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ABSTRACT

A search for charmed particles produced in 7 p exclusive reactions
at 19 GeV/c incident beam momentum has been carried out with the Omega
spectrometer at CERN. Three million interactioné were recorded with a
trigger which required a forward K~ or p with transverse momentum greater
than 0.5 GeV/c. An additionmal two million triggers were recorded with a
forward K= or proton, with no transverse momentum restriction. Analysis
of the four-constraint final states K+Khﬁ_p and K+K-W+ﬂ_ﬂ-p shows no
evidence for the associated production of charmed particles. The upper
limits for the product of production cross sections and the two charmed
particle decay branching ratios are below 100 nb for most of the
channels. The experiment was sensitive over a wide range of production

angles.

(*) See following page.
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1. INTRODUCTION

An experiment to look for charmed particles produced in ﬁ_p interactions
at 19 GeV/c has been carried out using the CERN Omega spectrometer. The
charm hypothesis holds that charm, like strangeness, should be conserved
in strong interactions, so that charmed particles should be produced in
pairs. The lowest-mass states are expected to decay mainly through a
strangeness—changing weak interaction [1]. Consequently, exclusive
reactions have been studied for evidence of associated production of
charmed particles, with non-leptonic weak decays into final states containing

charged kaons.

The following reactions have been considered:

mp~+DDp (1)
T p > BODOﬂ_p (2)
- - +
Tp+DC (3)
7 p + DC° (4)
T p > D—COW+ (5)
np + D%t (6)
T p > p°c%rtn” (7)

with the following decays of the charmed mesons (D) and baryomns (C):

S
+-_
D K
+ + - -
KmTmnTm
+ - =
D -Kmmw (8)
¢ - K-p
—+_
- Kpr T

-+
C - K pr

The expected lifetimes of these weak decays are sufficiently short
(10_13 to 10_11 sec) [1] that the decay tracks would appear to come from
the primary vertex. Charmed particles would then appear as narrow peaks
on mass plots for reactions such as:
Tp > K+K_W_p - (9)
Tp>KKTTTp (10)
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Two samples of data were taken with triggers that required a forward
K in one case, and a forward K+ in the other. Together, these data cover
the full range of possible production distributions. In the first run
(March 1975) th;eg milliqn interactions were recorded with a forward K
(or B) with the horizontal component of the transverse momentum greater
than 0.5 GeV/c. During the second run (June 1975) an additiomal two

. . . . . +
million interactions were recorded with a forward K (or proton), but

no restriction on transverse momentum.

Upper limits are presented for charm production in reactions (1) to
(7), based on kinematic analysis of the six-prong final state of reaction (10).
A further limit for reaction (4) is obtained from the four-prong final
state of reaction (9). The data from the two runs were analyzed separately,
The K run yielded 2996 events with kinematic fits to reaction (9) and 2212
events with fits to reaction (10). The K+ run yielded 870 events for
reaction (9) and 3257 events for reaction (10). The charm search consisted
of looking for narrow peaks on the two-dimensional invariant-mass plots
corresponding to the hadronic decay modes (8) of possible associated pairs

of charmed particles.

2, APPARATUS

The Omega spectrometer [2] is a multi-particle detector at the CERN PS.
The 1.8 T superconducting magnet has a useful volume 3 m in diameter by
1.5 m high. Optical spark chambers are arranged about a liquid hydrogen
target inside the magnet. These chambers are viewed by television cameras
of the plumbicon type [3], producing spark images which are digitized
and recorded on-line onto magnetic tape. Multiwire proportional chambers
downstream from the target allow selection on multiplicities and momenta.
Farther downstream, two multi-cell Cerenkov counters help identify

secondary particles above 3 GeV/c.

The experimental set-up for the present experiment is shown in fig. 1.

