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Abstract

We report on the production of e*u¥ pairs in 450 GeV/c pBe collisions at the
CERN SPS. The eu signal, which has average missing energy of 21 GeV, is shown
to be consistent with expectations from charm decay, and implies a ¢ X B for c¢
production in p-nucleon collisions of 0.63 + 0.28ub. Alternatively, using an estimate
of charm production from other experiments, the data imply a 95% confidence level
upper limit of 0.88ub on any new physics process which produces e* u¥.
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1 Introduction

The HELIOS spectrometer has been used to measure the production of centrally
produced e*uT pairs in pBe collisions at 450 GeV/c at the CERN SPS. The measurement
of the leptons is complemented by a calorimetric measurement of the total energy, and
hence of any ‘missing’ energy. The production of e*u¥ pairs is of interest because:

— it is sensitive to open-charm production through the semi-leptonic decay of both
charmed hadrons. Hadro-production of charm has been challenging for both exp-
eriment and theory, particularly in the SPS energy range where the charm cross-
section is rising quickly [1]. The particular advantage of the ey channel is that it
avoids all hadronic decays which feed the di-electron and di-muon channels.

— e*u¥ pair production in excess of the contribution from the standard model (essen-
tially charm) would indicate new physics.

There has been no previous study of hadronically produced ey pairs with missing
energy at fixed target energies. The HELIOS apparatus is ideally suited for this study
because of its ability to identify promptly produced electrons and muons, and its hermetic
47 calorimetry. It was designed to study lepton pairs in the low mass (< 1GeV) and low
transverse momentum region. The 47 calorimetry provides an energy resolution of 18 GeV
on the total event energy of 450 GeV. This resolution is adequate to observe the missing
energy (average value about 21 GeV) expected from c¢ double semi-leptonic decay. In
the analysis reported here, we have extracted a signal of e*uT pairs which are found
to have large missing energy. Apart from charm, at our energy (/s of 29 GeV for the
proton-nucleon collision) only correlated K™ K~ pairs, where one kaon decays to pv and
the other to mer, contribute to an ep signal with large missing energy. We show that the
contribution of K™K~ pairs is small, and hence obtain a measurement of:

o(cc)[B(c — et X)B(c¢ —» p~X)+ B(¢ — e~ X)B(c — pt X))

Alternatively, taking the charm cross-section from other experiments, we can use
our data to set an upper limit on any new source of ey pairs.

In Section 2 the HELIOS apparatus and data taking are briefly discussed. Section 3
discusses event reconstruction and selection. Section 4 shows the results of modelling the

data with Monte Carlo simulated data, and in Section 5 the results are presented: an
estimation of the charm cross section, and an upper limit on new sources of ey signal.

2 Apparatus, Triggering, and Data-Taking

The HELIOS spectrometer, which operated in the H8 beam line of the CERN SPS
North Area, is shown in Figure 1. The spectrometer combines electron identification,
muon identification, and measurement of the total energy of the event. A full description
of the detector components and triggering may be found in [2] and references therein. We
give here only a brief summary of the features essential to the present analysis.

A 450 GeV/c proton beam is focused on to a 4cm long thin (125pm diameter)
beryllium wire target. In the ‘Electron spectrometer’, charged particle tracking and mo-
mentum information is obtained from the three drift chambers (DC1, DC2, and DC3)
positioned before and after the calorimetrized dipole magnet (MAGCAL). The electron
trigger requires a coincidence of signals from the silicon pad array close to the target, the
transition radiation detector (TRD), and the uranium/liquid argon calorimeter (ULAC).
In the ‘Muon spectrometer’, track and momentum reconstruction makes use of the seven
proportional chambers (PC0 to PC6) and the Muon magnet. The muon trigger requires
matching hits in the scintillator hodoscopes (H3 and H2) on either side of the Iron wall,



and a track in the trigger planes of the proportional chambers (PC3 to PC6) downstream
of the Muon magnet.

