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The hadronic production of charmed states was studied in a two-arm spectrometer using a 205-
CxeV/c negative-pion beam incident upon a beryllium target. One arm, filled with dense absorber,
triggered the detectors upon the passage of a muon with a moderate transverse momentum and a to-
tal momentum of at least 4 GeV/c. The other arm was an open-geometry magnetic spectrometer
which had both neutral- and charged-particle identification capabilities. The apparatus, the data,
and an invariant-mass-plot search for evidence of charmed-meson production through several
charged-particle decay modes are described. The Km. , Km.m, and Kmmm mass plots fail to reveal sig-
nificant D-meson signals. Based upon the Kn. mass plots, the 95%-confidence upper limit on the
DD production cross section is found to be less than 51 pb per nucleon for the production models
tested. A search for evidence of charged-D production yields 30+16 combinations above back-
ground in association with the expected trigger muon charge. Interpreted as a D* signal, this excess
corresponds to a model-dependent inclusive DD production cross section of 34+ 18+9 pb per nu-

cleon. Model-dependent upper limits on the ratio of the F to D cross sections are also presented.

I. INTRODUCTION

Considerable experimental effort has been expended in
the study of the hadronic production of charmed parti-
cles. ' Even though the absolute rate of charmed-particle
production in fixed-target experiments is relatively high,
small individual branching ratios, large multiplicities, and
enormous backgrounds have made the extraction of infor-
mation on the hadronic production of charmed particles
difficult.

Because of the short lifetime of charmed weak decays
and their relatively large semileptonic branching ratios,
charmed particles are an important source of prompt lep-
tons. Fermilab experiment E515 was a study of 205-
GeV/c ~ -beryllium interactions selected with a

prompt-muon trigger. The data were accumulated with a
two-arm spectrometer. The trigger arm, which was filled
with dense absorber, triggered the detector upon the pas-
sage of a muon with moderate transverse momentum and
a momentum of at least 4 GeV/c. The beam, target, and
absorber geometry were designed to discriminate in favor
of muons of prompt origin. The forward arm was an
open-geometry magnetic spectrometer which contained
both neutral- and charged-particle identification capabili-
ties. The experiment was designed to trigger on prompt
muons, some of which arise from charmed-
(anticharmed-) particle decays, and then observe the decay
products of the associatively produced anticharmed
(charmed) state in the forward arm. Studies of coin-
cidences between muons in the trigger arm and leptons in
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the forward arm have been presented previously, and an
excess of opposite-sign pe pairs was observed which corre-
sponded to a model-dependent DD cross section of 11+4
pb (Ref. 2). An investigation of E+m+ , —K+vr
E+m.—m+vr—+, and K-+If++—+ invariant-mass plots in search
of evidence of the hadronic production of charmed
mesons is presented here. Model-dependent upper limits
on the DD cross section are determined from the K+~+-
mass plot. A DD cross-section measurement determined
from a charged-D* search is also presented. Upper limits
on the ratio of the F to D cross sections are extracted
from a Pm

+— mass plot combined with the results of the
charged D* search.

The spectrometer and the data are described in Sec. II.
Section III describes the event reconstruction. Section IV
summarizes the invariant-mass-plot search. The Monte
Carlo simulation is described in Sec. V. The cross-section
calculations and conclusions are presented in Sec. VI.

II. APPARATUS

A. Beam system

The spectrometer was in the Fermilab M1 West beam
line 500 m downstream of the Meson Center target. The
beam line transported a negatively charged unseparated
beam with a mean momentum of 205 GeV/c. Although
the incident beam particles were not identified, the nonin-
teracting beam was 96% m. , 3.5% K, and 0.5% p (Ref.
3).

The beam was focused to a vertical height ( Y) of 1 mm
at the target. This narrow beam minimized the vertical
distance between the interaction point in the target and
the absorber in the trigger arm. Immediately upstream of
the target were two scintillation counters, 81 and 82,
which were overlapped by 1.5 mm in Y (Fig. 1). The
beryllium target was 2 mm high and 30 mm long. The
top of the target was 1 mm below the lowest edge of the
trigger-arm absorber.

The beam was several centimeters wide (X) at the tar-
get. The X position of the beam particles was determined
by three proportional wire chambers (PWC's), which had

24 anode wires per inch. Two additional scintillation
counters upstream of the target served as an upstream in-
teraction veto. A wall of scintillation counters (1 m wide
and 0.5 m high) shadowed most of the trigger arm, and
this antiwall vetoed most events containing halo muons
incident upon the trigger arm.

B. Trigger arm

The spectrometer is illustrated in Fig. 2. It was divided
into two relatively independent detector systems referred
to as the trigger arm and the forward arm. The trigger
arm was composed of those detectors above a plane in-
clined at 42 mrad from the horizontal and passing
through the target. The trigger arm subtended +150
mrad horizontally and +42 mrad to + 170 mrad verti-
cally. It consisted of tungsten and steel absorber, scintilla-
tion counters, the yoke of the spectrometer magnet, and
PWC's.

The absorber was placed as close as feasible to the tar-
get so as to discriminate in favor of muons of prompt ori-
gin by increasing the probability that charged pions and
kaons interacted hadronically before they could decay
semileptonically. The first 0.15 m of absorber was
tungsten. The remaining 0.76 m of absorber upstream of
the spectrometer magnet was steel. Two scintillation
counters, MOO and MO, were sandwiched in the steel.

