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We have studied D* production mechanisms using data from a photoproduction experiment at
the Fermilab Tagged Photon Spectrometer. A large sample of charged D*’s was selected via the
clean signature of the cascade decay D*— D% and subsequently D°—-»K 7+ or D° K ~7+7°
The cross section for the process yp —(D** 4-anything)p at an average energy of 105 GeV was
measured to be 88+32 nb. Only (11+7)% of D*’s were found to be consistent with being accom-
panied solely by a D*ora D; the remaining events contain additional particles. The distribution of
the production angle of the D* in the photon-fragmentation-system center of mass is strongly aniso-

tropic and consistent with the form f(6%)=cos*0*.

We set a limit on the associated-production-

process cross section a(yp —(D* " +anything)A.) < 60 nb (90% C.L.).

The photoproduction of charm particles can be viewed
as a fluctuation of a photon into a c¢¢ pair with subsequent
scattering of one of the quarks off the target."? The
framework of QCD can be applied to this process with
the lowest-order perturbation-theory approximation con-
sidered to be adequate.!™® This is justified by the fact
that the threshold invariant mass M2 of the produced
charm system is large enough so that the effective QCD
coupling constant o (M,2) is small (0.2—0.4). Compar-
ing the results from photoproduction experiments with
models based on these ideas provides a valuable insight

32

into QCD, testing at least the validity of the lowest-order
perturbation-theory approach. The existing data on the
J /¢ photoproduction cross section agree very well with
the calculations based on the photon-gluon fusion dia-
gram.”~ ' There exist hardly any data, however, on vari-
ables describing directly photoproduced open-charm sys-
tems, especially those defined in the ¢¢ (photon-
fragmentation) center of mass. This paper presents distri-
butions of several such variables which are measured
directly for events with a single proton in the target-
fragmentation system.
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FIG. 1. The Tagged Photon Spectrometer at Fermilab.

The Fermilab Tagged Photon Spectrometer (TPS),
described in detail elsewhere,!! is unique in combining a
large-acceptance, complete forward spectrometer with a
sophisticated recoil detector. Together with a 1.5-m
liquid hydrogen target, the system allows a complete mea-
surement of four-momenta of initial (E,, proton target)
and final-state (large-acceptance recoil and forward mea-
surement) particles. This permits careful study of the
mechanisms involved in photoproduction and decay of
charm particles.'>!3 Here we present results of an
analysis of D* production based on data taken with the
TPS. Photons, produced via the bremsstrahlung of 170-
GeV electrons, had energies in the range 40<E, <160
GeV, with an average of 105 GeV. The integrated photon
flux corresponds to a luminosity of 480 nb~1.

The TPS detector is shown in Fig. 1. Twenty-nine
planes of drift chambers and two large-aperture magnets
were used to analyze forward charged tracks. Two
unpressurized segmented Cherenkov counters (containing
N, and a N,-He mixture) allowed charged-particle identi-
fication in the momentum range 6—36 GeV/c [7 vs (K or
p) in the momentum range 6—20 Gev/c, and 7 vs K vs p
between 20 and 36 GeV/c]. Three high-resolution seg-
mented electromagnetic shower detectors'* were used for
7° detection. A hadron calorimeter!® and a set of scintil-
lator hodoscopes downstream of an iron filter used for
muon identification completed the forward spectrometer
system. The recoil detector!® surrounding the liquid hy-
drogen target consisted of three cylindrical multiwire pro-
portional counters (MWPC’s) and a four-layer scintillator
calorimeter in 15 azimuthal sectors covering 94% of 2.

It measured trajectories and energies of recoiling tracks.
The detector accepted tracks with polar angle 6 > 20° and
momentum transfer in the range 0.06< |t| <12
(GeV/c)?. Energy resolution was 5—10 % in this range.
It also identified particle type (7 vs p vs e).

