- 

tion of the systematic errors and requir- 

ing knowledge of the beam profile and 

position. Data for D meson production 

from the four target materials of E769 Figure 10. Dependence of the slope param- : 
eterafromfigure 9”s the scaledlongitudinal 
momentum. The solid curve is from Barton, (56) are shown in Figure 9. The param- 
et al (75) and summarizes lower mass non- 
charm meson and baryon data. 

eterization of Equation 5 represents the 

datavery well. Yet this and other recent 

results (Table 5) are inconsistent with the earlier indirect measurements. 

Neither of the earlier measurements, by WA78 and E613, have significant xF 

dependence in the plots in their papers. However, E613 described the result as 

“suggestive” of an xF dependence. This may have been motivated by the welI 

measured nuclear target dependence, for lower mass mesons and baryons, 

summarized by Barton et al (75). This possibility was supported in the review by 

Table 5 A-Depcnden~e charm data 

Etperiment Process a XF range ref. 

WA82 PA-G’S 0.88 IT+% 0. <x p 0.7 (57) 

<xp=O.24 

E769 XA-+D+ 1.04M.08 &<XF<O.5 (56) 

ICA-& 0.99M.10 0. < X F < 0.5 (56) 

WA 78 n-yield of prompt single p+ 0.76fo.08 <XF>=0.2 (72) 

n-yield of prompt single )I- 0.83fo.of, <XF>=0.2 (72) 

p yield of prompt single p+ 0.7~0.12 <XF>=O.l (73) 

p yield of prompt single p- 0.76fo.13 <XF>=o.l (73) 

E613 p plvmpr v, even, ra*u 0.7Sf.O.M <XF>=0.15 (74) 



29 

Tavemier (5). However, the most recent data do not support this suggestion 

(Figure 10)eventhoughthedatacoverthesamexFrange(76). Intryingtoexplain 

the differences in the experimental results, it is easiest to imagine changes in 

experimental conditions during the different target configurations used in the 

beam dump experiments e.g., the beam halo or other instrumental effects. In any 

event, the systematic uncertainties are inherently smaller in the more recent 

data. 

The very high statistics measurements of A-dependence for the production of 

hidden charm in the hadroproduction of the J/v and u/ (77) gave an a value of 

0.920 f 0.008. If outgoing charm quarks felt only small nuclear effects, one could 

imagine that the open charm and hidden charm A-dependence would be the same. 

At this point, the data are consistent with this view. Higher statistics yet will be 

needed for the open charm for better A-dependence measurements as a function of 

xp and pt. It will be interesting to compare these dependences with those observed 

for the J/v. 

The motivation for developing theoretical models to explain an A-dependence 

that is different from a = 1 is greatly reduced by the recent data. Nevertheless, 

deviations from a = 1 may be due to absorption of the incident hadrons (78), 

changes in the gluon structure functions as a function ofthe nuclear environment 

(79)orcolorscreeningeffectsontheoutgoingcharmquarkmatter(80). Therecent 

references cited find it dificult to explain large deviations from a = 1. 

9. SUMMARY AND OUTLOOK 

Charm hadroproduction is in the midst of its second generation of work in both 

experiment and theory. This is a high productivity generation, one with high 

statistics, open acceptance and good signal/background ratios from experiments 

and a consistent theoretical picture based on quantum chromodynamics calcu- 

lated tonextto leadingorder. Progressinexperimentaltechniquebeyondthefirst 

generationhasbeendependentonprecisiontrackingofchargedparticlesinavery 

large sample of fixed target data. That data are in general, even quantitative, 
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accord with QCD predictions. The predictions are based on the dominance of the 

gluon-gluon fr~rnion process, but require detailed and quantitative understanding 

of the next to leading order QCD processes. 

There is no continuing evidence for the earlier large effects which were not 

easily explained in QCD models. Recent data do not show steep energy depen- 

dence of the cross section, nor large leading particle production nor intrinsic 

charm in nucleons. 

There is evidence for similarity in the gluon structure functions in pions and 

kaons, and softer gluon distributions in protons. The fragmentation process 

where charm quarks turn into outgoing hadrons appears to be very hard, i.e., the 

charm particle taking essentially all the energy of the initial charm quark. The 

hadronization process remains to be fully explained; even the Monte Carlo 

methods have not yet been tuned to match hadronization data. 

The most recent measurements of nuclear target dependence also encourage 

a QCD interpretation of the production process. Earlier indirect measurements 

have been supplanted by higher statistics direct measurements which indicate a 

cross section nearly proportional to the number of nucleons in the target as 

anticipated for constituent hard scattering processes. 

Asofthetimeofthisreview,finalresultsfromthehighstatisticsexperiments 

which took data at the end of the 1980’s are just appearing. Yet to come are the 

detailed interpretations ofthese data and the results ofevenhigher statistics data 

already taken in the decade of the 1990’s. New techniques to further exploit the 

power of solid state detectors used for precision tracking are needed for any major 

leapin capability for hadroproduction of charm experiments. Such improvements 

would be useful in both selecting charm events and increasing the recording of 

interesting events. Any improvement is likely to affect both at the same time. 

While progress is being made, the technologies are both expensive and time 

consuming to develop. Such improvements, as well as a new kinematic regime of 

hadroproduction data, may come from hadron collider experiments where the 
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high energy physics community is focusing much more money and effort. In the 

mean time, charm hadroproduction is enjoying a period richin data and providing 

an opportunity for detailed comparisons with theory, a period which should see 

increases in both basic understanding and quantitative parameterization. 
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