The next detector in the trigger arm was the
scintillation-counter hodoscope M1, which was divided
into left and right halves. Each half contained seven X
counters and six Y counters. The individual counters
were overlapped to achieve an effective angular resolution
of 10 mrad.

The 1.22-m-long return yoke of the spectrometer mag-
net served as additional absorber as well as a charge and
momentum analyzer for particles passing through the
trigger arm. The M2 scintillation counter hodoscope con-
sisted of four counters positioned between the downstream
end of the magnet yoke and the magnet's saddle coil.

The next six elements of the trigger arm were PWC's;
three of the PWC's measured X coordinates, while two
others recorded Y coordinates, and one had its sense-wire
plane inclined at 16' with respect to vertical and measured
rotated coordinates. After the PWC's was another 0.4 m
of steel, referred to as the downstream trigger-arm ab-
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FIG. 1. Elevation view of the beryllium target and upstream
trigger-arm absorber geometry.

FIG. 2. Elevation view of the E515 spectrometer, showing
both the trigger and forward arms. The trigger arm includes
those elements above a place inclined at 42 mrad from the hor-
izontal. MOO, MO, Ml, M2, and M3 were scintillation counters
employed in the prompt-muon trigger.
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sorber. The M3 hodoscope, which consisted of six scintil-
lation counters, was located just beyond that absorber.
Two additional PWC's recorded Y coordinates and rotat-
ed coordinates.

All eight trigger arm PWC's were of the same basic
design. The anode plane of each PWC had a 3-mm pitch
but pairs of adjacent wires were shorted together, resulting
in an effective 6-mm sense wire spacing.

C. Trigger logic

The signals BEAM and M were the primary components
of the prompt muon trigger. BEAM indicated the presence
of a beam particle in the target unaccompanied by beam
halo, while M was a coincidence consistent with the pas-
sage of a muon through the trigger arm.

The signal BEAM was generated by a coincidence in the
beam counters B1 and B2 combined with the absence of
signals from the antiwall and the upstream interaction
counters.

The signal M1 was generated by a coincidence between
signals from X and Y counters in the same half of the Ml
hodoscope. A coincidence between a signal from an M2
hodoscope element and any of the three nearest M3 hodo-
scope elements generated a signal called MX. Triggering
particles which satisfied the MX requirement had XZ
slopes downstream of the spectrometer magnet of between
+0.250. The signal M was a coincidence of the signa1s
MOO, MO, M1, and MX, where MOO and MO were the signals
from the counters MOO and MO, respectively. M was in-
terpreted as evidence of the passage of a muon through
the trigger arm because a signal particle generating the
necessary signals must have traversed at least 2.4 m of
steel.

The prompt-muon trigger was defined by a coincidence
between the signals BEAM and M and BEAMGATE in the
absence of a dead-time signal, where BEAMGATE was the
accelerator signal that indicated a beam spill in progress.

D. Forward arm

The forward arm subtended +200 mrad horizontally,
and —80 mrad to +42 mrad vertically. The forward
arm contained a large aperture dipole magnet, PWC's,
drift chambers (DC's), a large multicell Cherenkov
counter, a large lead —liquid-argon electromagnetic
calorimeter (LAC), and a forward muon identifier.

The 40D48 spectrometer magnet had a brass insert on
the upper pole face to provide absorber above the 42-mrad
plane between the forward arm and the trigger arm. A
helium filled polyethylene bag occupied the magnet aper-
ture. A 2400-A current generated a 18.6-kG central field
in the —Y direction. The field provided a 0.80-GeV/c
transverse-momentum impulse.

There were two forward-arm PWC's upstream of the
magnet, one measuring X coordinates (UPMX), and the
other measuring Y coordinates (UPMY). Downstream of
the magnet were four L PWC's, three Y PWC's, and three
PWC's whose sense planes were rotated by + 14 from the

vertical. The UPMX, UPMY, and a downstream magnet
Y PWC had 24 anode wires per inch; the remainder of the

forward arm PWC's had 12 anode wires per inch. Three
different readout systems were employed to instrument
the 9000 sense wires of the forward-arm PWC's. The
highest-rate system was deployed in the central regions of
the forward-arm PWC's. The outer portions of most of
the PWC's were instrumented with a lower-rate readout
system. A shift-register readout system was employed in
regions of one downstream X and one downstream Y
PWC.

Two drift chambers (DC's) were located downstream of
the magnet and measured X coordinates. Each DC had
96 sense wires with a 2-cm wire spacing. The DC gas was
a mixture of equal parts of argon and ethane. This system
had a hit rate limitation of about 4 MHz on any individu-
al wire.

A large threshold Cherenkov counter filled with nitro-
gen gas at atmospheric pressure was located downstream
of the last DC. The threshold momentum for the genera-
tion of Cherenkov radiation was 0.02 GeV/c for electrons,
4.3 GeV/c for muons, 5.7 GeV/c for pions, 20.2 GeV/c
for kaons, and 38.3 GeV/c for protons. The Cherenkov
counter contained 4.3 m of radiator and had 24 cells
above and 22 cells below the beam center line. Each ce11
consisted of a five-inch-diameter RCA 4522 photomulti-
plier tube mounted in a 15-cm-wide aluminized cone that
faced a cylindrical mirror. The upper and lower halves of
the counter were effectively decoupled by a 10-cm-wide
nonreflective slot in the mirrored surfaces. A hole was
cut into the center mirrors to avoid collecting Cherenkov
light from the noninteracting beam particles.