The geometrical acceptance in the laboratory frame for
the recoil and forward systems, in terms of pion rapidity,
is shown in Fig. 2. In the case of single-recoil-proton-
events, the recoil detector covered fully the target-
fragmentation region and the forward spectrometer
covered the photon-fragmentation region. A high-speed
ECL-CAMAC trigger processor!’ attached to the recoil
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FIG. 2. TPS laboratory rapidity acceptance for the recoil and
forward detector systems. Calculated for pions assuming
{p:)=350MeV/c, E, =100 GeV.



system was designed to isolate two selected subclasses of
the total-charm cross section. The “high-mass diffrac-
tive” trigger required a single proton at the primary vertex
recoiling off the forward system with forward missing
mass My > 2.0 GeV.

We studied two possible sources of contamination in
this trigger: events which had additional, unreconstructed
tracks in the recoil system, and events in which a proton
from a secondary interaction was associated with the pri-
mary vertex. Both classes of background events tend to
mimic a high missing mass. The most significant con-
tamination comes from events in which neutral particle(s)
-accompanying a proton remained undetected in the recoil
detector. To investigate this problem we have constructed
a model in which we assumed 30% of total photoproduc-
tion cross section to proceed via yp—XN*, N*—pnP,
and N*—pn°7° (with branching ratios of 60% and 40%,
respectively). The four-momentum-transfer distribution
was assumed to be of the form exp(—3.5]|¢|) and the dis-
tribution of forward mass My flat in My? from the pion
threshold to 10 GeV. These Monte Carlo studies, which
include the effects of detector inefficiencies, indicate that
the contamination is vastly reduced for charm events with
a single proton in the recoil. Observation of a D* in such
an event implies the pair-production process, and the
mass of the forward system My >4 GeV. For this class
of events the contamination was found'® to be small,
<10% even in the highest-mass bins, and does not affect
the results shown.

The “target-fragmentation” trigger, optimized for A,
acceptance by means of a Monte Carlo study, required at
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FIG. 3. D*-D mass-difference histograms.
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least three charged tracks (from the primary vertex) in the
recoil detector.

For the present analysis we select a sample of charged
D* events in which a D*— D%+ decay was followed by
one of the decays D°—~K —7+, D’ K 7+ (Unless
specified, the charge-conjugate states are implicitly in-
cluded). Our technique exploits the fact that the D*+-D°
mass- difference is only a few MeV larger than the pion
mass. As a result, the distribution of the mass difference
M(D°+7+)—M(D®) shows a clean, narrow peak at the
D*-D° mass difference. We consider K ~7*(7°) com-
binations whose reconstructed invariant masses lie within
50 MeV of the D° mass, 1865 MeV. We have used infor-
mation from Cherenkov counters to assign each particle a
set of particle-type probabilities (e,u,7,K,p). For the
multiparticle combinations the cuts used were on the joint
probability for a given mass hypothesis.

For each K 7+ (#%) 7" combination we plot the mass
difference

AM =My _ 10,0+ “MK—1;+(1r°) ’
Shown in Fig. 3, both channels in these plots manifest a
strong D* peak. Fitting the data to a background of the
form aQ'/*(1—bQ), where Q =AM —M,, plus a Gauss-
ian centered at the D**-D° difference, 145.5 MeV
(0=1.2 MeV), gives 64+12 D° K ~7* events in the D*
peak and 95+15 in the K ~7*7° mode.

Restricting the sample to single-recoil-proton events,
those in which a proton and no other track from the pri-
mary vertex has been reconstructed off-line in the recoil
detector, we have measured the cross section for the recoil
elastic process yp—(D*™* 4 anything)p. (These events
come from the high-mass diffractive trigger.) In the
mode with DK ~7+ we find 34+8 such events. After
correction for the trigger and reconstruction efficiencies
and assuming equal production rate for D** and D *~
we obtain the cross section of 85+21(stat)+23(syst) nb.
For the K ~m+t7° mode the corresponding numbers are
36+11 events and 92+30+35 nb. The corrections were
determined using a full Monte Carlo simulation of the ex-
periment.

