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ABSTRACT

Results are presented on charm particle production from an initial
analysis of data taken with the European Hybrid Spectrometer and the high
resolution hydrogen bubble chamber LEBC operating in both 360 GeV m
and 360 GeV proton beams. From a total of 19 fully reconstructed decays,
the D° and D® lifetimes are found to be

. |
1) = 8.0 1 17T x 1071 s, v(00) = 3.2 7 2 x 10700 .

One F meson is observed in association with a D meson. In 360 GeV n-p
interactions D mesons are observed with a production distribution

dN/dxF = (1 —+xF)n with n = 3.2 £ 1.0 for X > 0.0. The inclusive 7 p cross
section for D with Xp > 0.0 is found to be 11 * 5 ub. A clear rapidity
correlation exists between charm meson pairs. The mean <pf> is found to be
780 MeV/c. At the present level of statistics no differences between wp

and pp charm production characteristics c¢an be seen.
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The high resolution hydrogen bubble chamber LEBC has been used in
association with the European Hybrid Spectrometer (EHS) to study the
production and decay characteristics of charm particles produced in
hadronic interactions at the SPS. Data were taken using an interaction
trigger, with incident 360 GeV w (v 400 K pictures corresponding to
10 ev/ub) and 360 GeV protons (650 K pictures v 12 ev/ub). We report here
results based on an initial analysis of about 50% of the piom data and

gbout 15% of the proton data.

DETAILS OF THE DATA TAKING

The layout of the version of the apparatus used in this experiment is
shown in fig. 1 and described in detail elsewhere [1]. It can be considered
in five parts: (a) vertex detection; (b) triggering; (c) charged particle
momentum analysis; (d) gamma detection and measurement; (e)charged

particle identification.

(a) Vertex detection

The bubble chamber, LEBC, is 20 cm in diameter and 4 cm deep and was
constructed entirely of LEXAN. The bright field scotchlite optical system
gave two views of each event (stereo angle 16°) with resolution ~ 35 wm.
The optical depth of field was » 5 mm with two 180 mm Schneider Componon
lenses operated at F/1l, and space to £11m demagnification of 3.25. The
chamber was filled with hydrogen and expansion was achieved with a piston
pushing against the Scotchlite coated lexan membrane at the rear of the
chamber. Operation was at 33 Hz with pressure and temperature counditions
chosen to give a bubble density ™ 80/cm. The flash was triggered with a
delay ~ 300 us to give v 40-50 um diameter bubbles. A typical plicture 1s
shown in fig. 2 and a detailed description of the construction énd
operation of LEBC is given in {2). Residuals of straight lime fits to

measured points on tracks in the chamber are v 6 um in space.

(b) Triggering
The interaction trigger, shown in fig. 3, is defined by the logic

Tl.(L+R).T3.§.T“.T5 corresponding to an incoming beam particle, within the

central 2 mm of the optical depth of field, in coincidence with at least
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two particles in the downstream counters T, and T;. The observed
trigger cross sections for this arrangement are ~ 16 mb for incident

pilons and ~ 22 mb for incident protons.

A beam kicker magnet was used to remove particles during the pressure
drop of the chamber expansion and triggers were accepted from interactions
within a sensitive gate set at 600 upsec around the minimum of the
expansion curve. Approximately 10-12 pictures were taken for each SPS 2 s
flat top and the associated spectrometer information was writtenm on tape.
About 40% of the pictures have an event within the fiducial region defined

for primary interactionms {~ 13 cm of liquid hydrogen).

(¢) Momentum Analysis

The spectrometer magnet M1 (1.5 T.m) situated 1.8 m from the centre of
LEBC has useful aperture »~ 100 cm vertical (bend plane} x 40 ¢m horizontal.
The first stage of the momentum analysis is provided by the wire/drift
chambers W2 (6 planes), D4, D2 and D3 (each of 4 planes). An inclined
proportional chamber [3] was installed immediately downstream of magnet M1
for the latter part of the data taking. Secondary particles having
momentum > 20 GeV/c were accepted by the second stage of momentum
analysis provided by the magnet M2 (3 T.m) and the chambers D1 and D5 (each
of & planes). The acceptance of the spectrometer for the decay products of
D mesons as a function of Xps defined as usual by Xp = 2p;/f3, is shown in

fig. 4. Spectrometer track residuals are typically < 300 um and Ap/p < 1%.

A detailed description of the design and optimisation of the drift

chamber geometry is given in [4].