The LAC, which was located downstream of the
Cherenkov counter, contained 26 radiation lengths and 1.2
pion absorption lengths. Details on the construction and
performance of the LAC are available elsewhere.

The forward-arm muon identifier was composed of 2.9
m of steel followed by the M4 and M5 hodoscopes. The
M4 hodoscope was an array of proportional tubes ar-
ranged to measure the Y coordinates of charged particles.
The M5 hodoscope was a set of 18 scintillation counters
that measured X coordinates. A 20-cm by 20-cm hole in
the steel allowed the noninteracting beam to pass through
the spectrometer.

E. Data

A total of 1.9)&10 prompt-muon triggers were record-
ed during the data run. The average BEAM per one-second
spill was 4.8&10 . The incident beam was well centered
upon the B1 and B2 overlap and 83% contained within
the overlap. The mean number of M signals per live BEAM
was 4.9 X 10 . The mean number of prompt muon
triggers per live BEAM was 6.6& 10 . The fractional live
time of the spectrometer was 68'Fo. Including corrections
for the estimated multiple occupancy of the rf buckets
(1.05), the attenuation of the beam in the target (0.97), and
the damaged or missing sealer records (1.07), the total
number of incident live beam particles employed in this
study is 2.95 & 10".
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III. EVENT RECONSTRUCTION 10 104

A. Interaction 1ocation

The Y and Z positions of the interaction in the target
were taken to be target center. The X location of the in-
teraction was determined from the hits in the beam
PWC's. Because there was frequently more than one ver-
tex candidate in an event, a cut was implemented, referred
to as the clean vertex cut, that excluded most events with
ambiguous interaction locations.

About 69%%uo of the events survived the clean vertex cut.
It is estimated that 96% of the events that survived the
clean vertex cut had their vertex position properly identi-
fied.

B. Trigger-arm track finding
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The eight trigger-arm PWC's were employed to find
straight-line tracks downstream of the spectrometer mag-
net. About 42% of the prompt-muon-triggered events
had at least one downstream trigger-arm track defined by
two or three hits from among the three X PWC's, two or
three hits from among the three Y PWC's, and one or two
rotated hits consistent with the combination of the XZ
and YZ line segments.

The interaction location and each pair of X and Y hits
from the same half of the M1 hodoscope determined
straight lines upstream of the magnet which were extrapo-
lated to the spectrometer-magnet midplane. Each down-
stream trigger-arm track was also extrapolated to the
magnetic midplane. The M1 point and downstream track
that yielded the smallest position deviation at the magnet-
ic midplane were assumed to be associated. The track's
momentum was calculated by an iterative fit that took
into account multiple scattering and energy loss.

A trigger-arm track was considered a muon if it satis-
fied all of the following requirements.

(1) If the track passed through M2 and M3 hodoscope
elements, those elements must be latched.

(2) The track must have at least one rotated hit within a
more restrictive search window.

(3) The track must employ a hit in at least one of the
two PWC's beyond the downstream trigger-arm absorber.

(4) The difference between the extrapolated upstream
and downstream track positions at the magnet midplane
must be within +0.25 m in both X and Y. Approximately
64% of the DST events had at least one trigger-arm track
identified as a muon by the above critieria. (A DST event
is a prompt-muon-triggered event that satisfied the clean
vertex cut and had at least one trigger-arm track. ) The
mean number of trigger-arm muons was 0.8 per DST
event.

To contribute to the charm search mass plots, at least
one of the trigger-arm muons in an event must also satisfy
all of the following requirements.

(1) The track must extrapolate through M2 and M3
hodoscope elements that are consistent with a triggering
road Mx.

(2) If the muon has positive charge, its momentum
must be (50 GeV/c.

FIG. 3. Trigger-arm muon distributions. (a) Momentum dis-
tribution of the negative triggering muons. (b) Momentum dis-
tribution of the positive triggering rnuons. (c) Transverse-
rnomentum distribution of the negative triggering muons. (d)
Transverse-momentum distribution of the positive triggering
rnuons. (Events with more than one triggering muon are exclud-
ed from the momentum distribution plots. )

(3) The muon must not be a halo muon. (A halo muon
with a muon with downstream XZ slope between —0.012
and + 0.010 and downstream YZ slope & 0.015.)

About 58% of the DST events had at least one such
muon, which was referred to as a triggering muon.

Of the DST events with a triggering muon, 87% had
only one such muon. The momentum and transverse-
momentum distributions of those triggering muons are
shown in Fig. 3. There were about 6.7%%uo more positive
signal triggering muons than negative single triggering
muons.

C. Forward-arm track finding

Those events that had at least one trigger-arm track
were subjected to a search for forward-arm tracks. Al-
though the XZ plane was the bend plane of the magnet,
some tracks with momenta below 7 GeV/c deviate
measurably from straight lines in the YZ view due to the
fringe fields of the magnet and due to the change in the Z
component of the momentum. A simple thin lens model
was employed to account for these deviations so that the
search for YZ segments could employ both the upstream
and downstream Y PWC's.

The forward-arm tracks have a minimum of four hits
from among the six downstream X chambers, two hits
from the four Y PWC's, and at least one hit from the
three rotated PWC's. These minimal hit requirements ad-
mitted tracks of questionable quality. When the track
quality cut was invoked, it eliminated every track that sa-
tisfied any of the following conditions.

