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ABSTRACT

The total charm production cross section was
measured in pp interactions at 200 and 360 GeV/c. The
set up consisted of a holographic heavy liquid bubhle
chamber HOBC and a muon tirgger. An analysis of part of
the data gives for the total chafm‘production cross
section : o = (2.8 % 4)pb and o = (12.4 g';)ub at 200
and 360 GeV/c respeectively. This indicates.a very rapid
rise of the cross section with energy. Comparing our
data with similar results on hydrogen we obtain for the

. +. 0.
A dependence of the charm cross section (Aa) a = 0.92 _ g fé.



1. INTRODUCTION

In spite of 10 years of continuous and intense

efforts, our knowledge of the total charm production cross
sections in hadron-hadron collisions is still very
unsatisfactory. The uncertainty on the actual value of this
cross section at ISR energies (¥s ~ 60 GeV) still spans an
order of magnitude. Moreover no experiment has measured this
cross section in proton-proton collisions at different
energies with the same apparatus. As a result, its energy
dependence, which is important to discriminate between various

theoretical proposals, is very poorly determined.

In the experiment described below the total charm
production cross section was determined in proton-nucleon
interactions at an incident momentum of 200 and 360 GeV/c.

A proton beam was chosen rather than a pion beam
because the quark structure functions in the proton are better
known and because it allows a comparison to be made with
measurements performed in beam dump experiments or with data
at higher energies. (ISR-data).

2. THE EXPERIMENTAL SET UP .
The set up consists of a holographic heavy liquid
bubble chamber HOBC and a muon trigger., Figures 1 and 2 show

the general layout%of the experiment and of the holographic

recording scheme.

Upstream of the bubble chamber at 1.655 and 12.347 m
are two proportional chambers Bl and B2 with two orthogonal
wire planes of 1 mm pitch each. These chambers are essential
to localise the interactions corresponding to the trigger in
the holographic image. The bubble chamber itself, its
holeographic recording scheme and the holographic¢ scanning and



measuring tables have been described elsewhere [1, 2, 3, 4].
Below we succincetly describe those aspects which are relevant
for the understanding of the results reported.

The active liquid in the bubble chamber is C3F8. This
ligquid has an interaction length of 110 cm and a radiation
length of 25cm. The bubbles in a visible volume of 5 x 6.2 x
10 cm3 are recorded holographically on film. The full width at
half maximum of a bubble profile is 10 um, and, thanks to the
holographic recording scheme, the depth of field covers the
full depth of the chamber. Only one hologram is recorded per
event. The threedimensional properties of a hologram allow to
measure all three space coordinates in one image. The
coordinate along the optical axis is measured by focussing on
a bubble, and the corresponding measurement accuracy is
120um. The accuracy on the two other coordinates is limited
by distorsions in the relay lens used in the recording and is
éum. The chamber cycling rate was 10 Hz, the bubble density 95
bubbles cm-l and the beam was tuned to 70 particles/expansion.

Immediately behind the bubble chamber, and as close
as was practical, are four scintillators (S3) and a massive
iron and tungsten dump. Picture taking was triggered by
requiring :

a) a good beam particle,
b) an interaction in the chamber signalled by pulse hight in
the scintillators S3, | "/'
c) a muon signalled by a hit in a scintillator hodoscope HI.
Particles emitted at less than 54 mr from the beam direction
had to penetrate;éfszcm of Cu, 200 cm of tungsten and 39.5 cm
of Fe to reach the hodoscope, particles emitted at more than
54 mr had to penetrate 6.5 cm of Cu and 239.5 cm of Fe. This
corresponds to a minimum energy for the muon of 6.11 and 3.21
GeV respectively. The angular acceptance of the muons was
defined by 9 planes of hexagonal proportional chambers located
between the dump and the scintillator hodoscope Hl. These
accept tracks produced in the target at less than = 100 mr.



The instrumented part of the dump behind the hodoscope plane
is not relevant for the present analysis.

Figures 3 and 4 show examples of events observed in
the bubble chamber.

3. DATA TAKING AND DATA ANALYSIS
Data were taken at the SPS accelerator at CERN in an

unseparated positive secondary beam at 360 and 200 GeV/c. At
360 GeV/c the beam is essentiélly a pure proton beam, but at
200 GeV/c it contains 76.4% of protons, 21% of'w+ and 2,.6% of
KT. The w+ and proton particles in the beam are tagged with
two beam Cerenkov counters (CEDAR's). For the final results
interactions on incoming pions are removed from the sample. A
total of 23 000 and 17 000 holograms was recorded at 360 GeV/c
and 200 GeV/c respectively. The results reported here
correspond to 80% of the 360 GeV/c film and 50% of the 200
GeV/c film.