The track reconstruction efficiency between bubble chamber and

spectrometer, for tracks within the acceptance of M1, is ~ 90%.

To check the reconstruction through the spectrometer a sample of
strange particle decays have been studied. The result of mass
determinations for XK° and A%, (A°) fits is shown in fig. 5. The mass
resolution {(r.m.s.) for K decays is typically ~ 5 MeV/c? and for A°

decays ~ 4 MeV/c?2.



{d) Gamma detection

Gammas are detected by the two lead glass calorimeters IGD and FGD
(Intermediate Gamma Detector and Forward Gamma Detector, respectively). In
principle all photons passing through the aperture of Ml are detected,
however we have a small loss because the centre of LEBC is downstream of
the designed spectrometer vertex detector. FPhotons are measured with

energy (FWHM) and angular resolutiom (RMS) given by

AE 15

== =2+ 2 yA : A¢ ~ 0.4 mr (IGD)
/E

_::E: 10, 5,9 : Ad ~ 0.1 mr (FGD)
/E

E is in GeV. Fig. 6 shows typical yy effective mass distributions. A
clear m° peak is observed with width = 20 MeV/c? (FWHM). A description of

the design and operation of the gamma detection system can be found in [5].

(e) Particle identification

The prototype pictorial drift chamber ISIS1 [6] was operated in the
first lever arm. The number of active sense wires (v~ 50) gave amn
jonisation resolution typically ~ 18% (FWHM) in the 80% argon, 20%
€0, mixture. The relativistic rise in this gas mixture is 55%. Only

limited particle identification information is therefore available.

Electron identification is relatively good in ISIS1, and can also be
achieved by comparing the spectrometer momentum measurement of a charged

particle with the energy deposited in the lead glass calorimeters.

The spatial track information from ISIS1 has proved to be of
considerable value in removing ambiguities occurring in complex events with
many tracks in the spectrometer. The two track resolution is ~ 12 mm and
the r.m.s. mismatch between ISIS1 and the rest of the spectrometer is

A 4 mm in position and v 5 mr in angle.



2. THE SELECTION OF CHARM CANDIDATES

We report here the initial results of scanning and measuring the first
300 K pictures, corresponding to 5.0 ev/ub of the pion exposure and

1.7 ev/ub of the proton exposure.

All events were studied using dual magnification scan tables (with,
approximately, x15 for event location and x40 for a detailed study of the
vertex and the forward cone). The upstream wire chambers Ul and U3 were
used to give a scan table coordinate prediction for the beam track giving
the trigger and hence corresponding to an interaction having associated
spectrometer information on tape. Events showing evidence of secondary
activity in the chamber were recorded and classified into the following
categories: . (n prong charged decay); v, {n prong neutral decay); G
(gamma) ; X (2 n prong activity with an unclear vertex - usually
obscured by overlapping tracks in the forward cone). Secondary
interactions in the hydrogen were readily identified and removed from the
sample on the basis of prong count. Two independent scans were made

followed by a physicist check.

Following the analysis described elsewhere [7,8], candidates for charm
decay are selected using the transverse decay length x and decay length L
defined in fig. 7. The decay vertices of particles having Py < rest
mass and proper lifetime < 2.10°'? s will lie within 0.06 cm of the

(*)

beam direction independent of the longitudinal momentum  ~.

We report here the results of measurement and reconstruction made on a

sample of events defined as follows:
(a) Events having any two decays within a box defined by x < 0.06 cm.

or

(%) x = Lsinep where L is the decay length and ep the production
angle x = (p/m) sindp.tc = (pe/mlte; hence for pr < m and
T < 2.107%% 5 we have x < 0.06 cm.



(b) Single decays having a characteristic charm-type topology such as C3,
C5, V4, etc.

Thus we have studied a selected sample of events which topologically

have a high probability of containing charm decays.

A summary of the scanning information is given in table 1.

RECONSTRUCTED CHARM DECAYS

Table 1 gives a summary of all measured events in the characteristic
charm topologies defined in the previous section and table 2 summarises all
events identified as containing a reconstructed charm decay. This
represents our sample at this stage for lifetime and production mechanism
analysis. We have six events in which a charm pair has been reconstructed
and eight events in which a single decay has been reconstructed. Of these

single charm events six have a second at present unidentified decay.