(1) The track had one rotated hit and one downstream
Y hit.
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(2) The track had one rotated hit, four X hits, and no
match up in UPMX.

(3) The track had two rotated hits, one downstream Y
hit, four X hits, but no matchup in UPMX.

This cut rejected approximately 12% of the forward-
arm tracks. The mean number of forward-arm tracks
that survived the track quality cut was 5.9 per event.

D. Forward-arm particle-identification analysis

Kaon quality factors Qx i and Qx. z were calculated for
each charged track. They represent how well the Cheren-
kov information associated with this event matched the
hypothesis that the track was generated by a kaon relative
to how well it matched either the kaon or the pion hy-
pothesis for that track's identity. The kaon quality fac-
tors range from zero to one with larger values correspond-
ing to greater likelihood that the track was generated by a
kaon.

96% of all forward-arm tracks with momenta between
7 and 20 GeV/c intersected the active area of the Cheren-
kov counter, and 70% of those were isolated, while 22%
were members of groups of two, and the remaining 8'Fo

were members of groups that contained three or more
tracks. The calculation of the kaon quality factors took
into account the contributions of other members of a
group.

During the calculation of Qx, , all signals below 0.4
photoelectrons were neglected, while Qx z calculations had
a threshold of 1.0 photoelectron. Consequently, Qx. i iden-
tified pions with higher efficiency than Qxz. However,
Qx. i also misidentified kaons more frequently than Qxz.

E. Standard states

The spectrometer's capabilities are illustrated by mass
plots which show clear evidence of noncharmed-particle
decays. Figure 4 shows a E+K invariant-mass plot.
Only forward-arm tracks that satisfy the track quality cut
and have momenta between 7 and 20 GeV/c and have

Qxz &0.7 were identified as kaons. (Cherenkov efficiency
studies indicate that 76% of the kaons with momenta be-
tween 7 and 20 GeV/c have Qx z & 0.7 and only 4% of the

pions in that momentum range have Qxz&0.7.) A clear
and significant P mass peak is observed. The K+K
mass plot was fit to a Gaussian plus a fourth-order poly-
nomial. The mean of the Gaussian is at 1.0201+0.0005
GeV/c, and the standard deviation is 0.0039+0.0006
GeV/c; the mean mass and the measured width of the
peak are consistent with Monte Carlo expectations for the
P meson.

A mass plot of opposite-sign Km. pairs (Fig. 5) exhibits
evidence of the neutral K'(890). The track quality cut
has been imposed. The mass assignment scheme for this
K~ plot is as follows. If an isolated track was in the
discrimination domain of the Cherenkov, and had
Q&z &0.1, then that track was assigned a pion mass only.
If an isolated track within the discrimination domain had
Qx i &0.8, then that track was assigned a kaon mass only.
All other tracks were assigned both identities. Conse-
quently, only combinations which were consistent with
the Cherenkov-counter data contribute to the mass plot.
An isolated pion in the discrimination domain had a 91%
probability of being identified only as a pion by this
scheme, and a & 1% probability of being identified only
as a kaon. An isolated kaon in the discrimination domain
had a 69% probability of being identified only as a kaon,
and a 9% probability of being identified only as a pion.

Because of the prompt-muon trigger employed in accu-
mulating this data, the calculation of inclusive P and K'
cross sections are compromised; nevertheless when simple
assumptions are made, the observed peaks correspond to
cross sections which are within an order of magnitude of
the expected values.

The data gathered by the LAC revealed m. and g sig-
nals in the two photon mass plots. The neutral pions were
combined with the charged pions to yield evidence for the
n+m. m. decay mode of the co(783), and the two-pion de-
cay mode of the p (Ref. 10).

IV. THE CHARM SEARCH

Assuming that the triggering muon originated from the
associated production of a charm-anticharm quark pair
followed by the semileptonic decay of the charmed or an-
ticharmed state, the charge of the triggering muon con-
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strains the identity of the particles in the decay products
of the partner state (in the absence of D D mixing). "
For instance, when a neutral D meson decays into a
charged kaon and one or three charged pions, the sign of
the kaon should be the same as the sign of the triggering
muon. For a charged D or D* meson decaying into a
charged kaon and two charged pions, the sign of the kaon
should be the same as the triggering muon sign and oppo-
site of the charged D or D* parent state. This correlation
between the triggering muon sign and the kaon charge al-
lows a separation of the mass plots into "right-sign" and
"wrong sign" plots.

To contribute to the charm-search mass plots presented
here, an event must satisfy the clean vertex cut and have
at least one triggering muon. (Only 24% of the prompt-
muon triggers had at least one reconstructed triggering
muon, and the efficiency of the muon reconstruction was
93%.) To take advantage of the right-sign and wrong-
sign classification of the mass plots, an event was em-
ployed in the charm search only when all muons in the
trigger arm had the same sign (excluding halo muons and
positive muons with momenta ~ 50 GeV/c). This re-
quirement eliminated 1.2% of the DST events that had at
least one triggering muon. Of the 2.9&10 events em-
ployed in this charm search, 51.67% had positively
charged triggering muons. Thus there was a small but
statistically significant trigger charge asymmetry in this
data sample.