Only holograms which correspond to a trigger with a
track in the proportional chambers between the dump and the
scintillator hodoscope were analysed (64.5% of the holograms}.
These are searched for beam particles compatible with the
position measured in the beam proporfignél counters, and
producing an interaction in the fiduciél volume. The fiducial
volume requires at least 2mm of visible incoming beam track
and at least 15mm of visible decay path behind the
interaction. Such an interaction is found on 42% of the
pictures analysed. The procedure selects a wrong interaction
unrelated to the muon trigger 4.2% of the time. Of the primary
vertices 12% were discarded for various reasons like poor
picture quality or ambiguities concerning which vertex belongs
to the triggering beam track. The remaining primary vertices
were all carefully scanned for any secondary activity. Two
independent scans were made and the differences checked on the



scanning table. Any secondary activity in a 2.4 mm wide band
extending forward from the vertex to the end of the chamber

was recorded. The secondary activities were classified as :

- charged decay candidate of multiplicity n : Kn
- neutral decay candidate of multiplicity n : Vn
- decay candidate of unknown nature (charged or neutral) : Xn

- charged interaction
- neutral interaction

- gamma conversion

A secondary activity is considered to be an interaction if
there is either a heavily ionising or a backward track at its
vertex. A secondary activity 1is considered to be a decay
candidate if it is not a secondary interaction and if none of
the decay tracks shows evidence for multiple scattering. At
the level of the scanning we did not require a decay candidate
to have the correct multiplicity. Gamma conversions or delta
electrons are recognised by their multiple scattering.

For each event with a decay candidate the primary and
secondary vertex point were measured accurately; as well as
one point on the incoming beam track and one point on each
secondary track from the decay vertex. We thus have accurate
measurements of all distances and angles in the plane
perpendicular to the optical axis. The final sample used in
the present analysis contains 3667 and 1276 primary
interactions at 360 GeV/c and 200 GeV/q‘réspectively.

. '1\

4., CHARM PRODUCTION IN EVENTS WITH TWO CHARM DECAY CANDIDATES
In the present experiment evidence for charm

production stems from topological information only. It is
clear that particular care must be taken to avoid backgrounds
from secondary interactions, strange particle decays or
y~conversions which might simulate charm decays. In this
respect the muon trigger is essential since it improves the



signal over background ratio by a factor ~ 20, To reduce the
background further we require the charm decays to satisfy the
transverse distance and the maximum impact parameter cuts
listed in table 1 (See figure 5 for a definition of these
variables). All distances and angles refer to projected
quantities. These cuts are chosen such that only a few procent
of the charm decays are removed. In addition it is necessary
to require cuts on projected opening angles or decay angles to
remove y-conversions which simulate V2 or K3 decays or to
remove electrons where a small amount of multiple scattering
could simulate a K1 decay. These angular cuts remove a
substantial fraction of the charm decays (see table 1). Figure
6 shows the projected 0pening‘angle for V2 decays. The
expected distribution for charm decays is also shown. The need -
for the cut is obvious. Decays satisfying all the cuts of
table 1 will be referred to as charm decay candidates.

Even with these cuts most of the charm decay
candidates are background. To reduce the background further we
restrict our attention to the sample with two charm decay
candidates in the same event. In this samplé the background
can be evaluated.under the assumption that the probability
that a secondary interaction simulates a charm decay candidate
is independent of the fact that there is already such a decay
present in the event. In this case the number of events with
two {or more) charm decays due to background is given by

Nb,d = NT f[1 - (1 +¢e) EXP (-~ ¢)}] (1)

where N,, is the tdEal number of primary interactions analysed,

£ = Ns/gT and NS the total number of charm decay candidates.
If this formula is applied to samples with little or no charm
content, it indeed correctly predicts the number of events with
two or more secondary activities (see table 2). Table 3
summarizes the number of events found for different decay
topologies with the cuts of table 1. Formula (1) would predict
6.5 doubles at 360 GeV/c (16 observed) and 2.0 doubles at 200

GeV/c (3 observed). There is a clear excess in the 360 GeV/c



data which we attribute to charm production. This procedure
however overestimates the background since there is of course
a contribution of charm to the singles sample. The excess in
the doubles is used to estimate the amount of charm in the
singles, which is then subtracted from the singles to evaluate
the background in the doubles with formula (l). After a few
iterations the procedure converges and the final result is

doubles observed expected background
360 GeV/c .16 3.85
200 GeV/c 3 1.7

We conclude that we have a clear evidence for charm production

in pp interaction at 360 GeV/c, but hardly any evidence at 200
GeV/c.