Hermetic calorimetry provides a measurement of the total energy in the event.
The target region is surrounded by Fe/scintillator, U/scintillator, and U/Cu/scintillator
calorimeter modules, covering the region of polar angle 6.3° (7,6 = 2.9) to 95.7° (s =
-0.1), and by the ULAC in the forward region (mas > 2.9), where most of the event energy
is deposited. The ULAC is divided into an 18 radiation length electromagnetic section
with tower readout, and a 4.5 interaction length hadronic section with interleaved strip
readout. Additional U/scintillator modules (‘BEAM’ and ‘VETO’ in Figure 1) behind the
ULAC give a total of 10.3 interaction length sensitive depth along the beam direction.

This analysis uses three triggered data samples taken during the 1989 run: di-
electron (e - e), di-muon (g - p), and electron-muon (e - p) triggered data. In addition
a sample of ‘minimum bias’ events was taken, for studies of detector performance and
monitoring. The di-electron and di-muon data, with their well-known resonance peaks,
are used to test the reconstruction of electrons and muons, as well as to provide normal-
ization of the ey signal. To ensure proper normalization, only data taken when all three
di-lepton triggers were operational are used in the analysis, corresponding to approxi-
mately 2 x 10%¢ - e, 1.5 x 10%u - u, and 1 x 10%¢ - p triggers.

3 Event Reconstruction and Selection
3.1 Standard Reconstruction Techniques

Full details of event reconstruction may be found elsewhere [2, 3]. The main points
are as follows. Events in which hadronic particles leak through into the muon spectrometer
are removed by a cut on multiplicity in the first two muon chambers PC0 and PC1. Muon
reconstruction requires that a track reconstructed in the muon spectrometer should have
a momentum greater than 7 GeV/c, and should match a track found in the drift chambers
of the electron spectrometer. This matching improves significantly the resolution on the
production angle at the target and rejects muons produced downstream [4]. Electron
reconstruction requires that an isolated electromagnetic ULAC shower should be matched
spatially and energetically with a drift chamber track. Furthermore, there should be no
signals in the ULAC or TRD which could be due to a conversion partner. The electron
track is required to have a momentum greater than 3 GeV/c.

The total energy in the event is obtained from the flash ADC readout of the calorime-
ters. The ADC system also incorporates an array of sampling ‘history’ ADC modules
which provide information on the time evolution of pulses over ~ lusec in each element
of the calorimetry. This information is used off-line to discard events which show evi-
dence of energy ‘pile-up’ from neighbouring interactions. Events with large energy (>
6 GeV) in the VETO calorimeter, indicating poor containment of event energy, are also
discarded. Further details on the use of the calorimeter information may be found in [5].
The total energy resolution obtained from the calorimeter flash ADCs for minimum bias
events is o = 18 GeV. A major contribution to this overall resolution comes from the
systematics of combining several different types of calorimeter.

After the event reconstruction and selection described above, the di-electron and
di-muon data, shown in Figures 2 (a) and 2 (b) respectively, show clear evidence of the
p/w tesonance peak. A strong ¢ peak is also evident in the pu data, as well as a J/9
peak (see inset of Figure 2 (b)). However, at this stage of the analysis, any ey signal still
has a substantial background, as shown in Figure 3. Defining background (B) as the total
number of et u* and e~ p~ pairs, and signal (S) as e*uT—B, then at this stage S= 99 4- 44



pairs, with a signal to background of 0.11.