A. K~ invariant-mass plots

The broken line histogram in Fig. 6 is an invariant-
mass plot of all right-sign K+~ and K ~+ combina-
tions with the particles identified by the consistent
Cherenkov scheme employed in the K* mass plot. The
track quality cut has been imposed. There is no signifi-
cant enhancement in the vicinity of the neutral-D-meson
mass.

The inset in Fig. 6 shows the distribution of the cosine
of 6I, for those right-sign Km pairs that have mass be-
tween 1.815 and 1.915 GeV/c . 0, is the angle between
the direction of the kaon in the K~ center-of-momentum
frame and the direction of the K~ pair in the laboratory.
This cos(0, ) plot shows that many of the high-mass
combinations arise from pairs that include a very forward
or very backward kaon. Since the D is a pseudoscalar
meson, the cos(g, ) distribution for kaons from the Km
decays of neutral D mesons should be uniform. Further-
more, the acceptance of the spectrometer for D ~K~ in-
troduced greater losses for those K~ pairs that had large
forward or backward kaon angles. The lower histogram
in Fig. 6 shows the right-sign K~ mass plot with the re-
quirement that —0.7 & cos(0, ) &0.7. Although no sig-
nal is observed, this cut reduces the upper limits that can
be extracted from the data.

The number of combinations above background in the
vicinity of the D meson mass in the right-sign K~ mass
plot with the cos(0, ) cut was determined by fitting a
fourth-order polynomial to the mass plot, excluding the
contributions between 1.795 and 1.935 GeV/c . The re-
sulting curve, which had a 7 per DF of 35/48, is also
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FIG. 6. Right-sign K~ invariant-mass-plot without (broken
line) and with (continuous line) a cut applied on cos(0, ). 0,
is the angle between the kaon in the center-of-momentum frame
of the K~ system and the Km. direction in the laboratory. The
inset shows the cos(0, ) distribution for those Kvr combina-
tions with mass in the range of 1.815 to 1.915 GeV/c .

shown in Fig. 6. The number of combinations above
background with masses between 1.815 and 1.915 GeV/c
is 104+105 (Ref. 12).

In this analysis, additional cuts on the triggering muons
and on various kinematic variables associated with the
Kw pairs failed to reveal any statistically significant peaks
in the K~ mass plots in the region of the neutral-D mass.

B. K~~m and Km.m invariant-mass plots

A search for evidence of the K sr+ ~ ~+ and
K+~ ~+~ decay modes of the neutral D mesons was
also performed. Although this decay mode has a larger
branching ratio than the K~ decay mode, the background
for the K~~~ decay mode peaked near the expected signal
location. Furthermore, the larger combinatorial back-
grounds and lower acceptances made the four-body final
state less sensitive than the Km. decay mode.

Similar searches of right-sign K ~+sr+ and K+vr
mass plots failed to reveal statistically significant evidence
of charged-D production. Once again, the larger com-
binatorial background and smaller acceptance make this
decay mode less sensitive to charm production than the
K~ decay mode.
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C. Charged-D search

The mass difference between the charged D* and the
neutral D is only slightly larger than the charged-pion
mass. As a result, the charged D* has a relatively narrow
width, and the resolution of the mass difference between
the D' and the D is much better than the mass resolution
for the D'. The restrictive kinematics of the charged-D'
decay provides substantial background suppression.

Figure 7(a) shows a plot of the mass difference between
the right-sign K~m combinations and the K~ subsets with
the Km mass restricted to between 1.815 and 1.915
GeV/c (Ref. 13). An enhancement is observed near
0.1465 GeV/c . To maximize acceptance, Cherenkov
identification was not employed in this plot. Figure 7(b)
shows the right-sign Km mass plot with the difference be-
tween the Km.n and the Km. mass restricted to between
0.145 and 0.148 GeV/c, which is the region of the ob-
served enhancement in the mass difference plot. That
right-sign K~ mass plot exhibits an enhancement in the
vicinity'of the neutral-D-meson mass.

The background curve shown in Fig. 7(a) is a fourth-
order polynomial resulting from a fit excluding contribu-
tions between 0.1445 and 0.1485 GeV/c . The fit had a

per DF of 20/26. There is an excess of 26+16 com-
binations above background with a mass difference be-
tween 0.145 and 0.148 GeV/c . The mean of the mass
difference between the D'+-and the neutral D reported in
other experiments is about 1 MeV/c below the center of
the observed excess, which is within expectations for a
signal from D ' decay. The fourth-order polynomial
background curve shown in Fig. 7(b) resulted from a fit
excluding mass combinations between 1.795 and 1.935
GeV/c . The X per DF of the fit was 50/47. There is an

excess of 33+14 combinations between 1.815 and 1.915
GeV/c in this right-sign Km. mass plot.

Figure 8 contains the corresponding mass difference
plot and Km mass plot with the wrong-sign trigger muon
correlations. Using the same fitting procedure as for the
right-sign mass plots, the wrong-sign mass difference plot
has an excess of —4+15 combinations between 0.145 and
0.148 GeV/c (X /DF=15/26); the wrong-sign Km mass
plot has an excess of 6+12 combinations between 1.815
and 1.915 GeV/c (g /DF =56/47).