A 60 cm long liquid hydrogen target was surrounded by an 11 cm diameter



cylindrical scintillation counter. The main detector consists of eight
forward spark chamber modules nearly perpendicular to the incident beam,
with ten spark gaps per module, and four modules parallel to the beam on
each side of the target, with eight spark gaps per module. Each forﬁar&
module has a useful area 126 cm in height by 150 em in width, and 1.0 cm
gaps; the side modules measure 90 cm by 55 em with 1.2 cm gaps. The

spark chamber modules are tilted slightly so as to point toward the cameras,
which are 5.5 m above the beam. The stereo angle is 15° for the forward
chambers and 12.5° for the side chambers. The demagnification is 1/90,
Spark images are digitized with a least count of 0. 18 mm in space. The
measurement accuracy is + 0.5 (1 + tan ¢} mm, where ¢ is the angle between
the track and the normal to the spark chamber.plane. Neighbouring sparks

are resolved if their separation is greater than about one centimeter.

The first downstream Cerenkov counter was equipped with front.and
back scintillator hodoscopes and filled with isobutane at atmospheric
pressutre, to discriminate pions from kaons and protoms between 3
end 10 GeV/c. The second Cerenkov counter was filled w1th freon 13 at 5 5
atmospheres absolute pressure and allowed tagglng of kaons and protons
between 5 and 10 GeV/c. This counter has a smaller acceptance than the _
first Cerenkov counter, and was used only to check the rellablllty of the

analysls.

Three sets of multiwire proportional chambers (MWPC) were used for
the trigger. Forward multiplicities were selected by a special electronic
read-out of MWPC II, which counts clusters of hits in the horizontal and
vertical wires. Constraints on the longitudinal and horizontal momentum
components of the forward triggering track were imposed by a hardware 1cgic

which correlated hits in vertical wires in MWPC's III and Iv.

The 19 GeV/c unseparated beam was defined by a set of scintillation
counters. Three Cerenkov counters identified the beam particles, and

five MWPC's and a scintillator momentum hodoscope measured their momenta

and positions. The momentum acceptance was + 0.7Z, and the momentum accuracy
5

of an individual beam track was = 0.3%. The average flux was 1.5 x 10

particles per 350 msec burst, repeated every 2.8 sec.
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All data for the events selected were recorded directly onto magnetic
tape by means of an on-line data-acquisition system. The dead-time of the
system was 18 msec per event, mostly due to the read-out time of the

plumbicon cameras.

TRIGGERS

The K trigger was designed especially to look for the six~prong

final state arising from reaction (1),

wp > D D%
T

K

+ — —

KT
by requiring:a) a hit in the scintillation counter surrounding the target,
b) at least three tracks in MWPC II, located 1.1 m downstream from the
end of the target, c) a coincidence between MWPC III and MWPC IV to select
a forward negative particle with momentum between 3 and 10 GeV/c and with
the horizontal component of the transverse momentum greater than 0.5 GeV/c
(see fig. 2), and d)} a scintillator hodoscope coincidence Hl * H2 with a
Cerenkov anti-coincidence to guarantee that this negative trigger particle
was heavier than a T . During 15 days of production run, 3.2 million
events were recorded, 407 of which came from valid interactions in the

target. The effective flux was equivalent to 28 events/nb.

The K+ trigger was designed to look for the associated production
of charmed mesons and baryons, with the meson emitted in the forward
direction in the c.m. system. Possible three or four-body decays would
produce forward K+ mesons with less tranverse momentum on the average than
in the two-body decays. The K+ trigger was similar to the K trigger,
but there was no restriction on the K  transverse momentum. The Omega
magnetic field was reversed in order to bend the triggering track in the
same direction in both runs. MWPC II was moved 30 cm closer to the target,

and at least four forward tracks were required. Furthermore, several
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elements of the back hodoscope (H4) were in anticoincidence to veto
diffractive processes giving very fast negative tracks. In a 7 day run,
2.2 million events were recorded, 607 of which were valid triggers. The

effective flux was 5 events/nb.