5. CROSS SECTIONS

The charm production cross section is given by

T

N o, -0 -

- cc R inel “cé&
o(cc)—'gtr%gger NT 3 A (2)
where Utrigger is the triggering cross section (30 mb), NcE

the number of events with two charm decays attributed to
charm, R the fraction of triggering interactions which satisfy
the muon reguirements, and "a" is the acceptance for charm
decays. The factor A“iner*&a accounts for the fact that the
atomic number (A) dependence of the charm production cross

section (aca) may be different from the atomic number



dependence of the total inelastic cross section

(ainel = 0,72 {5]}. The quantity R is an experimentally
measured number. It is 0.00457 and 0.00313 at 360 GeV/c and
200 GeV/c respectively. It is in agreement with the trigger
rate expected from pion and kaon decay. The trigger acceptance
"a" is the product of the trigger acceptance for muons from
charm decay a,r an acceptance due to the cuts (see table 1)
and a visibility factor. The first two factors are calculated
by a detailed Monte Carlo calculation. The trigger acceptance
a, is 0.081 and 0.095 at 200 and 360 GeV/c (assuming no Ac
production). The visibility factor is essentially a scanning
efficiency. We can however not use the usual procedure to
determine this scanning efficiency from two independent scans.
Indeed, the scanning efficiency goes from essentially zero for
very short distance decays to close to 100% at a few mm from
the vertex, and the conventional procedure assumes that the
probability to see a decay is the same for all the decays. We
will assume here that the visibility V is a function of the
charm decay length

V=V, (1-e B (3)

V_ represents. the scanning efficiency for decays at large
distance from the vertex. It is determined from two
independent scans of decay candidates satisfying the cuts in
table 1 but using only those events with a decay length larger
than 5 mm. The result-is V_ = 0.95_af£gp'two scans. The
parameter 8 in (3) is determined from a comparison of the
decay length distribution for all charm decays occuring in
doubles with a decgy-length distribution generated by Monte
Carlo simulation; The Monte Carlo length distribution
multiplied by (3) is fitted with a maximum likelihood method
to the experimental length distribution. The relevant
distributions are shown on figure 7. In this fit the
background in the doubles sample is properly taken into
account by using the length distribution of the single charm
decay candidates, excluding those occuring in doubles, to
represent the background. The result is

+ 0.75 o L

B = 0.61 _ 529



The visibility, averaged over the charm decay length
distribution is

<V>/V_ = 0.65 .

The resulting value for the cross section then is

oc(cc) = 12.4 b (360 GeV/c)

= 2.8 x 4 ub (200 GeV/c)

Another independent method to determine the charm cross
section in our data is to use the length distribution of the
charm decay candidates and to assume that the background has a
flat and constant distribution in decay length. For this
however it is necessary to correct the length distribution for
the effect of the transverse distance scanning box cuts, for
the finite length of the scanning volume, and for the
visibility as defined above. The resulting distribution is
shown on fig. 8. There is a clear excess at L < 18 mm,
Assuming all events above the horizontQJ'line to be due to

charm we find an inclusive charm production cross section of

+ 14.9
- 8.5

The result is in fair agreement with the charm pair production

43 ub

cross section determined previously. We regard the first
result however as more reliable.



6. DISCUSSION AND CONCLUSIONS

We have determined the charmed pair production cross

section and the inclusive charm production cross section in

proton-nucleon collisions at 200 and 380 GeV/¢c to be 2,8 + 4 ub
and 12.4 f ?:? ub respectively if linear A dependence is

assumed. The values quoted depend on a detailed simulation of

the characteristics of charm production and décay. We checked

however that the result does not depend on any reasonable

change of the parameters in the Monte Carlo calculation,

except for the semi-~leptonic branching ratios and the

lifetimes of the charmed particles. Both guantities are

[7’8]. The

average semileptonic branching ratio used was 11% and the

reasonably well known from other experiments

lifetimes were taken from ref., [8]. The errors quoted on the
cross sections do not include the uncertainties or errors on
these guantities. The most serious uncertainty in our result
is caused by possible L production. The sensitivity of this
experiment to (Ac, D) final states is suppressed because of
the smallex semileptonic branching ratio of the Ac (which is
however poorly known) and thg smaller Ac lifetime which
results in_a sma;;errvisibility for the Ac' Strictly speaking,

the quantity which we have measured in the doubles analysis is

o {charmed meson-antimeson} + 0.52 U(Ac-antimeson)

This is the first experiment where the charm
production cross section in proton-proton collisions is
determined with the ‘same set up at two different energies. The
systematic errof; in our result should not affect the ratio of
the cross section. We obtain

c (360 GeV/c)

51200 Gav/o) — -4t 2.8




10.

This shows a very rapid increase of the charm production cross
section with energy. Figure 9 compiles the charm production
cross sections in proton-proton interactions at different
energies. Such a rapid change is expected in mecdel

[9:10]. A comparison of our result with the charnm

[6]

calculations
production cross section on hydrogen favours a linear A
dependence for the total charm production cross section.