Although the enhancements in the right-sign Km mass
plot and mass difference plot are small, they are of com-
parable size and appear in both plots with minimal
software cuts. The 153 combinations within the band
containing the enhancement came from 150 different
events from runs spread throughout the data sample.
When the right-sign Kmmass p. lot is fit to a Gaussian-
plus-polynomial background, the mean of the Gaussian is
1.847+0.010 GeV/c and the standard deviation is
0.022+0.010 GeV/c . Thus, the 1ocations of the Km. and
mass difference enhancements are both consistent with
those anticipated for evidence of charged D* decays. The
widths of the enhancements are also comparable to those
anticipated from Monte Carlo studies. In addition, no
similar enhancement is observed in the corresponding
wrong-sign plots. Thus the interpretation of this sma11
excess as evidence of charged-D* production is consistent
with the available information.

D. Pn invariant-mass plot

The Pm. -+decay mode of the I' meson has been observed
in several e+e experiments. ' ' Evidence for the ha-
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dronic production of F mesons is quite scarce, although a
few events have been reported. ' Figure 9 shows the
invariant-mass plot of the right-sign %+K ~- combina-
tions where tracks between 7 and 20 GeV/c with
Qs2) 0.7 are identified as kaons and all other tracks are
considered pions. Only those combinations that have a
K+I( mass in the range 1.012 to 1.028 GeV/c contri-
bute to this mass plot. The track quality cut has been im-
posed. There is no statistically significant signal in the vi-
cinity of the F mass (1.97 GeV/c ).

The number of combinations above background in the
vicinity of the F mass was determined by fitting a
fourth-order polynomial to the mass plot excluding con-
tributions between 1.915 and 2.035 GeV/c . The 7 per
DF was 59/53 and there were 17+16 combinations above
background with masses between 1.925 and 2.925
GeV/c .

V. SPECTROMETER SIMULATION
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FIG. 10. Trigger-arm acceptance for muons from the semi-
leptonic decay of D mesons. (a) Acceptance as a function of pT
using the uncorrelated model with n=3. (b) Acceptance as a
function of x+ using the uncorrelated model with b = 1.1
(GeV/c }

Both the resolution and the acceptance of the spectrom-
eter was studied by Monte Carlo simulation. The trigger-
arm momentum resolution is

[(5p/p)«s] =(0.15) +(0.013p)

where p is in GeV/c. The sign of the reconstructed simu-
lated muon was nearly always the same as the sign of the
generated muon. The trigger-arm track-finding program
exhibited essentially no inefficiency in reconstructing
simulated tracks that met the minimum requirements.
When the effects of multiple scattering, chamber resolu-
tion, and efficiency are included, the forward-arm
momentum resolution is

[(5p/p)r„] =(0.0060) +(0.000 66p)

The forward-arm track-finding program was 97% effi-
cient for tracks with momenta above 7 GeV/e, but the ef-
ficiency fell off slowly at lower momenta, due to the limi-
tations of the simple thin lens model employed in the YZ
tracking.

Figure 10 illustrates the trigger-arm acceptance for
muons from the semileptonic decay of D mesons as a
function of the Feynman x (x~) and transverse momen-
tum (pT) of the parent D meson. The effects of chamber
inefficiencies and the cuts employed to define triggering

muons are included. The imposition of the trigger-arm
PWC efficiencies accounted for a 6%%uo reduction in the
muon acceptance, while the other cuts reduced the accep-
tance by 1%. The trigger-arm muon acceptances were in-
dependent of the muon sign for the models tested.

The forward-arm acceptance for the decay D~K+~-+
is illustrated in Fig. 11. That figure also shows the
forward-arm acceptance for the D*- decay into a charged
pion and a neutral D —+K+~-+. The forward-arm accep-
tances are essentially equal for the charmed particle and
corresponding antiparticle states. The chamber efficien-
cies and the minimum hit requirements result in a 75%
efficiency for finding a forward-arm track that was
geometrically accepted by the forward arm. 2% of the
simulated particles undergo secondary interactions in the
target. 6%%uo of the simulated forward-arm kaons and 1%
of the simulated pions decayed before getting through the
last drift chamber.
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The acceptance of the trigger arm clearly favors D
mesons with xF around zero while the forward arm favors
D mesons with more positive xF values. Consequently,
the cross-section results obtained in this experiment are
dependent upon the kinematic correlations between the
triggering particle and the state observed in the forward
arm.

Two different types of models were employed in the
calculation of the spectrometer acceptance for charmed
states. The uncorrelated-production model generated an
individual charmed particle selected from the distribution

dO ~ (1—
~
x~

~

) exp( bpr—) .n 2

dxF

dpi'"

The correlated-producted model generated a charmed-
anticharmed pair with mass M, with the distribution

dCT ~ exp( —5M)(1 —
~
xF

~

)"exp( bpr) .—
dM dxzdpz-

Then the pair decayed isotropically into charmed and an-
ticharmed mesons. Note that the correlated model yields
a significantly softer xF distribution for the individual
charmed particles than the uncorrelated model for the
same value of n.

VI. RESULTS AND CONCLUSIONS

Cross sections are estimated based upon the following
assumptions. The mass-number ( A ) dependence is
linear. ' The prompt-muon triggers which arose from the
decay of charmed particles were all assumed to come
from the decay of D mesons. '

Since the D and D* mesons have comparable masses,
and assuming that the probabilities for a naked charm
quark to dress itself with an up or a down quark are
equal, then counting the spin degrees of freedom, the rela-
tive production ratios of direct D and D* mesons is taken
to be

D:D+:D:D*+= 1:1:3:3.