ACCEPTANCE AND SENSITIVITY

The acceptance of these triggers was calculated for each reaction
using Monte-Carlo techniques. Events were generated with uniform phase-
space distribuﬁions for the production and for the decays. For example, in
reaction (1), ﬁith MD = 2.0 GeV, 20Z of the K from the decays D’ » K_W+ go
through the atmospheric-pressure Cerenkov counter without giving light,
and 407 of them satisfy the transverse momentum criteria of the K  run.
Nearly all the potential triggers satisfy the multiplicity requirement in
MWPC II, but 257 of them are lost because of K decays, extra particles
giving light in the Cerenkov counter, or confusion in the correlation
between MWPC III and IV. In 607 of the remaining events all six tracks
have projected lengths greater than 25 cm in the optical chambers and
momenta greater than 300 MeV/c; only these events are included in the
present analysis. The final acceptance is thus 3.6% for the K run. For
the K= run, there is no tranverse momentum restriction, and either thé k*
or the proton in the final state can satisfy the trigger conditions; the

total acceptance is 137.

The sensitivity is the effective flux multiplied by the product of
the acceptance and the program efficiency (40% for the six—prong events -
see sect. 5). The average sensitivity for phase-space distributed events
is therefore .036 x .40 x 28 ev/nb = 0.4 ev/nb for the K run, and

.13 x .40 x 5 ev/nb = 0.26 ev/nb for the K+ Tun.

Sensitivities were also calculated for peripheral production. Events
were generated with an exp (2t) dependence, where t is the invariant
momentum transfer squared from the incident T to the forward charmed

particle. For reactions (1) and (2) the meson pair was given an exponential
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dependence; in this case, thé K run was more sensitive than the K~ run.
For the associated—prpduction reactions (3)-(7), theKr'trigger was usually
more sensitive for forward baryons, and the K trigger for forward mesons.
This difference is illustrated by fig. 3, where the angular dependence of
the acceptance for reaction 3y, ﬁ—p > D_C+, is shown for the two runs.
The sensitivity is given by the right-hand scale. The contributions of
the K+ and proton triggers in the K+ run are shown separately by broken
lines. The lower acceptance for very forward charmed mesons or baryons

is due in large part to the reduced visibility of the associated slow
particles. This effect produces a sharp drop in the sensitivity for |
peripheral production in reaction (4) when the backward meson or baryon

has low mass and a four—body decay.

DATA ANALYSTS

All events recorded were processed through the Omega pattern-recognition
and geometry program ROMEO [4]. This program uses the spark digitizations
to find tracks, fit their parameters, and extrapolate them back to locate
interaction and decay vertices. In the present analysis, events were
accepted only if all tracks had projected lengths greater than 25 ecm in the
optical spark chambers and momenta greater than 300 MeV/c. Program
performance was evaluated by scanning a sample of events. The efficiency
for finding and correctly reconstructing the tracks and their interaction
vertex was 607 for the four-prong events satisfying the above criterié,

and 407 for the six-prong events.

Kinematic fitting was performed only for hypotheses with no missing
neutrals. Four—constraint'cqndidates were required to have missing
transverse momentum_(PT) less than 150 MeV/c and missing longitudinal
momentum (]PLI) less than 500 MeV/e¢. The missing PL for fdur—prong events
from the K run is shown in fig, 4. The events with smaill missing PT
(cross-hatched in the figure) form a peak at zero with a width of 320 MeV/c
(FWHM). We estimate that less than 5% of the good candidates are eliminated

by our missing momentum selections.
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In order to demonstrate the separation of the K'K  and pE hypotheses
for these data, we have calculated the mass of the Xi particles for the
reactions W p * X+X“ﬂ“p and T p > X+X-ﬁ+ﬂ_ﬂ_p, where the triggerimng track
is taken to be an X for the K run or an X+ for the Kf run [5]. In
fig. 5a the X# mass is shown for the four-prong events from the K run,
with the X' taken as the fastest of the two positive tracks. The peaks
at the kaon and proton masses are clearly separated. A small peak at the
pion mass is due to 7 which interact before the Cerenkov counter, producing
slower tracks which satisfy the trigger conditions. The six-prong events
are shown in fig. 5¢(b), with the %! taken as the fastest of the three positive
tracks. Most of the KK signal is contained in these clearly-defined
peaks; but all mass permutations are interesting for the charm search,

so appreciable ambiguities remain.

