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Photon-Gluon-Fusion Analysis of Charm Photoproduction
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Results on the photoproduction of 10000 fully reconstructed charmed particles from the 10 recorded
triggers of Fermilab experiment E691 have been analyzed in the photon-gluon-fusion model. We find

that the total cross section, its rise with energy, and the pT and xF distributions can be explained by a

high mass for the charm quark (m, =1.74-+II ~~i GeV/ c) and a soft gluon distribution [G(x)—(1 —x) ',
where ns =7. 1 ~ 2.2].

PACS numbers: 13.60.Le, 12.38.Qk, 13.60.Rj

Predictions of perturbative QCD at fixed-target ener-
gies can be used to extract information on the structure
of hadrons. In particular, the quark structure functions
have been measured in deep-inelastic scattering experi-
ments with lepton probes. These experiments are not
directly sensitive to the gluon structure function G(x),
which enters only as a correction in deep-inelastic lepton
scattering. However, other processes such as hadropro-
duction and photoproduction of heavy quarks and
prompt-photon production are directly sensitive to G(x).
In an earlier paper we described the measurement of the
total photoproduced charm cross section, its dependence
on energy, and the pT and xF distributions of charmed
mesons. ' In this paper we describe the extraction of the
gluon structure function per nucleon in beryllium and
the charm-quark mass from these measurements, using
the photon-gluon-fusion (PGF) model.

Photoproduction of heavy quarks as described by PGF
(see Fig. 1) is uniquely suited for the measurement be-
cause only one structure function, G(x), is involved.
Furthermore, in leading order a, and G(x) enter linearly
in the diff'erential cross section. Ho~ever, the appropri-
ateness of this process is mainly because measurement of
a single outgoing parton is suScient to determine the en-

tire kinematics. The uncertainties that remain include
the intrinsic kT of the initial-state partons and the frag-
mentation of the outgoing heavy quark. The uncertainty
in intrinsic kT is minitnal because only one initial-state
particle has this kT, which in turn is shared by the two
outgoing heavy quarks (reducing the effect on each).
The uncertainty due to kT can be further minimized by
restricting analysis to the region of high pT where per-
turbative QCD predictions are, in any case, on firmer
ground. Thus the only remaining uncertainty is the
heavy-quark fragmentation, which is reasonably well un-
derstood from e+e production. In a recent publica-
tion it was shown that the next-to-leading-order correc-

FIG. 1. The Feynman diagrams that contribute to photon-
gluon-fusion production of charm at the tree level.
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tions for heavy-quark photoproduction are indeed small

as compared to those in heavy-quark hadroproduction,
Drell-Yan, and prompt-photon production. Specifically,
the total cross-section estimate is increased by only 32%
relative to the leading-order calculation and the shape of
the diff'erential distributions are essentially unaffected.

Our charm-production experiment E691 collected data
using the tagged-photon spectrometer at Fermilab and

has already been described elsewhere. In summary, the

photons ranged in energy from 80 to 230 GeV (&E„)
=145 GeV), and were incident on a beryllium target fol-

lowed by a high-resolution silicon-microstrip vertex
detector and a spectrometer. This analysis is of the to-
tal cross section and differential distributions in pT and

xF, described in a previous publication, for the high-

statistics modes D ~K x+, D ~K z+z+z, and
D+ K yr+yr+. (Charge-conjugate states are included

implicitly throughout this paper. )
As can be seen from Fig. 1, the kinematics in the par-

ton frame is given entirely by the photon energy E, and

by the fraction x of the nucleon's momentum that is car-
ried by the gluon. The parton-level cross section cr(s)
rises roughly logarithmically with the square of the ener-

gy in the photon-gluon collision, s. The total cross sec-
tion is given by

o' (Ey) = -dx cr -(xs) G(x) (1)

where s is the square of the center-of-mass energy in the
photon-nucleon collision. The total cross section cr„- is

most sensitive to m„ the charm-quark mass. The mini-

mum x that is probed by a given photon energy is given

by

xmin mthresh/2mN~y (2)

where m~ is the nucleon mass. As the photon energy is

increased, more and more of the gluon distribution is

probed by going to lower x. Thus, the rise in cross sec-
tion is a measure of the shape of the gluon structure
function and is sensitive to the power n~ in the assumed
shape:

G(x) =(1 —x)"', (3)

dc'

dt ,'aa, —2+ pyrev ( + 1) 2/4

S ~ li2 E i E2
(4)

where G(x) is the momentum density of gluons in a nu-

cleon. Although this shape (motivated by counting
rules) is expected to be valid only at large x, we simply
follow the convention of using this form for all x. In
fact, what our data are most sensitive to is the slope of
G(x) in the range x =0.04-0.08. A scaling distribution
is assumed at least in part because the available range of
Q, the argument of a„ is narrow (=16-25 GeV )
since the mass of the produced cc pair peaks sharply near
threshold.

