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Abstract

We have measured the inclusive cross-section as a function of missing energy,
due to the production of neutrinos or new weakly interacting neutral particles in
450 GeV /¢ proton-nucleus collisions, using calorimetric measurements of visible
event energy. Upper limits are placed on the production of new particles as a
function of their energy. These upper limits are typically an order of magnitude
lower than those obtained in previous searches.
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1 Introduction

Weakly interacting neutral particles (WINPs) are of particular interest at present
since they may reflect the properties of both the Higgs and of a lightest supersymmetric
particle, if they exist. In this paper we report on a search for such particles produced in
p-nucleus collisions at 450 GeV/c.

Several recent experiments [1] have searched for unstable neutral particles by looking
for their decay products in a certain fiducial volume. The production limits so obtained
are valid up to some upper value of the particle life-time. In the present analysis, we
have looked for evidence of WINP production in 450 GeV/c pN interactions by studying
missing energy events in a 47-coverage calorimeter system. Hence in our case WINPs
have to traverse the detector before decaying in order to give a missing energy signature.
Therefore our limits are valid from a certain lower life-time value, and of course do not
depend on any assumption on the nature of the WINP decay. A similar analysis has been
performed in [2], but, in an experiment with an order of magnitude larger statistics, we
become sensitive to the neutrinos from charm decay. The uncertainties in this process set
the ultimate limit in the semsitivity to new sources of missing energy.

We present results from missing energy data taken in two different and complemen-
tary configurations of the same basic experimental set-up: firstly, from proton interactions
in a beryllium wire target with 4= calorimeter coverage and secondly, from proton inter-
actions occurring in the forward calorimeter itself.

The paper is organised as follows. The experimental set-up is presented in Section 2,
followed by a description of the data reduction and analysis for the two detector modes in
Section 3. The results are presented and discussed in Section 4, and conclusions are given
in Section 5.

2 Experimental setup

The HELIOS (High-Energy Lepton and IOn Spectrometer) detector is situated in
the H8 beam line of the CERN Super Proton Synchrotron (SPS). An overview of the
apparatus is shown in Figure 1. The detector elements used in this analysis are described
below; first those corresponding to data taking with the beryllium target (“target” mode)
and second, the (minor) modifications needed to study proton interactions in the forward
calorimeter (“beam dump” mode). For both configurations the data were taken using the
450 GeV/c proton “micro”-beam developed specially for the HELIOS experiment. This
beam has excellent' momentum resolution (6p/p = 0.1%) and a transverse diameter of
~ 50 pm at the target. Since undetected upstream interactions are a potentially serious
background, our unusually small and clean beam is a key element in this experiment.

2.1 Target mode

Incoming protons are defined by two small scintillator counters placed 150 cm up-
stream of the target. The target itself is a 50 pm-diameter beryllium wire, 2 cm in length.
Two additional scintillators act as a halo counter and are used to veto interactions up-
stream of the target.

A silicon detector [3] consisting of an array of 400 silicon pad elements is centred on
the beam axis 1% cm downstream of the target, with a central hole to allow non-interacting
beam particles to pass through. This device provides the interaction trigger and measures
the charged particle multiplicity.

The target is surrounded by an almost hermetic box of calorimeter modules (the
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BOX, WALL and MAGCAL in Figure 1), covering polar angles from ~ 6.3° (71,5 = 2.9)
up to ~ 95.7° (g = -0.1). The forward region of the box (2.2 < 1.5 < 2.9) is occupied by
an Fe/scintillator calorimeter of 3.2 interaction lengths ();) depth. The remainder of the
box consists of U/scintillator and U/Cu/scintillator (UCAL) modules, each divided into
an electromagnetic section (6.4 radiation lengths deep) and an hadronic section (4.0 and
3.8 X; for U and U/Cu module respectively). The calibration and analysis of these devices
has been described previously {4, 5, 6]. The forward region (n,; > 2.9), in which most of
the energy is deposited, comprises a U/liquid argon calorimeter (ULAC) followed by ad-
ditional U/scintillator modules (the BEAM and VETO) giving a total of 10.3 A; sensitive
depth along the beam direction. The ULAC is also divided into two sections, an 18 radia-
tion length electromagnetic section with tower readout and a 4.5 A; hadronic section with
interleaved strip readout. The electromagnetic section has a 5 cm-diameter hole around
the beam axis so that non-interacting beam particles and very forward secondaries will
hit the hadronic section directly. (Such particles would otherwise begin to shower in the
electromagnetic section, degrading the information on secondaries produced at slightly
wider angles). Full details of the ULAC design and construction have been given in [7].

Both the liquid argon and scintillator calorimeters have two parallel readouts. The
first system, using fast analogue and digital summation of the total energy, allows con-
struction of a wide range of calorimeter triggers. For the data used in this analysis, the
digital flash ADC (FADC) modules were configured to trigger on the difference between
beam and measured calorimeter energies to provide a missing energy (Ep,) trigger. The
FADC system also incorporates an array of sampling “History” ADC (HADC) modules,
which provide information on the time evolution (over 1 ys) of pulses in each element of
the calorimetry. Details may be found in [6]. The second readout system is used exclu-
sively for offline analysis and provides informationr from each individual channel in the
calorimeters. For the ULAC, this system is based on peak-sensing ADCs (PADCs); the
equivalent readout for the UCALs uses charge-integrating ADCs (QADCs).