3.2 Electron - Muon Signal Optimisation

Table 1: Effect of Drift Chamber and Momentum Cut on ex Data
| Cut | e*p¥Pairs | B=etp"+ep~ | S=e*pT-B [S/B|
Momentum Requirement: P. > 3, P, > 7 GeV/c
DC23 | 1023 + 32 | 924 + 30 ( 100%) | 99 + 44 (100%) | 0.11
DC123 | 553 + 24 | 471 + 22 ( 51%) | 82 + 32 ( 83%) | 0.17
Momentum Requirement: P. > 7,P, > 7 GeV/c
DC23 | 361 +£19 | 260 + 16 ( 28%) | 101 + 25 (102%) | 0.39
DC123 | 205 + 14 | 119 + 11 ( 13%) | 86 + 18 ( 87%) | 0.72

Monte Carlo studies of charm production have been made to try to find kinematic
cuts which should enhance the signal to background. The Monte Carlo package used
consists of Pythia (version 5.3) and Jetset (version 7.2) [6] to simulate hadron-hadron
scattering and fragmentation, followed by the standard HELIOS detector Monte Carlo
program for the trigger and detector response. Decays of p, w, and ¢ into both the ee and
gyt channels were used to ensure that the apparatus Monte Carlo program reproduced
accurately the acceptance, efficiency, and resolution of the real apparatus, particularly the
energy resolution. Once this was done, no further adjustments were made to the Monte
Carlo.

The Monte Carlo predicted that, as might be expected, leptons from charm decay
have a harder momentum spectrum than leptons from other sources. Accordingly the cut
on the electron momentum was raised from 3 GeV/c to 7 GeV/c to match the muon lower
limit.

In addition all tracks are required to have a segment found in DC1, the drift chamber
in front of the MAGCAL. This requirement introduces some inefficiency, as DC1 sees the
highest track density, but it helps to remove biases between the ee, pp, and ey samples,
as well as non-prompt leptons, particularly muons from pion and kaon decays.

Two other cuts have been applied at this stage to remove biases between the dif-
ferent di-lepton samples as well as to ensure agreement between data and Monte Carlo
simulations. All pair types are required to have an opening angle before the MAGCAL of
greater than 30mrad. This cut is introduced firstly because one component of the electron
trigger vetos close pairs, which removes conversions, and secondly it avoids close track
pairs in DC1. Also, as the ee analysis requires the two leptons to be separated by at least
6 cm at the ULAC front face, this requirement is imposed on all lepton pairs.

The effects of the momentum cut and DC1 requirement on the signal, with all other
cuts applied, are shown in Table 1. The final cuts used give a signal of 86 + 18 events,
with a signal to background of 0.72.

4 Analysis of Signal
4.1 Event Energy

If the total energy measured in the event is less than the 450 GeV expected, the
missing energy indicates the production of neutrinos. The event selection described above
does not cut on missing energy. Rather, after events are selected, the energy spectrum of
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the signal can be examined for evidence of neutrino production. The energy resolution
is known to be 18 GeV for minimum bias events, with no missing energy seen. Events
containing neutrino-less decays of resonances should show a similar energy spectrum.
This is confirmed in Figures 4 (a) and 4 (b), which show no missing energy from events
containing p/w di-lepton pairs, with the expected energy resolution. However, the ey signal
shows an average of 21 GeV of missing energy, a clear indication of neutrino production,
as seen in Figure 5. The figure also shows the data agree with the shape of the Monte
Carlo prediction from the double semi-leptonic decay of a c¢ pair, as will be discussed
fully in the following sections.

4.2 Monte Carlo Studies

As mentioned in section 3.2, the Monte Carlo chain consists of Pythia (5.3) and
Jetset (7.2) followed by the standard HELIOS detector Monte Carlo, and was tuned to
describe the p, w, and ¢ resonances seen in the data. Results from the Monte Carlo are
used for the following purposes:

— to suggest kinematic cuts which might improve the signal, as discussed previously
in section 3.2;

— to provide information which can be used, together with the data, to estimate the
“correlated” K™ K~ component in the data, as discussed in the next section;

— to provide predictions for the ey signal which can be compared to data;

— to furnish the factors which allow extrapolation of the cross-section in the region
covered by the detector to the total cross-section integrated over the full phase
space.

It was checked that the Monte Carlo gives a good description of the shape and,
where possible, the magnitude of the mass distributions of the various like-sign pair com-
binations.