To be included in the sample presented here we require:

{a) A charm topology (as defined in sect. 2) confirmed by a careful
scrutiny of the event to remove any questions concerning possible
topological uncertainties. This involves, for example, a search for

very short proton recoils or lost tracks in prong counting, etc.;

(b) That no fit exists within 40 to any strange particle interpretation;

(c) That an acceptable interpretation exists in terms of a charm decay. A
decay is kinematically fully constrained (NDF = 3) when all of the
charged decay products are measured in the spectrometer and all of the
neutrals are detected in IGD or FGD. If one or two of the charged
particle momenta are missing the decay still has a constrained mass
solution (NDF = 2 or 1). Of the 20 decays reported here 15 are fully
constrained, 4 have one missing momentum (NDF = 2) and one has two

missing momenta (NDF = 1).
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Fig. 8(a) shows the mass distribution for events interpreted as Dt
decays. The Cabibbo preferred decay (D* K;nw; n=1,2, 3...) is shown
hatched and it is significant that in all but one event this assignment
gives a good D mass. In general, the Cabibbo unfavoured assignment would
not give a good D mass. Fig. 8(b) shows the events of fig. 8(a) but with
a Kt mass assignment. It is clear that the F/D ambiguity is minimal
in these data. Fig. 8(c) shows the D® mass distribution, again the
Cabibbo preferred hypothesis gives a good D mass. The mass resolution is
typically § 10 MeV/c? for decays without neutrals and § 20 MeV/c? for
decays with neutrals. The mean observed decay multiplicity is 4.0 * 0.5 for

+
D® decays and 3.6 ¥ 0.9 for D” decays.

LIFETIME DETERMINATIONS

The individual observed lifetimes for all reconstructed decays are
given in table 2. Event number 10 is interesting since it is a
reconstructed pair, one of which is an anomalously long lived D°.
Topologically it is a two prong V' in association with a clear C3 D decay.
Using a reconstructed 7% from the gamma detectors a good interpretation is
obtained to a D® = K 7 n° decay. Taken alone, the V° gives a poor fit
toaK® »mm decay (mTrTr = 512 £ 3 MeV/c?) if not constrained to come from
the production vertex. The lifetime for the D® interpretation is
3.1 x 107*% 5. It is excluded from the following lifetime analysis since
it is inconsistent with the remaining D° decays and the interpretation in

terms of a single lifetime.

The uncorrected mean lifetimes for all the Di decays and all the D°
decays are 10.3 x 10°'® s and 3.9 x 10°'?® s, respectively. To obtain the
best estimate for the mean lifetime for Di and D° we have corrected the
observed lifetimes by subtracting from each observation the minimum

lifetime that could have been detected in that event. We have

c<T> _

1
m N

where Ri is the actual decay length for a particle of momentum p, and
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len is the minimum decay length that would have been detected. We

have used only the fully constrained decays in the following analysis since
there exists, in principle, the possibility of a reconstruction bias
against short lifetimes for the remaining events. In practice the
inclusion or exclusion of the four non-fully constrained decays does not
change the estimate of the lifetime within the errors.

For charged decays into three prongs the minimum length Emln is
estimated using the criteriom that the event would be found provided that
the maximum impact parameter y .. defined in fig. 7, exceeds 100 um.

The impact parameter scales directly with the lifetime so that the minimum
detectable lifetime in a given event is found by multiplying the observed
lifetime by 100/ymax' The mean lifetime for charged D mesons is found to
be

«(p) = 8.0 t“:: x 1071? s, (7 decays)

Fig. 9(a) shows a log linear plot of the D* corrected lifetimes.

The solid straight line corresponds to the value of 8.0 x 10°13 5 given

above.

For neutral D mesons we find that the decays are topologically clear
if there exists a gap of at least 1 mm between the production and the decay
vertex. For the purpose of estimating the correction to the D® lifetime
we therefore assume a fixed Lmin of 1 mm. Applying the above analysis

we find

+2 .2

(D) = 3.2 _ 7 -x 107'° s {6 decays)
Fig. 9(b) shows the D° lifetime distribution. The solid straight line
corresponds to the above best estimate. Note that event number 4 in
table 2 was previously reported in ref. [8]. It is interesting to note
that, including the anomalous event mentioned earlier there are three
relatively long lived events in the D’ sample. Clearly more statistics

are required to settle the D° lifetime question.

Because of the complexity of the events the above correction factors

are only approximate, however it i1s clear that at this level of statistics



second order corrections are certainly negligible since these first order
considerations do not significantly change the lifetime estimate from the

raw meaft.