Immediately downstream of the calorimeters is a large acceptance (~ 100 mrad)
muon spectrometer (see Figure 1). It consists of 7 proportional chambers with a total of 32
wire planes, a superconducting dipole magnet and two scintillator hodoscopes, separated
by an 80 cm iron wall [8]. Energy loss in the calorimeters and the transverse momentum
kick from the magnet combine to give a lower momentum threshold of ~ 5 GeV/c for
detected muons.

Several triggers were applied for data-taking. The “minimum bias” interaction trig-
ger requires a signal from the beam-defining scintillators and a minimum of three hits
in the silicon pad detector. A missing energy trigger requires the interaction trigger in
coincidence with a missing energy signal from the calorimeter system. Good statistical
coverage over the full missing energy range was achieved by appropriate downscaling of
events satisfying the interaction trigger and missing energy triggers with several different
calorimeter E,,;, thresholds. It has been checked in both these and other data that en-
ergy triggers from the calorimeter system introduce no significant inefficiency. In addition,
events were recorded using a “random” trigger. These events, taken during beam bursts,
were used offline to monitor the detector stability.

2.2 Beam Dump mode
For the beam dump configuration, the beryllium target was removed and the beam
passed through the hole in the electromagnetic section of the ULAC to impinge directly
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on the hadronic section. An additional beam scintillator counter was added, and used in
coincidence with the existing counters to define valid incoming beam particles.

Data taking was carried out exactly as for the target mode data, except that the
interaction trigger was replaced by the valid beam condition.

3 Analysis
3.1 Target Mode Data

The first step in the analysis is to check for valid detector information for each
event. The data are then filtered through the standard HELIOS calorimeter reconstruc-
tion software to obtain calibrated energy information. Two cuts are applied to reduce
contamination from non-target interactions: firstly, a requirement is made that there be
no hits in either of the veto scintillator counters, and secondly, events are required to have
less than 15 hits in the silicon pad counter.

Analysis of this type of data requires particular attention to backgrounds. There
are several sources which may fake a missing energy signal: upstream interactions, energy
leakage from particle punch-through in the calorimeter, instrumental effects due to pile-up
of two or more particles, and energy loss through cracks in the detector coverage.

3.1.1 Upstream interactions

Upstream interactions may fake a missing energy signal if all of the following con-
ditions are satisfied: some of the produced secondaries are not detected in the calorimeter,
and no particle hits the veto counter, but one particle hits the beam scintillators and hits
and interacts in the 50 pm-diameter target. Contamination from upstream interactions
satisfying these criteria is estimated to be negligible.

3.1.2 Punch-through

Due to the finite length of the calorimeters the probability that a particle traverses
them without interacting is not zero. Any charged particle emerging from the back of the
last calorimeter (VETO) will give a signal in the chambers of the muon spectrometer. For
this reason only events with no hits in those chambers are selected for further analysis.
If the particle emerging from the VETO calorimeter is neutral, it will not be detected in
the chambers. Nevertheless it will have a high probability of interacting in the iron wall of
the muon spectrometer creating a shower that will be detectable in the hodoscope placed
behind the wall. Accordingly, events with any hits in the muon hodoscopes are discarded.
The contribution from neutral particle punch-through after this cuf is estimated to be
negligible. A further cut applied to reduce any remaining punch-through improves shower
containment in the calorimeters by demanding that the energy in the forward BEAM
calorimeter (see Figure 1) be less than 20% of the total visible energy.

It may be noted that this last cut should not discriminate in any way among events
with different values of E,., and so does not affect the shape of the true En;, spectrum.
We have deliberately used cuts with this property wherever possible.

3.1.3 Pile-up

Because of the pulse-shaping performed on the ULAC calorimeter signals, two
events close enough in time, but not exactly coincident, may result in a superposition of
the bipolar shaped signals which fakes an event with missing energy. Various methods
are used to reduce this background. The simplest is to use the beam counters to reject
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events with another incoming projectile in a +1us window (the length of the typical
bipolar ULAC pulse is ~ 900 ns). However due to counter inefficiencies, a non-negligible
background remains and other methods have to be used. In general the overlap of two
events close in time is clearly visible in the History ADC (HADC) system, and a simple
computer algorithm is used to reject the events. The systematic error introduced by
applying this HADC algorithm is estimated to be of the order of 10%, mainly due to
HADC inefficiencies. In addition, pile-up events usually produce different energy values in
the two calorimeter readout systems (FADC and PADC-QADC) due to the different time
response of the two systems. Hence, in addition to the two previous requirements, the
signals provided by the two readout systems are required to be equal within fluctuations.

Any pile-up effect will be proportional to the square of the beam rate. In order to
verify that the pile-up contamination is negligible after the application of the three cuts
just described, the remaining signal is studied as a function of beam rate. No significant
dependence on beam rate is found within statistical errors and therefore at our present
level of sensitivity the pile-up contribution is negligible.