The parton-level differential cross section can be writ-
ten as

where e~ is the charge of the charm quark and p, t i, and

t2 are defined by

p =4m,'/i,

r t =(m,' i)—/s =(1 —P„cos8)/2,

l')+f2 =1,

(5)

(6)

(7)

where P, is the speed of the charmed quark in the par-
tonic center-of-mass frame, and s and r are the familiar
Mandelstam variables in the partonic center-of-mass
frame. It is clear from Eq. (4) that the cross section
peaks as t~ 0 and t

L
1. The range of ti is limited to

(1 —P, )/2 ( t ( (1+P,)/2, (8)

where the limits correspond to cos0=+ 1. A lighter
charm quark allows t~ to approach its limits of + 1

which leads to more forward-backward peaking of the
quarks and hence a softer pT distribution. The xF distri-
bution in the range measured is not very sensitive to ei-
ther m, or ng, but is sensitive to the fragmentation
scheme used. Because of the limited range of Q, a, is
eA'ectively a constant. Thus the cross section is insensi-
tive to a choice of the argument of a, which we assume
to be s (the only scale in the process).

Recently, Ellis and Nason calculated the next-to-
leading-order (NLO) corrections to the total and
differential cross sections. It is clear from that work that
the differential cross sections are virtually unchanged in

shape from the leading-order (LO) case, so we use the
simpler leading-order results to fit our diA'erential cross
sections. The NLO total cross section, however, is 32%
larger than the LO result at our energies and hence we

use the NLO result to fit our total cross section. Our
a„- 0.58+ 0.01+0.06 pb, at a mean photon energy of
145 GeV, when fitted by the NLO results yields a
charm-quark mass of 1.6-+0 i GeV/c . The errors in-

clude the theoretical errors due to the renormalization
scale and the gluon distribution as mentioned in Ref. 2.
The gluon distribution used in Ref. 2 is not strictly a
scaling distribution of the form (3), but is well approxi-
mated by that form with ng =7.4. As described earlier'
the total cross section is derived assuming an A depen-
dence of the form A, but is consistent with A ' within

systematic errors.
Fixing m, to 1.74 GeV/c (our final combined fit value

below), we next fitted the slope of the cross section
versus energy to find ng and obtain ng =8.8 —+~3. A nice
feature of this result is that it arises from the slope of the
total cross section and hence is independent of uncertain-
ties arising from fragmentation and the intrinsic kT of
partons. As the PGF-model prediction does not have an
appreciable curvature in the region studied, there is no
further information contained in higher-order moments.

%e view fragmentation as having three kinds of un-

certainties:
(1) The fragmentation scheme could have the c and c
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quarks fragmenting independently of each other.
(2) Even in the case of string fragmentation, the cc

pair can hadronize independent of the target or with one

string between the charm quark and the target diquark
and another between the anticharm quark and the target
quark.

(3) There are errors on the parameters of the charm
fragmentation function as measured by e+e experi-
ments.

The first two of these can be viewed as uncertainties in

the dressing of the charm quark.
The errors in the fragmentation-function parameters

are propagated through our analysis and do not contrib-
ute significantly to any of the errors on our measure-
ments. In our Monte Carlo simulation (which used the
Lund Monte Carlo program for fragmentation) we

varied the fraction of remnant nucleon momentum in the

diquark and found almost no effect on our final results

and consequently this error is ignored. Allowing the cc
pair to hadronize independently results in a charged-
particle and baryon multiplicity in the forward accep-
tance of our detector which is less than 2 of that ob-

served and hence we disallow this possibility. Finally,
since there is evidence that string fragmentation de-

scribes data better than independent fragmentation' (in

our case g„„„a=3.9 vs g;„d =4.8) we have chosen string
fragmentation in this analysis (see Fig. 2). As is to be