The F decay has a lifetime of 4.21 * 0.16 x 10" 1'% .

PRODUCTION MECHANISM AND CROSS SECTION ESTIMATES

In table 2 we give the value of X for each reconstructed decay. To
determine the physical distribution in X we give to each event a weight
depending on the spectrometer acceptance for the particular decay mode
detected and the detection efficiency at the film scanning stage. The
spectrometer acceptance is very low for X < 0 and therefore in the
following we will discuss only forward production with the events weighted
by the inverse of the acceptance for the appropriate %o value. The

average weight from the spectrometer acceptance is 1.3.

For charged decays the detection at the scanning stage depends only on
the maximum impact parameter Y nax being greater than 100 um. Since
Y max is independent of the production kinematics the Xp distribution
must only be corrected for the spectrometer acceptance. The average total
weight per event used in the cross section estimate given below is ~ 2.1

for a mean lifetime of 8 x 10" 1'% g,

For neutral decays the cut in length, Emin = 1 mm gives a scanning
efficiency weight to the X distribution which depends on the lifetime.
The correction to the observed Xn distribution for D°'s therefore
depends on the lifetime. Assuming a lifetime t(D°) = 3.0 x 10"'% 5 the
average weight for the decay modes observed, folding in the spectrometer
acceptance is again v 2.1. The D° sample, however, is subject to
additional scanning losses which do not depend on X.. This sample 1is

F
therefore not used to estimate a cross section.

Because of the limited statistics in the proton sample we discuss here
only the Xp distribution for D mesons observed in the 360 GeV 7

interactions. The weighted Xp distribution for the total w—p charm
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sample is shown in fig. 10{b). To obtain reasonable statistics we add the
+
DT and the D° distributions together; the D° decays are hatched.

This distribution is consistent with a form

%2" « (1 - xF)n with n = 3.2 £ 1.0 for Xg > 0.0

F

In fig. 11(a) we show the centre of mass rapidity values for pair

events individually and for single decay events taken together in
fig. 11(b). It is interesting that the charm pairs are closely correlated
in rapidity with the exception of one event (number 6, with Ay* = 2.3)
which is the only pair containing a D* meson from the incident 7 beam.
The mean rapidity gap for all other pairs 1s <Ay*> = {.4. Event number 5
is interesting because all of the incident energy can be accounted for in the
final state particles; a D, a slow A° (v 1 GeV/c) a 5" and two
m%'s. The n+, which has a barely detectable kink close to the origin,
together with one 7° gives an E* mass; an isospin disfavoured decay mode.

The event is still under study to resolve an ambiguity in the n?

reconstruction and will certainly be reported again later.

The transverse momentum distribution for all charm mesons is shown 1in

fig. 12. The mean value of Py is 0.78 GeV/c.

From the six fitted C3 decays in our m p sample, we can estimate
the inclusive Dir cross section with Xp 2 0 for ﬂ‘p + Di + anything at
360 GeV. The 198 000 pictures analyzed correspond to a sensitivity of
S events/ub and therefore our six events give a cross section of

1.2 ub. This has to be multiplied by the following correction factors:

- 1.9 to take into account the other C3 decays in the sample which do not

fit a strange particle decay but have not yet been completely analyzed.

- A weight calculated per event for the spectrometer acceptance and the
scanning visibility for the observed decay wmode. The mean welght 1is

v 2.1,

The resulting cross section for charm C3 decays is then 4.8 ub.

. . . + +
Assuming a branching ratio [10] D™ + 3 prong/D™ + all = 0.45 we have
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+
o(D") = 11 £ 5 ub at 360 GeV/c for Xp % 0.0

Note that of the six decays observed in this region five are D .

A similar determination for D® and D° is at present affected by
larger inaccuracies since we did not yet completely analyze all V2
topologies. The data are at this stage, however, compatible with equal

+ , . .
D™ and D° inclusive cross sections.

The weighted Xp distribution for the three D decays from the pp
sample is shown in fig. 10(c). The absence of a clear A: decay in the
proton data argues against a large diffractive AZ cross section. At this
stage in the analysis however we are sensitive only to the K_pn+nw° decay

modes (v 33% efficiency at x_ > 0 for ~ 2 x 107 '* s lifetime). The

reconstruction of A® decays gownstream of the bubble chamber should be
possible and hence provide sensitivity to the A°mm® decay modes at a later
stage in the analysis. We therefore defer giving any limit on Ac
production until a larger sample of the proton data has been analysed and

the overall detection efficiency for Ac is better understood.