The same spin-weighted production ratios are assumed to

apply to the antiparticles. Combining the above produc-
tion ratios and the D* branching ratios, the D' decays
are expected to be responsible for 82% of the neutral-D
mesons and 61% of the charged-D mesons, and the ratio
of the number of D to D+ is 2.16 after D* decay. Ex-
periment NA27 reports that the D* cross sections are
consistent with saturating the neutral-D production and
responsible for 48+27% of the charged-D production.
Furthermore, assuming symmetry about xF of zero, the
cross sections reported by NA27 yield a ratio of D to
D+ of 1.8+0.6 (Ref. 20). These NA27 results are con-
sistent with the spin-weighted production ratio assump-
tion. Assuming the inclusive muonic D branching ratios
are equal to the measured inclusive electronic D branch-
ing ratios, and using the spin-weighted D and D produc-
tion ratios, the average inclusive branching ratio for D
mesons into muons is

Bz.——0.683B(D ~@+X)+0.317B (D+ ~@+X)

=0.105 .

The spectrometer acceptance for a DD pair was calcu-
lated with the Monte Carlo simulation outlined in Sec. V.
The trigger-arm acceptance was calculated by assuming
that half the D mesons whose decay products include a
muon decay via the mode D~Epv, while the other half
decay via the mode D~K*(890)pv (Ref. 21). The calcu-
lated acceptances must be corrected by a factor (f) which
accounts for the fraction of events that are rejected by
cuts not represented in the Monte Carlo simulation (pri-
marily the clean vertex cut). Table I contains a compila-
tion of the constants employed in the cross-section esti-
mates.

A. Upper limits from the Em mass plots

The right-sign E m+ and K+~ mass plots can each
be employed to measure the DD cross section indepen-
dently; however, since the acceptances and backgrounds
are similar for E n.+ and the K+m plots, the lowest
upper limits are achieved by combining both right-sign
mass plots, and thus increasing the acceptance by a factor

Nb

g = 1.12plN~ /M
N gA

TABLE I. Constants employed in the cross-section calculations.

Number of incident live beam
Length of the target
Scatterers per area (Ref. 22)
Integrated luminosity
Event-cut correction

2.95 X 10"
3.0 cm
4.14X 1023 cm
1.10 pb
0.64

B(Do~~+X)
B (D+ ~@+X)
B(D' SC-~+)
B(D*'~D'~')
B(D* ~D y)
B(D + —+D a+)
B(D*+~D++o)
B(D +~D+y )

8 (Q~IC+IC )

N(D )/N(D+)
Bp

0.075+0.011+0.004
0.170+0.019+0.007
0.049+0.009+0.005
0.538+0.094
0.462 +0.094
0.489+0.083
0.340+0.070
0.17 +0. 11
0.493+0.010

Number of D per D+
Average D-to-muon branching ratio

Ref. 23
Ref. 23
Ref. 24
Ref. 25
Ref. 25
Ref. 25
Ref. 25
Ref. 25
Ref. 26

2.16
0.105
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TABLE II. The 95go-confidence upper limits on the DD production cross section determined from
the right-sign Km mass plot with consistent Cherenkov identification and —0.7(cos(0, ) &0.7 (Fig.
6). The column labeled AT contains the trigger-arm acceptances. The column labeled A+ lists the cor-
responding forward-arm acceptances. The column labeled g shows the fraction of the signal expected
within the selected mass window. The sensitivity is the expected number of detected charmed particles
per microbarn of DD production cross section.

BF=B(D ~K n+ )X (D )/[N (D ) +N (D+ ) ]=0 0335

Model

Uncorrelated
Uncorrelated
Uncorrelated
Correlated

1.1
1.1
1.1
2.0

AT

0.0104
0.0167
0.0232
0.0287

0.143
0.111
0.088
0.085

0.79
0.87
0.92
0.96

Sensitivity
(pb)

5.7
8.0
9.3

11.6

o. Upper
limit
(pb)

51
37
32
26

of 2. The 95%-confidence upper limit on the DD cross
section is given by the calculated cross section plus 1.645
times the upper uncertainty in that cross section. The un-
certainty is determined by adding the statistical uncertain-
ty in the number of excess combinations in quadrature
with the systematic uncertainties in the integrated lumi-
nosity and the acceptances. The uncertainties due to the
model assumptions and the branching ratios are not in-
cluded. The statistical uncertainties in the acceptance cal-
culations are negligible.

The 95%-confidence upper limits on the DD produc-
tion cross section determined from the right-sign K~
mass plot using the consistent Cherenkov identification
scheme and the cos(8, ) cut vary between 26 and Sl pb
per nucleon for the production models employed (Table
II). The level of hadromc production of charm reported
in the literature at similar energies is on the order of tens
of microbarns, indicating that this analysis is just short of
being sensitive to the direct K~ decay mode of the D
meson.

B. Cross sections from the charged-D search

Interpreting the excesses observed in the right-sign
mass difference plot and the corresponding K~ mass plot
as 30+ 16 charged-D * decays, and using the assumptions
outlined previously, the DD production cross sections
presented in Table III were obtained. The trigger-arm ac-
ceptance was calculated based upon a generated D-meson
distribution, while the forward-arm acceptance was based
upon D' production distributed according to the same

model. The dependence of the trigger-arm acceptance
upon whether a D or a D* is produced according to a
given distribution is believed to be negligible. The quot-
ed systematic uncertainties include the uncertainty in the
integrated luminosity and the acceptances, but exclude the
effects of the model assumptions and the branching-ratio
uncertainties.