The generated events were of the type yp —Xp, with the
My, distribution flat in My? from charm-pair-production
threshold to 12 GeV. The distribution of four-momentum
transfer ¢ to system X was assumed to be of the form
exp(—3.5|¢|). System X consisted of D*D*,
D*D*rt7—, and D*D *m+ 7~ 7#° with adjustable relative
frequencies. D** was allowed to decay into D%r* and,
subsequently, D°—K ~7* or D°—- K ~7+7° The aniso-
tropy of D* angular distribution in the c.m. of system X
was an adjustable parameter, all other decays were gen-
erated according to isotropic phase space in the corre-

TABLE 1. Energy dependence of the cross section.

Energy range o
(GeV) (nb)
40—80 24+34+8
80—120 98+31+32
120—160 105+39+33
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FIG. 4. t'=t —t;, four-momentum-transfer distribution for
single-recoil-proton events (efficiency and acceptance corrected).

sponding c.m. frames. The decay of the “other-side”
D *~ into D% was followed by D°—K +n, where de-
cay modes and their ratios were adjusted to match re-
sults’® of Mark II at the SLAC positron-electron ring on
neutral- and charged-pion multiplicities of inclusive D°
decays. The generated particles were, after proper
transformation into the laboratory frame, propagated
through the complete simulation of the spectrometer.
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FIG. 5. Summary of charm-photoproduction cross-section
measurements (Ref. 21).
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FIG. 6. Distribution of the D* production angle in the
photon-fragmentation system c.m. (acceptance and efficiency
corrected).

The combined acceptance and detection efficiency for
the D°K~7t and D°—K 7*7° channels are
0.164+0.010 and 0.041+0.003, respectively. [We have
used branching ratios®® of (2.4+0.4)% and (9.3+2.8)% for
the D°K 7+ and D°—K w7 respectively, and
(64+11)% for the D* —D%*.] Combining the two sam-
ples we find o=88+17+27 nb. We have also measured
the energy dependence of this cross section, as shown in
Table I. This measurement is of what is often called the
elastic or the diffractive part of the total D* photopro-
duction cross section. This notion is supported by a sharp
falloff in t'=t—t;,, the four-momentum-transfer distri-
bution measured using the target- and recoil-proton mo-
menta. A background-subtracted ¢’ plot of D* data is
shown in Fig. 4.

A summary of existing charm-photoproduction cross-
section data®! is presented in Fig. 5. Our cross-section
measurement is ~20% of the total-charm cross section
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FIG. 7. cos@f and p, for single-recoil-proton D* events.
Curves show Monte Carlo simulations for flat and cos*6*
dependence of the D* production angle in the photon-
fragmentation system c.m.



32 STUDY OF D* PRODUCTION IN HIGH-ENERGY yp INTERACTIONS

TABLE II. D*p, and cos@5 for data and Monte Carlo.

(pP")
{cosO}) (GeV/c)
Data 0.25+0.06 0.75+0.04
Monte Carlo: :

flat 0.08 1.44
cos?6* 0.13 0.99
cos*9* 0.23 0.80
cos®9* 0.36 0.65

measured by the European Muon Collaboration® EMC
and Berkeley-Fermilab-Princeton® (BFP). The direct ratio
of the TPS (D* + anything)p and Columbia-Illinois-
Fermilab®?> (CIF) D* + anything measurement is
0.59+0.34. (Errors are dominated by the relative normali-
zation uncertainties.) At the low end of the error range
this is consistent with the elastic part being ~25% of the
total.

For the ¢’ distribution and for all the distributions
shown below that characterize D* production, we have
studied those events with AM in the range 144—147 MeV.
We have subtracted the background contribution estimat-
ed from the data by considering events which would have
passed cuts except that either (a) the pion associated with
the D° combination was the wrong charge, (b) M K=+ (a0)
was outside the D° mass region (in 1.65—1.75 and
1.95—2.05 GeV), or (c) AM was outside the D*-D° mass-
difference region (in the 160—200-MeV range). The dis-
tributions from these three samples were combined and
normalized to the amount of the background determined
from the fit used for the cross-section measurement.