4.3 Estimation of KT K~ Contribution to Signal

While many channels can produce ey pairs with missing energy (e.g. K* — ptv, 7~ —
7°e~v), most of these are removed by appropriate subtraction of like-sign pairs, and so
do not contribute to the “signal”. Besides c¢ decay, at /s of 29 GeV the Standard Model
allows only decays from “correlated” K+ K~ production (i.e. produced from a single s3
pair) to contribute a substantial ey signal. The Monte Carlo predicts an average missing
energy from K+ K~ decay of 15 GeV, so we cannot distinguish this channel using missing
energy.

We estimate the maximum contribution as follows. Assuming that all K — pr and
K — muv decays produce reconstructed muons, the Monte Carlo predicts that 7.4% of
the like-sign di-muons seen in the data are produced through K*K* — p*u*. (Such
like-sign K’s are of course “uncorrelated”.) The number of u*u* events seen in the data
is 177, and so the number of uncorrelated K’s is 0.074x177 = 13 events. The Monte Carlo
also predicts that the “uncorrelated” contribution of K* KT decay to utp~ should be a
little larger, 15 events, and that the “correlated” contribution should be 1.5 times the
“uncorrelated”, i.e. 23 events. Finally, to get the correlated contribution to ey , allowance
must be made for the difference in branching ratio (reduction of a factor of 7 for KK — ep
compared to pup) and smaller total acceptance for e’s (reduction of a factor of 2). This
reduces the expected K* KT — et 47 yield to at most 2 events, or 2% of the ey signal.

4



4.4 Comparison of ey Signal to Charm

Having found that the K* K¥ contribution is negligible, it remains to compare the
observed signal to that expected from associated charm production. The kinematic
distributions predicted by the Monte Carlo chain show good agreement with the ey signal,
as seen in Figures 5, 6, and 7. All plots have a common normalization factor: the total
number of Monte Carlo events is normalised to the signal of 86 events.

The comparison between data and Monte Carlo for all the points in Figures 5, 6,
and 7 shows reasonably good agreement in all variables. Of particular significance is the
large missing energy associated with these events. The mean missing energy of 21 GeV in
the eu signal events agrees with the Monte Carlo expectation for the semi-leptonic decay
of charm. Although the statistics are small, this indicates that the signal does not have a
large component of pairs produced with less or no missing energy.

The agreement in shape between the data and Monte Carlo spectra, as well as the
good signal to noise ratio, all support the interpretation that a clean sample of ey pairs
from charm decay has been selected.

5 Results
5.1 Estimation of Charm Cross Section

The extraction of the ey signal, and its agreement with the Pythia 5.3 Monte Carlo
expectations from charm production and decay, have been shown in the previous sections.

Depending on selection criteria, the resulting signal (see Table 1) is 2 — 3 times larger

than previously published data in hadro-production at /s ~ 30 GeV [T7].

This clean sample of charm decays can now be used to obtain a cross section mea-
surement for pp — c¢ production, or, using other measurements of charm production, to
place a limit on new physics processes with an ey decay mode. The cross section can be
expressed by:

— 4+ FX\= N _ % Oinelastic % % 1
O-(CC —EeH ) (CC—»Ciﬂ:F seen) Ninteractions AOcharm 8(65 — 6[1,) ( )

where

— o(ce — e*uTX) = 00z x [B(c — et X)B(e¢ — p~X) + B(¢ — e~ X)B(c — pt X))

ocz is the total cross section (integrated over all phase space) for ¢ production in

pp collisions, and B(c — et X) is the inclusive semi-electronic branching ratio of ¢

to et (with similar notation for other branching ratios);

N(cE—>ei,ufF seen) is the number of signal events in the data;

— Oinelastic 18 the total pp inelastic cross section;

— Ninteractions 18 the number of inelastic pBe interactions;

— A%cherm jg the atomic mass dependence of the cé production cross-section in the
phase space region covered by the detector;