expected from the above discussion, the xF distribution

shape is relatively insensitive to the PGF-model parame-

ters, for which it yields rn, = 1.8 +o 6 G-eV/c and

ng =5+5.
Fortunately, in this process there is only one parton in

the initial state and hence the intrinsic kT (of the gluons)
is only half as important as in most other processes.
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Also, this kT is then shared by the two heavy quarks,
further reducing the effect on the pT distribution of a
single charmed particle. Results from measurements of
the Drell-Yan process are inconclusive about the mag-
nitude of the intrinsic kT because of higher-order contri-
butions. However, a fairly conservative conclusion would
be that the intrinsic pT of the lepton pair is in the range
0.4-0.8 GeV /c . Depending on the degree of kinematic
correlation in the charm-quark pair, this amounts to a pT2

of 0.05-0.2 GeV /c for the single charm quark. We
make the overly conservative assumption that the extra
pT to be added to charmed mesons due to this effect is
0.15+'0.15 GeV /c, i.e., it can be as large as 0.30
GeV2/c . Since this smearing affects mainly the low-pT
region and since perturbative QCD is considered more
reliable at higher pT, we have analyzed the pT distribu-
tion of charm mesons with a cut at pT=2 GeV /c . A
fit yields m, 1.8-+o4 GeV/c and ns =5-+1 (see Fig. 3).
The asymmetric errors are explained by the nonlinear
dependence of the pT distribution on m, and ng

We have also explored the effect of a spin-0 gluon on
the differential cross section. The shape is not very sen-
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FIG. 2. The xF dependence of the cross section on Be for
production of charm events (do„-/dxF). The curves are for
string fragmentation (solid), for the case where the diquark
carries a fixed fraction of the remnant nucleon momentum

(dashed), and for the fragmentation-function parameters
changed by 1 standard deviation (dot-dashed). The string
fragmentation scheme is used as the "central value, " with the
other schemes providing measures of systematic errors.

IO

IO
—3

0

------- GLUON SPIN=0

I l

4 6
p (GeV/c}

8 IO

FIG. 3. The pT dependence of the cross section on Be for
production of charm events (do„-/dpr'). The curves are for
diN'erent values of m„ the charm-quark mass, and of ng, the
power of 1

—x in the gluon structure function. Also shown is

the prediction for a spin-0 gluon.
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sitive to the spin because Eq. (4) changes to l5

drr" trev p 2/4
aa,

dE s , iit2
(9)

n 9

lo—

TABLE I. Results of fits with the photon-gluon-fusion mod-
el of charm production. The result of a fit with a p$) 2
GeV2/c2 cut is considered the most reliable in perturbative
QCD and also has smaller uncertainties due to the intrinsic k$
of gluons.

Fit quantity

da/dpi'',

2 & p$ & 10 GeV'/c'
do/dxF

cc vs Ey

~cc
Combined fit,

2 & p$ & 10 GeV '/c '

m, (GeV/ct)

1.8+842

1.8 —+II 6

1.74 (fixed)

1.74'Il g

ng

5+/

8.8 + 2.3
-7 (see Ref. 2)

7. 1 ~ 2.2

Fitting the pT distribution indicates a weak preference
for a spin-1 gluon.

Finally, the four fits mentioned above and listed in

Table I are combined in a single fit which minimizes the
sum of the individual g . Figure 4 illustrates the 1' al-
lowed ranges of the parameters from the four separate
fits. The combined fit yields m, =1.74-+o ls GeV/c and

ng =7.1~2.2. It is clear from Fig. 4 that these final

values are within the 1o ranges of the four individual
fits. The errors are mainly systematic, with the intrinsic
kT of the gluons being the dominant eA'ect. The sys-
tematic error includes the change in the parameters
when the entire pT distribution is included in the fit.

In conclusion, the results of fits to o„-, its rise with en-

ergy, the xF distribution, and the pr distribution are tab-
ulated in Table I. Also listed are the results of a com-
bined fit. The most reliable result is the combined fit in-

cluding data only for the region pT) 2 GeV /c which

yields rrt, =1.74 —+o Is GeV/c and ng =7.1+ 2.2 at

Q =20 GeV . As mentioned earlier, it would be more
accurate to say that we have measured the ratio
[dG(x)/dx]/G(x) for gluons in beryllium at x =0.06 to
be —7.6+ 2.3; we quote the result for ng because it is

conventional to do so. Thus we have determined the
mass of the charm quark and contributed additional in-

formation on the shape of the gluon distribution. The
value of m, should be useful in describing other process-
es involving similar perturbative QCD calculations, e.g. ,

in neutrino- and hadro-induced charm production pro-
vided next-to-leading-order calculations are used.
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