For the single-recoil-proton D* events we have studied
the angular distribution of the D*’s in the c.m. of the
photon-fragmentation system. We calculate the four-
momentum of this system from the beam energy and the
target- and recoil-proton momenta. We define 6* as the
c.m. angle of the D* with respect to the direction of the
photon-fragmentation-system momentum in the laborato-
ry (6* is the polar angle of a D* in the helicity frame). 6*
can be measured in this experiment in two independent
ways using recoil and forward detectors. The measure-
ment derived from E,, Purgets and Precon is called 6.
That derived by adding the four-momenta of observed

FIG. 8. Multiplicity of a system accompanying the observed
D* ny. Dashed line shows the expected distribution for D*D *
only events.
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FIG. 9. Distribution of the mass of the photon-

fragmentation system, My, for single-recoil-proton events with
identified D* (high-mass diffractive trigger). Efficiency and ac-
ceptance corrected, as are all the distributions presented below.

forward particles is called 65. The cos@k distribution,
corrected for the reconstruction efficiency, is shown in
Fig. 6. It is strongly anisotropic and is consistent with the
superimposed fitted distribution cos"0k, n =4+1. In Fig.
7, we compare the data in distributions of other variables
with Monte Carlo events generated with a cos?9* and a
flat cos6* distribution. Shown in Fig. 7 are p, of the D*
and cos@F. The mean values of these two variables for the
data and Monte Carlo samples with different cos6* distri-
butions are listed in Table II.

Enhancement of forward-backward production in the
case of photoproduction of heavy systems, as seen clearly
in these distributions and measurements, was suggested by
Bjorken.”> The backward-going quark (antiquark) is
“wee” in the laboratory and thus more likely to interact
with the target. Based on scaling arguments, the model
predicts a significant anisotropy of the angular distribu-
tion for large masses of the photon-fragmentation system,
My. Similar anisotropy, expected to increase with the
mass of the produced charm-anticharm system, is also
predicted by the photon-gluon-fusion-model calculations
(Bethe-Heitler process of QCD).2*

As part of understanding how the cc state hadronizes
we have studied what accompanies the observed D*. In
the following diagram we define the three groups of out-
going forward particles (X, Y, and Z) that can be mea-
sured to give information on the forward state produced
with the D*:

X represents all forward particles, Y is the forward sys-
tem except the observed D**, and Z is the forward sys-
tem exclusive of the observed D* and a presumed but not
directly observed D*. Five essentially independent mea-
surements are presented. These are the multiplicity of Y
and the masses of X, Y (determined in two ways) and Z.
All indicate that the D* is rarely accompanied solely by a
D*oraD.
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FIG. 10. Distributions of M§ for single-recoil-proton events.

The observed multiplicity distribution of charged tracks
in Y, for all D* events with no secondary interactions is
shown in Fig. 8. This is compared to what is expected if
Y=D* only by using SPEAR Mark II and Lead Glass
Wall data!® smeared by the TPS detection efficiency
(dashed line). The mean expected and observed multipli-
cities are (nz«)=2.09£0.09 and (ny)=3.20£0.26. The
difference 1nd1cates the presence of at least one additional
particle on average.

The distribution of My for the single-recoil-proton
events with identified D* is presented in Fig. 9. The turn
on of D* production is substantially higher than the D*D
threshold suggesting the presence of additional particles.

' The mass of the Y system, which should be about -2
GeV for D*D* (or D*D) only production can be mea-
sured in two independent ways. The most sensitive is the
measurement made by calculating for single-recoil-proton
events the missing mass M¥ of everything in the final
state except the observed D* and the recoiling proton.
The distribution is shown in Fig. 10. The dashed lines at
+600 MeV around 2 GeV include 95% of the Monte
Carlo—generated distribution for D*D* events, which
peaks at the D* mass. Only (11+7)% of the data falls in
this region. This is the strongest indication of the relative

Monte Carlo
15 7 D*D*only
events i
600 MeV B ;
10 ! Monte Carlo
11% D*Donly
5 —
T T T T T 1
o} | 2 3 4 5 6
F
My (GeV)
FIG. 11. Distributions of M¥, computed directly from the

observed charged and neutral particles.
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FIG. 12. Distributions of M for single-recoil-proton events.