— and e(c¢ — ep)is an absolute efficiency factor, including trigger, reconstruction, and
acceptance. It includes the factor which extrapolates from the phase space region

covered by the detector to the full phase space, as given by the pp Monte Carlo.
Because N;,ieractions and the absolute efficiency are not well known, this equation cannot
be used as it stands. However, a precisely analogous equation can be written for the p/w
resonance:

Oinelastic % 1 % 1 (2)
Ninteractions A%l 8(p/w — l+l_)

Tpjw X B(p/w = 1117) = Nipjy_iti- seen) X

where

0pjw X B(p/w — tl1")=0, Blp—1Tl") + 0, B(w—ITI7). (3)



Since the cross-sections and branching ratios for the p and w are reasonably well-

determined, these resonances can be used for normalization.
First, the ratio:

N Jw—ltl— seen
o (pB( l"‘l)— (4)
plw p/w - )

Ra+i-) =

can be evaluated for ete™ and u*u~ separately. Combining this equation with Equa-
tions (3) and (4) gives:

Nznteractzons a _
VR Rty =~ TEHEE A% X \fe(pfw — e¥e)e(pfw — ptp) (5)

and, finally, eliminating Ninteractions/ Tinelastic from Equation (1) gives:

1 A%/w Velp/w — ete)e(p/w — ptu~)

= + F _
olcc—euy™X)=N, . + X X —
( ) (cc—e H':F seen) R(e+e‘)R(p+p—) A%charm €(CC — eu)

We now consider the various terms on the right-hand side of Equation (6). In order
to evaluate R(c+.-y and R(,+,-) using Equation (4), first the number of p/w events in
the data must be determined. This is done by fitting the observed mass spectra to a
combination of a Lorentzian line-shape for the p and a Gaussian for the w. (The mass
resolution, FWHM, in both ete™ and ptu~ is smaller than the p width, but larger than
the w.) Because the relative p and w contributions to the yield cannot be determined from
the fit, this ratio is obtained from Monte Carlo, assuming equal production cross-sections
and using branching ratios from [9]. In addition a linear background term is allowed in
the case of utpu~ pairs. A study of the full 1989 di-muon sample showed evidence for
destructive interference between the p and w ([2] and references therein) with the result
that the number of events seen in the data should be increased by 15% to correspond
to the sum of cross-sections as used in Equations (3) and (4). This 15% correction has
been applied, with a corresponding increase in the systematic error. The results of the
fits, including the 15% interference correction, are:

N(P/W—*€+e_ seen) = 46 £ 26
N(pjw—ptu- seen) = 110 £ 59.

Next, cross-sections and branching ratios taken from [8]and [9] respectively ) give:

o, B(p—ete )+ 0, Bw—eTe”) = 1.5540.08ub
o0, Blp—ptp ) +0, Blw— ptp~)=15740.08ub

and so, from Equation (4):

Rete-) = 30+ 17pub™"
-1
R(ﬂ+ﬂ—) = 70 :|: 38;11) .

The next term in Equation (6) is the ratio of the A* dependences for p/w and
charm. For central p/w production a = 0.7240.01 [10], and for central charm production
a =1.02 4+ 0.04 [11] for charm.

The final term in Equation (6) is a ratio of overall efficiencies. Here care has been
taken to ensure as much cancellation as possible. For example, the efficiency of recon-
structing an electron-muon pair coming from c¢ decay, ¢(c¢ — ep), includes the product

1) Because the branching ratio B(w — ptp~) is not well-measured, we assume B(w — ptp~) = B(w —
ete™)

- (6)



of the single electron and single muon trigger efficiencies. However, the numerator in-
cludes the di-electron and di-muon trigger efliciencies. The di-muon trigger efficiency is
identical to the product of two single muon trigger efficiencies, leading to cancellation of
the muon trigger efficiency in Equation (6). Unlike the di-muon trigger, the di-electron
trigger requires, in addition to two single electron triggers, a veto in cases where the two
candidates are close together [2]. To correct for this in the present analysis, a spatial
separation of 6 cm at the ULAC face, determined from a Monte Carlo simulation of the
electron trigger, has been required off-line for all pairs, ensuring this additional veto had
no effect - see also section 3.2. This off-line cut restores cancellation of the electron trigger
efficiencies in Equation (6).