The program KOMEGA, running under the HYDRA system [6], was used
for the kinematic analysis. Fits with a chi-squared probability less than 1%
or less than one-tenth that of the best fit were rejected. The results
are presented in table T, Some events in the k' run are identified as
multi-pion production,.with the proton in the final state satisfying the

trigger conditions.

CHARM SEARCH

We have searched for charm production in the exclusive reactions (1)-(7)
with charmed particle decays leading to the four-prong and six-prong
final states of reactions (9) and (10). Only reaction (4) has possible
charm decays which could contribute to the four-prong final state. It
has in addition, two sets of decay modes which would give six-prong final
states. Each of the other reactiomns has a unique set of charm decays

leading to the six—prong final state.

For each reaction the effective mass of the decay products of one
charmed meson or baryon was plotted against the'effective mass of the

associated charmed meson. We then looked for narrow peaks on these two-
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dimensional mass plots corresponding to weak decays of the lowest—mass
charmed mesons and baryons. The search was limited to charmed meson
masses above 1.5 GeV and charmed baryons above 2.0 GeV. Typical mass
plots are shown in figs 6-10(a) for the K run and 6-10(b) for the K

run.

The meson-pair reactions (1) and (2) are shown in figs 6 and 7. The
two weakly-decaying mesons should have the same mass, except for a small
electromagnetic mass difference between the D~ and the D°. For the
D_Dop final state, the mass of the exotic combination K+ﬂ—ﬂ_ (Iz = - 3/2)
would then be about equal to that of the non-exotic combination K‘ﬂ+. The
mass dlstrlbutlons along the diagonals are shown separately on figs 6 and 7.
Double K (890) productlon is evident in fig., 7, but no significant peaks

are seen above 1.5 GeV, either on the diagonal or in the surrounding regiom.

Examples of mass plots for charmed meson-baryon associated production
are shown in figs 8-10. We consider only charmed baryons which are lighter
than the sum of the charmed meson mass and the nucleon mass (M Mb MN),
otherwise, the baryon would decay strongly into the meson and the nucleon,
and we could observe them in the meson-pair reactions shown above. Figs 8
and 9 represent two more interpretations of the six-prong data,
corresponding to the two-body production modes (3) and (4). These spectra
are quite different for the K and K runs, due to the different trigger
conditions. Fig. 10 shows the four-prong mass plots corresponding to
reaction (4). Both the K*(890) and the K*(1420) are visible in these final
States. But no strong narrow peaks are evident in the regions of interest

on any of the mass plots studied.

A systematic search of all relevant mass plots was carried out with a
computer program. An integrated probability was calculated for each bin
by summing the Poisson distribution (with a mean equal to the background
for that bin) over population values equal to and greater than the
population observed. The background was taken as the average population
of the 25 nearest bins, including the bin of interest. The fitted resolution

for the various masses was 25-30 MeV (FWHM), so we have looked for a
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narrow peak in any 50 MeV by 50 MeV bin. The search‘was repeated with the
bins displaced successively by a half bin. Bins which had low probabilities
were studied in more detail. In particular, if the probability for a bin
was small on one mass plot, we looked for any accumulation of events near
the same mass values on the other mass plots for each of the two runs.

No persistent signals were seen.