rarity of D*D* or D*D only production. The solid
curve shows the Monte Carlo expectation for 11%
D*D*, 445% D*D*r*n~, and 44.5% D*D *r*m—7°.
(Details of the Monte Carlo simulation are described ear-
lier in the text.) Although this has excellent agreement
with the data it is not intended to indicate that this distri-
bution of extra particles is unique in matching the data.
Channels with more than three #’s may contribute and
cannot be confirmed or ruled out with this technique. A
second way of measuring My is to compute it directly
from the observcd charged and neutral particles. The dis-
tribution, MY, is shown in Fig. 11 for all D* events with
no secondary interactions. It gives the same conclusion as
MR but because of detection inefficiencies is less sensitive.
Here the fraction below 2 GeV (where 92% of Monte
Carlo D*D * events is contained) is (44+18)%.

The fifth measurement assumes the presence of a
second D * and computes M, of all particles in the for-
ward system except the two D*’s. For D*D* only pro-
duction Mz =0. The method is based on another conse-
quence® of the small value of M .—M —M, (5.9
MeV). To a very good approximation the momentum of
the D* equals a constant times that of the 7 coming from
D*— D% decay: P,«=~14.36 P,. The energy of a D* is
then obtained by assuming the D* mass. M is comput-
ed for all available correct charge pions using the same
approach as for the M§ but here also subtracting the four
momentum of the second D*, obtained in the manner

My > 6 GeV

050
Dc(2) +

0.25 §

AN

‘O OA2 O 4 O 6 I
) V4
FIG. 13. Distribution of z=2E /My for D* events with

My > 6 GeV. Dotted curve is a fit to the form suggested in Ref.
31 with e=0.11 (Ref. 30).




described above. A small part of the resulting distribution
in M,? around zero is shown in Fig. 12 with the Monte
Carlo expectation for D*D * only events. The dotted line
contains 95% of Monte Carlo events and, at 90% C.L.,
< 18% of the data. In summary, all four measurements
are consistent with the M§F based result that only
(11+7)% of D* are accompanied solely by a D * or a D.
In ete™—D-+anything at E_,, =5.2 GeV the Mark 11
group at SPEAR has made a similar observation that
most of D production is not quasi-two-body.2¢

The distribution of z=2E«/Mx in the My center of
mass is shown for D* events in Fig. 13. This is a mea-
surement of the charm-fragmentation function modified
by threshold effects which we have attempted to reduce
by cutting the data at My >6 GeV. The D* events are
concentrated near z=0.7. Similar results have been seen
in neutrino,?” muon,?® and ete~ (Ref. 29) interactions.
The curve is a fit>® to this earlier data using the parame-
trization developed by Peterson et al.’!

The distributions of Feynman x in the overall c.m. for
the D*’s, for all events, and for single-recoil-proton events
are shown in Fig. 14. We have fitted both distributions to
the form a(l1—xp)" and obtained the values of
n=0.710.4 and 1.11+0.4, respectively. A similar value of
n~1 was also observed for pions produced in single-
proton events.!!

Finally, we have also addressed the question of the im-
portance of associated production processes in D* pho-
toproduction. We have used D** events obtained with
the A, sensitive trigger to look at the D *-D* charge
asymmetry. In the K7 mode the difference is 6+5 events,
while in the K77° mode it is 13+11 events. (In the high-
mass diffractive trigger, the corresponding values are
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FIG. 14. Distributions of D* Feynman x for all events and
for single-recoil-proton events. Results of the fits to the form
a(1—xp)" are superimposed.

—10+8 and 25+11 events.) Interpreting the asymmetry
as coming entirely from the associated production process
we obtain, after correcting for trigger and reconstruction
efficiencies, an upper limit for the cross section
o(yp— (D *~ + anything)A.) < 60 nb (90% C.L.) with an
additional 40% uncertainty in the absolute normalization.
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