Results from the prompt-electron-triggered experiment
NA11 indicate that the xF dependence of D*—+ production
fits to n =3.2+ 1.5 for the uncorrelated-production
model. Using the uncorrelated-production model with
n =3 and b= 1.1 (GeV/c), the charged-D' search
presented here yields a DD production cross section of
34+18+9 pb, which is compatible with the DD produc-
tion cross sections reported from NA11.

C. Upper limits on the ratio of I' to D cross section

An upper limit on the ratio of the F to D cross section
can be extracted from the data presented in Fig. 9 (com-
bined with the results of the D' search). Assuming that
the trigger-arm corrections are similar for the strange and
nonstrange charmed mesons, and using the spin-weighted
D and D* production ratios, the ratio of the F to D cross
section is given by

NF eD , B(D*+ Dc'~+—)B(Dc K rr+ )

ND, eFB(F~pm)B(/~K+K )

where NF and N are the number of excess combina-
tions observed in the mass plots, eF and e, are the

TABLE III. DD production cross-section estimates based upon the charged-D* search illustrated in
Fig. 7. The column labeled AF lists the forward-arm acceptances. The column labeled g shows the
fraction of the signal expected within the selected mass window.

Model

BF B(D*+~Dorr——+)B(D ~K sr+)X(D*+)/[X(D )+X(D+)]=0.0090
Sensitivity

n b AF (pb) (pb)

Un correlated
Uncorrelated
Uncorrelated

1.1
1.1
1.1

0.114
0.061
0.026

0.59
0.66
0.75

0.92
0.89
0.61

32+17+,"
34+ 18
49+26-,
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TABLE IV. The 95%-confidence upper limit on the ratio of I' to D cross section as a function of the
branching ratio for F~Pm. . The column labeled AF lists the forward-arm F meson acceptances exclud-

ing the mass window requirement. The column labeled g shows the fraction of the signal expected
within the selected mass window.

Model

Uncorrelated
Uncorrelated
Uncorrelated

1.1
1.1

1.1

AF

0.015
0.018
0.019

0.80
0.84
0.83

~Z/OD
Upper limit

0.127/B (F~Prr)
0 064/B (.F~Pm).
0.031/B (F~Per )

forward-arm acceptances, and the factor —, accounts for
the charged D relative to total D production. The
95%-confidence upper limit on the ratio of the I' to D in-
clusive cross sections are listed in Table IV subject to the
additional assumption that I' and D* mesons are pro-
duced with the same xF and p T dependences. These
upper limits are not very restrictive unless B(F +Pm) is-
fairly large. In e+e experiments, the value of
B(F~Pvr) has been estimated to be 0 044 .(Ref 14) a.nd
0.13 (Ref. 15).

The Pm+-mass plot shown in Fig. 9 is only expected to
contain about one Cabibbo-suppressed charged-D decay.
(Note that there is no right-sign for this decay mode. )

D. Charm content of the prompt-muon-triggered events

Using the DD cross-section upper limits presented in
Table II, the 95%-confidence upper limit on the fraction
of DST events with triggering muons attributable to
charmed sources is 40%. Using the DD cross section of
34+18 pb determined from the charged-D" search, the
fraction of the DST events with triggering muons that are
due to charmed sources is (30+16)%.

The DD production cross section determined from the
D*— search is 300+180 pb per beryllium nucleus. The
absorption cross section for ~ on beryllium at 200
CreV/c is 139 mb per nucleus. Consequently
(0.21+0.13)% of all interactions contained charmed parti-
cles. The prompt-muon trigger enhanced the fraction of
recorded events containing charm to (7.8+4.7)%. The
trigger combined with the off-line analysis enhanced the
fraction of selected events containing charmed particles
by about 2 orders of magnitude.

The excess opposite-sign pe coincidences observed in
this experiment indicated that 17% of the final event
sample was from charmed sources. A study of the dimu-
ons observed in the spectrometer indicated that 12% of

the final event sample was triggered by muons from elec-
tromagnetic sources. Pion and kaon decays were prob-
ably responsible for the majority of the remaining triggers
in the final event sample.

E. Conclusions

This experiment recorded prompt-muon-triggered data
detected in a two-arm spectrometer to study the associat-
ed production and decay of charmed states produced by
205-GeV/c ~ -beryllium interactions. The DD cross sec-
tions determined from this data indicated that about 20%
of the events in the final sample were from charmed
sources. Thus, the prompt-muon trigger coupled with the
filtering analysis was effective in enhancing the charm
content of the final data sample. The 95%-confidence
upper limits on the DD production cross section inferred
from an analysis of the right-sign If+or +mass plo-ts were
between 26 and 51 pb per nucleon for the production
models tested. Using the background suppression derived
from the kinematics of the charged-D* decay into a neu-
tral D and a charged pion, an enhancement of 30+16
combinations above background was observed in the Kmm

final state with the expected trigger-muon charge. Inter-
preted as a charged-D* signal, this enhancement corre-
sponds to a model-dependent inclusive DD production
cross section of 34+ 18+9 pb per nucleon. These results
are in agreement with other measurements of the charm
cross section at comparable energies.
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