The efficiency ratio term is still not 1, because eu pairs from charm are produced
over a very broad mass range (about 0.2 — 2.0 GeV/cZ) and the reconstruction efficiency
is mass dependent. Also the characteristics of charm and p/w production are different,
so the ratio of the factors which extrapolate from the central region in which we have
data to total cross-section also enters here. (Hence we are assuming that the shapes of the
relevant production spectra are well described by Pythia and Jetset.) All these effects are
included in the Monte Carlo and lead to a value for the last term in Equation (6) of 0.65.

With all the necessary restrictions in place, 86+ 18 e* uT events have been retained,
yielding:

o(cc — e uTX) = 0.63 + 0.25(stat.) + 0.13(syst.)ub.

The largest contribution to the systematic error is the 15% from the p/w interference.
Various smaller effects lead to a total systematic error of 20% compared to the 40%
statistical error.

As a check, the entire analysis has also been carried out with the electron momentum
cut relaxed from 7 GeV/c to 3 GeV/c. The result obtained is consistent within errors.

To estimate the c¢ cross section, a value for B(cé — e*uT X) is required, and this
depends on the relative production of the various charmed hadrons. Faced with a simi-
lar problem, the E653 collaboration [12] have estimated that in 600 GeV/c 7~ emulsion
collisions the inclusive semi-muonic branching ratio B(¢ — p) is 9.34+1.3%, which is dom-

inated by the systematic error. This is similar to the value obtained in e™

e~ collisions;
see [13] and references therein. Using the E653 value, and assuming the same value for

the electron branching ratio, leads to B(cé — e*uTX) = 1.7 £ 0.3%, and hence:
oz = 37+18ub

where statistical and systematic errors have been combined in quadrature.

5.2 Upper Limit on New Physics

We have obtained o x B = 0.63 + 0.28ub (statistical and systematic errors added in
quadrature) for the production of a source of e*uT pairs with the production and decay
characteristics of charm. The EHS collaboration has obtained 14.6 + 2.0ub for o(DD)
in pp collisions at 400 GeV/c [14], where D is D° or D*. Using the relative production
rates of D°, DT, D,, and A, as estimated by E653 [12] implies that DD is 44 + 7% of cc
production. Thus the EHS measurement implies o(cc — e*u¥X) = (14.6/0.44) x 0.017 =
0.56 + 0.15pb. Our value is entirely consistent with this.

While we have shown that the signal observed is completely compatible with charm,
we may also use our cross-section and that derived from the EHS measurement to set



an upper limit on any new source of e*uT pairs. Using the algorithm described by the
PDG [9], we obtain an upper limit of 0.88ub at 95% confidence.

6 Conclusions

We have observed a signal of centrally produced e*uT pairs in pBe collisions at
450 GeV /c. At most 2% of the signal comes from strangeness production. The kinematic
distributions predicted by the Pythia 5.3 Monte Carlo for the associated production of
open charm, with each charmed hadron decaying semi-leptonically, show good agreement
with the eu signal. In particular the ey signal shows a mean missing energy of 21 GeV, in
agreement with the Monte Carlo prediction for charm. Hence electron-muon pairs would
seem to be an excellent way to study inclusive charm production.

The signal implies a total cross-section in 450 GeV/c pp collisions of:

o(cc — et pTX) = 0.63 + 0.25(stat.) & 0.13(syst.)ub.

Comparing the above value to one which may be derived from the EHS data, we
obtain an upper limit at 95% confidence level on unexpected physics processes decaying
through a correlated e*uF channel of 0.88 b, or approximately equal to the contribution
from charm.
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Figure 1: 1989 HELIOS apparatus
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