We have investigated the validity of these Poisson probability
calculations for ocur data. Simple Poisson fluctuations of the bin populations
would result in a flat frequency distribution for the integrated probabilities,
if the background estimations are adequate. The experimental distributionm,
shown in log-log form in fig. 11, follows the ideal distribution rather
well. The smallest probability observed in any region of interest to the
charm search was 10—3. This can be compared with the probability of 10—13
calculated for the double K*(890) on fig. 7. The bin with the probability
of 10_3 is compatible with the rest of the frequency distribution, whereas

%
the double K is not. We conclude that there is no evidence for associated

production of charmed particles in these data.

Upper limits at the 957 confidence level were calculated for charm
production in reactions (1) te (7). Each mass plot was scanned to find
the bin having the largest possible signal above background, allowing
for Poisson variations of the bin population. Here the background was
taken as the average population of the 24 nearest bins, excluding the
bin of interest. The signal upper 1imits were corrected for events which

would have fallen outside the bin due to the experimental mass resolution.

Cross section upper limits were found for each reaction by dividing
the signal upper limits by the sensitivity. Results are presented in
table II for phase space angular distributions and for peripheral
production. These are 957 confidence level upper limits for the product
of the cross section and the two charmed-particle decay branching ratios.
For each entry, the upper limit is given for the run which was most

sensitive to the channel and production mode considered.
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7. CONCLUSIONS

We have searched for associated production of charmed particles in
exclusive reactions with visible non-leptonic weak decays into four-constraint
final states. The total c.m. energy available was 6.0 GeV. The sensitivity
of the experiment was about 0.4 ev/nb. We looked for mesons with masses
above 1.5 GeV and baryons above 2.0 GeV. The experiment was sensitive
over the full range of possible production distributions. No evidence for
charm production was seen. The upper limits (95% confidence level) for

the cross sections multiplied by the product of the two decay branching
ratios are between 40 nb and 2 ub, depending on the chanmnel, the production

mode, and the charmed particle masses (see table II).

8. COMPARTISON WITH OTHER RESULTS

We can compare our results with the results published by Baltay et al. {7],
for exclusive final states in 15 GeV/c ﬂ+p interactions. Their total c.m.
energy was 5.4 GeV. They looked at final states containing at least one
neutral strange particle (Ko or A) and no more than one missing 7°. After
summing over several possible charm decay modes, they find limits of 1.5 to
3.7 ub for specific associated production reactions. The present experiment

is at least ome order of magnitude more sensitive than that of Baltay et al.

~ Several experiments have looked for charmed particles in inclusive
hadronic reactions (one-dimenmsional mass plots). The most sensitive search
was that of Aubert et al. £8], who studied the interactions of 30 GeV/c pfotons
in a beryllium target, using abi-spectrometer. They report upper limits
0of a few mb for two-body decays of new particles produced at rest in the
proton-nucleon c.m. system. Blaeser et al. [9] give upper limits of 30 nb/nucleoni
for two-bedy ‘decays of charmed-particles produced by dissociation
of“neﬁtrons with average momenta of 200 GeV/c. Bubble chamber results
are less sensitive. : Baltay et al., in the 15 GeV/c W+p experiment cited
above [7]; looked for single charmed-particle decays into a A or K° and
up to eight charged pions. Ward et al. {10] have looked for similar decay

modes with a smaller sample of np interactions at 24 GeV/c. Carlsson et al. [11],
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with pp interactions at 9.1 GeV/c, looked for charmed meson decays with a
sensitivity of only 0.15 events/pb. None of these experiments found narrow

peaks which could be evidence for charm production.

Boyarski et al. {12] have looked for non-leptonic decays of charmed
particles produced, in ete” interactions at SLAC. Again, no peaks were
seen, These results can be used to set limitson specific hadronic decays
of charmed mesons [13]. On the other hand, some observations which may
be interpreted as evidence for charm production have been made in neutrino
interactions [14, 15, 16], although no convincing peak has yet been observed

on any mass distribution.
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TABLE CAPTIONS

Table 1

Table 2

Results of kinematic fitting.