6. CONCLUSIONS

This initial study of charm particle production in 360 GeV/c T p and
PP interactions has yielded 20 fully reconstructed charm meson decays with

the following properties:

{a) Lifetimes:

+ + 4.9
(D7) = (8.0 -, ,) x 1072 ¢
+ 2,2
T(D%) = (3.2 _ , ) x 1071'% ¢

(b} Production characteristics in ®~p at 360 GeV

dN n . _
E;; « (1 - xF) with n = 3.2 * 1.0, for xp % 0.0

<pT> = 780 MeV/c
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Average charm pair rapidity gap, <ay>* = 0.4.

(¢) Inclusive cross sections for 77p at 360 GeV (xf > 0.0) .

+
g(D7) = 1L £ 5 ub
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TABLE CAPTIONS

Table 1

Table 2
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A summary of the fate of all measured charm cadidates.

Characteristics of the identified charm events. Events 12, 13

and 14 are from proton data.

nch

NDF

Mass

Length

proj

Mom.

Number of charged prongs at primary verteX.
Number of reconstructed w°
Number of remaining gammas detected at IGD and FGD.

Number of secondaries from decay having both momenta

and angles determined.

Number of degrees of freedom in decay fit.

NDF = 3; all decay products fully measured.

NDF = 2; one charged momentum not measured i.e.
track not hybridizéd.

NDF = 1; two momenta not measured.

Reconstructed charm particle mass in MeV/c?.
Decay length in cm.

Transverse decay length in um (x on fig. 7).

Momentum of reconstructed charm particle in GeV/c.

Proper lifetime in units of 107!? s.
* - .
Feynman x_ (= 2 P,,/¥s) at production.

Transverse momentum in MeV/c.



(a)

(b}

- 16 =~

TABLE 1

D ¢ 1 Inside the |Identified Identified| Under

ecay topology space box{a)[ not charm charm study
C3 49 21 11 17
c5, C7 2 ~ - 2
va'® 19 10 6 3
V4, V6 7 - 2 5
Cl(b) 10 2 1 6
Total 87 33 20 33

The space box is defined by x < 0.06 cm and L < 3 cm where L is
the decay length and x the transverse decay length.

Events with two detected decays.
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FIGURE CAPTIONS

Fig. 1 The NAl6 LEBC EHS layout.

Fig. 2 Typical NAl6é charm candidate event in LEBC. Incident 360 GeV

proton.
Fig. 3 The NAlé interaction trigger.
Fig. 4 Monte-Carlo derived acceptance of the spectrometer for the decay

products from D decays (averaged over decay modes) as a function

of the %o of the D meson at production.

u”Fig;_S-' ‘Reconstructed (a) K® and (b) A(K) mass distribution for a

sample of strange particle decays.

Fig. 6 Effective mass distributions of yy samples obtained during the
data taking: {a) Both y's seen in IGD; (b) both y's seen in
FGD; (¢} All yvy combinatiocns.

Fig. 7 Definition of the event geometrical quantities x, y and L:
Fig. 8 Effective mass distributions for:

) *
(a) 3-prong D” decays with Cabibbo preferred (hatched) and

Cabibbo unfavoured combinations (4 combinations per event).

+ -
(b) 3-prong "F " decays with all K'K 7 combinations (2

combinations per event).

(¢) 4-prong and 2-prong D° decays with Cabibbo preferred
(hatched) and Cabibbo unfavoured combinations (note that

4-prong decays have two Cabibbeo allowed combinations).

" In all combinations, a fixed number of 7#° is assumed,

consistent with overall momentum balance.

Fig. 9 Corrected lifetime plot for (a) D* sample, (b} D° sample.
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FIGURE CAPTIONS (Cont'd)

Fig. 10

Fig. 11

Fig. 12

(a) D° detection efficiency versux xp (same as fig. 4).

(b) Weighted x distribution for all charm decays from the

F
n p data. The curves represent (1~ xF)n, n=2, 3

and &.

(c) Xp distribution for charm decays from the pp data.

In (b) and (c) neutral decays are represented as hatched. Only

decays with xp * 0.0 are plotted.

Centre of mass rapidity for pair events (a) and single events

(b). Note that the geometrical acceptance is close to zero for

all y € 0.0 and high for y > 0.0.

Pt distribution for all charm decays. Decays with NDF = 3 (see

table 2) are hatched.
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