Combining both results we get

AN
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TABLE 1 : Cuts which define a charm decay candidate., The loss
in charm decdys (in %) for each cut considered separately is
given. The acceptance is the combined effect of all the cuts.
The acceptance averaged over all topologies is given for £wo
values of the visibility parameter B8, all other numbers in this
table correspond to 8 = ». In the Monte Carlo calculation it
was assumed that all charm is produced is meson—antimeson pairs.
If all final states are Acﬁ the results are very similar; e.g.

the average acceptance for g8 = 0.61 m@-; is 0.69.

K1 Ly < 500 um 1.2
v LT < 300 um 0.8
K3 Ly < 500 um 1.4
V4 LT < 300 um 0.5
K1l L s.ineD < 1000 um 1.8
v2 (L sineD] <‘lOOO um 0.4
K3 ILn s:LneD]max < 2000 um 0.5
v4 L sineojmax < 1000 um 0.6
Kl edecay > 10 mr 39.9
vz 8 10 mr 22.C .
open
-Acceptance K1 . “ 0.58
v2 .77
L K3 0.96
V4 0.985
Acceptance ave=- - o
raged over all .74 ° -1
topologies 0.69 B = O0.6lmm




TABLE 2 : Number of events with two or more secondary activities
as predicted by formula (1} compared with the observed number

for categories of events which contain little or no charm
(360 GeV/c data)

- ' # doubles
# doubles observed predicted
Interactions 148 A 162
Decay topologies 317 2789
without charm cuts




TABLE 3 : Summary of the numbers of events in different

categories

candidates

200 Gev/c 360 GeV/c

versices analyseq Y 1276 3667
Number of charﬁ-dééay

candidates of topology K1 46 116
Idem K3 9 25
Idem v2 11 42
Idem V4 0 2
- Idem X1, X2, X3, X4 6 28
Number of events with

two or more charm decay 3 16
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FIGURE CAPTIONS

Layout for the holographic image recording

General layout of the experiment : Bl and B2 are
beam defining proportional 3ire chambers, S1-S3 are
scintillation counters, H1-~H3 are scintillator
hodoscopes and W1-W7 are proportional wire
chambers.

Example of a charm candidate. The event contains a
Kl and K3 decay at 8.90 and 12.14 mm from the main
vertex. The picture is a computer generated per4
spective view. Angles and distarnces are non-
linearly distorted. The Kl kink angle is 2.7 , and
the K3 opening angle is 1.1 .

Example of a V4 decay. The picture is again a

computer generated perspective view.

Definition of the variables transverse decay
distance (LT) and maximal impact parameter
L 51n8D]max
V2 projected opening angle for a subsample of the
360 GeV/c data. The solid line is a prediction of
this distribution for D decays. It is clear that a
10 mr cut will improve the signal to noise ratio

in the decay candidate sample.

Projected decay length distributicn for charm decay
candidates occuring in events with two decay candi-
dates and Monte Carlo calculation for the same
quantity averaged over the different charm decay
modes. The difference is attributed to the
visibility of the charm decays.



Fig. 8 : Number of charm decay candiates as a function of
decay length for the 360 GeV/c¢c data. The events in
this plot have substantial weights and should not
be compared directly to table 2.

Fig. 9 ¢ A compilation of total charm production cross
sections in proton-proton igteractions at diffe-
rent energies. The curves are model predictions :
(1) ref.9%, charm creation only, m, = 1.3 GeV;

{(2) ref.9, charm creation and charmexitation,
m, = 1.3 GeV; (3) ref.10



TABLE 1 : Cuts which define a charm decay candidate. The loss
in charm decays (in %) for each cut considered separately is
given. The acceptance is the combined effect of all the cuts.
The acceptance averaged over all topologies is given for two
values of the visibility parameter £, all other numbers in this
table correspond to B = «, In the Monte Carlo calculation it
was assumed that all charm is produced is meson-antimeson pairs.
If all final states are Acﬁ the results are very similar; e.g.

the average acceptance for 8 = 0.61 mm;r is ©0.69.

Rl Ly < 500 um - 1.2
V2 LT < 300 um G.8
K3 LT < 500 um ‘ 1.4
V4 LT < 300 um o o C.5
K1l L sineD < 1000 um 1.8
v2 [L SlneD]max <‘lOOO h 0.4
33 [L SlneD]max < 2000 pm 0.5
v o sineo}max < 1000 um 0.6
K1l edecay > 10 mr 39.9
vz 8 > 10 mr : 22.0
open
K3. eopen > 5 mr 2.3
v4 8 > 5 mr : ' 1.0
open i
Acceptance X1 0.58
v2 0.77
X3 0.96
V4 0.985
Acceptance ave=- = o
raged over all .74 8 _1
topologies 0.69 g = 0.61lom
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