X+X_ = ﬂ+ﬂ_, K+K_, or pE for the different hypotheses. The
number of events having fits to each hypothesis is given, as well
as the total number of K K fits. The ambiguous events in the

- - . ) + - -
K K /pp column are also counted in both the K K and pp columns.

¥

Upper limits (957 confidence level) for charm producti&n CTOSS
sections times decay branching fraction for Mb > 1.5 GeV and

MC > 2.0 GeV. Forward mesons and baryons were generated with an
exp (2t) dependence for the acceptance calculations. The
visibility for four-body decays of backward-produced particles

is highly mass-dependent. 'The following limits apply to more
restricted mass regions: -(a) 200 nb for MC + MD > 4.0 GeV for
backward-produced mesons; (b) 500 nb for Mc > 2.3 GeV and 300 nb

for Mc > 2.5 GeV for backward-produced baryons.
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TABLE 1

- - - +
T p +'X+X T p K /p
T p -+ X+X_w+ﬂ“w_p K /p

T™Tp X+X“ﬂ+ﬂ—ﬂ-p, K+/p

25

376

870

2212

3257

1111

2497

3356

40

312

863

Number of events Number of
‘Reaction Trigger Fits
o VKK | pp | KK /ppl KK
Tp XX p K /p - | 299643220 17 3301

1144

2827

5657
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Experimental set-up viewed from above. The limits of the
superconducting coils are shown by the two concentric circles.
Ko use was made of the time-of~flight counter (TOF) in the present

analysis.

Horizontal component of the transverse momentum (Py) of the
triggering track for a sample of events from the K run. The
effective Py cut imposed varies from 0.6 GeV/c at the beginming

of the target to 0.5 GeV/c at its end.

Monte-Carle acceptance and sensitivity for an >DcC as a
function of the D production cosine in the c.m. system. The
scales have been chosen such that the acceptance and the
sensitivity for the K' run are represented by a single set of

curves. The curves were calculated for Mb_ = 2.0 GeV, MC+ = 2.75 GeV,

Missing longitudinal momentum (PL) in the laboratory system for
a sample of four-prong events from the K run. The cross-hatched
events have missing transverse momentum (Pt) less than 80 MeV/cy
this cut is more restrictive than that used for selecting four-—

constraint candidates for kinematic fitting.

Separation of four-constraint hypotheses: (a) for four-prong
events and (b) for six-prong events from the K run. The

+ .
square of the mass of the X particle is plotted, where the

X 1is the trigger particle, and the X' is taken as the fastest

\
|
of the positive tracks for this figure. }

- - - -
Search for w p + D Dop. Effective mass plot of KT 7 wvs.
-+ - + - + - =
K7 formp+>KKTT 7w p, at 19 GeV/c. The mass along the
diagonal (mass difference less than 35 MeV) is shown in

50 MeV bins.
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FIGURE CAPTIONS (Cont'd)

Fig.

Fig.

Fig.

Fig.

Fig.

10

11

- -_— — . + -
Search for m p - p°p°n p. Effective mass plot of K7 wvs.
- + - - - .
KT formp~—+ K ntn o p at 19 GeV/c. The mass along the

diagonal is shown in 50 MeV bins,

- — ] . + P —
Search for m p =+ D C'. Effective mass plot of KT T wvs.

- + - - - =
Kpnr for mp =~ KK mmm p at 19 GeV/c.

- —o , . .
Search for m p » D c® in the slx-prong events. Effective mass

+ + - - - - + - + - -
plot of KmTmmn wvs Kp for mp > KK o p at 19 GeV/c.

Search for W_p + 0°c® in the four-prong events. Effective mass

plot of K% vs. K p for " p > KK 7 p at 19 GeV/c.

Integrated Poisson probabilities for all bins of interest to

the charm search. The mean (1) was taken equal to the average
population in the region of the bin; e is the observed bin
population. Data from the K and K’ runs were plotted together.
The solid curve shows the distribution expected in the absence

of narrow peaks.
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