3.1.4 Cracks

Cracks in the calorimeter coverage may also fake missing energy events. The ca-
lorimeter coverage for the target mode data consists of several separate calorimeters, as
described in Section 2.1. It is instructive to study, for each component calorimeter indi-
vidually, the correlation between the energy measured in that component calorimeter and
the event missing energy. Any crack in or around a component calorimeter will produce
a positive correlation between the energy measured in that calorimeter and the event
missing energy, since the greater the energy measured in the component the greater will
be the leakage through the crack. This correlation was studied for each of the calorimeter
components. No correlation was found except for the electromagnetic section of the ULAC
which has an insensitive zone around its central hole [7]. On average, 90% of the energy
produced in a collision is deposited in the ULAC, and so any crack in the calorimeter cov-
erage in this region will be particularly important. The crack around the ULAC central
hole results in a marked excess of events with apparent E,;, ~ 70 GeV.

To deal with this problem, we define the fraction of energy in the region close to the
crack to be Q = E,/E,;,, where E, is the energy detected in the first set of electromagnetic
towers around the hole and E,,, is the total energy detected in the calorimeters. Figure 2
shows the spectrum of Q in three E.;, bins. The first graph (a) corresponds to small
Eonis where the missing energy faked by the crack is negligible. The full line in the second
plot (b) corresponds to the bin where the crack effect is maximum (E,.;, = 60-80 GeV)
as is illustrated by the appearance of a prominent bump centred at around Q = 0.15.
This indicates that for this E,.;, bin, a large fraction of the events have significant energy
deposit in the calorimeter towers around the hole, with consequent energy loss in the
neighbouring insensitive material.

In order to correct for this crack effect we make the assumption that the energy
distribution in phase space should not be strongly dependent on E,,;,. In other words we
assume that the Q spectrum shape, due to events with real missing energy, is only weakly
dependent on E,,;,. With this assumption the Q spectrum in the lowest E.,,;, bin (reference
spectrum (a)), where the crack contribution is negligible, is used, with the appropriate
scaling, to estimate the number of events with real missing energy in the different FE.;,
bins. These are represented in Figure 2 (b) and (¢) by dashed histograms. The reference
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spectrum is scaled to the first bin of the distribution where the crack contribution is
estimated to be negligible in all cases. The systematic error introduced in the subtraction
is estimated to be up to 30% in the bin E,;, = 60-80 GeV where the effect is maximum.

As already stated above, we have deliberately used cuts which do not depend on E;,
wherever possible. The trigger requirement of at least 3 hits in the silicon pad counter has
been studied by Monte Carlo, and turns out to be a bias favouring large E;,. This effect
has been corrected for in the final analysis. It is a 30% correction at F,;, ~ 200 GeV.
The final sample of events is equivalent to ~ 10° protons interacting in the target.

3.2 Beam Dump Data

The sources of background and contamination in the beam dump data are broadly
similar to those described above for the target data. However, the techniques used to
remove them differ in several important respects, as described below.

3.2.1 Upstream interactions

Upstream interactions are a potential source of background, as in the target mode
data. For the beam dump data the veto protection consists of demanding no hits in etther
of the veto scintillators in the beam line (as was done for the target mode data), and is
extended to include the silicon pad detector and all the off-axis calorimetry (namely the
backward calorimeters and the electromagnetic section of the ULAC). By requiring no
energy deposition in any of these elements, off-axis particles between 0.12 cm and 240 cm
from the beam axis are rejected.

3.2.2 Punch-through

The first requirement is that the primary interaction should take place within
the first 1.5 A; of the hadronic section of the calorimeter. This ensures that the most
of the depth of the calorimeter is available for shower absorption, thereby reducing the
probability of energy leakage via punch-through. The remaining cuts applied to the beam
dump data to eliminate energy leakage from punch-through are similar to those used in
the target analysis. Events with hits in the spectrometer chambers or hodoscope planes
are rejected and the energy in the BEAM calorimeter restricted to be at most 10% of the
total visible energy. This is a more restrictive cut than the 20% used in the target analysis
due to the increased fraction of energy deposited in the forward calorimetry in the beam
dump configuration.

3.2.3 Pile-up

Pile-up of two or more beam particles within the sensitive time window of the
calorimeters is also a source of false missing energy events in beam dump mode. Infor-
mation from the beam counters is again used to veto events in which additional particles
are detected within a +1us window around the trigger particle. Good correlation between
the parallel calorimeter readouts (PADC and FADC) is also required as described in Sec-
tion 3.1. Event rejection of overlapping pulses using the History ADCs was unfortunately
not possible for the beam dump data due to technical difficulties during data-taking, and
analysis of the missing energy spectrum as a function of beam rate shows a residual con-
tamination due to pile-up. This can be seen in Figure 3, which shows the fraction of events
in four F,.;, bins as a function of the beam rate squared. For E,;, > 20 GeV the data
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are compatible with the expected linear dependence on the squared beam rate, and an
extrapolation is made to zero beam flux to obtain the rate-independent spectrum. This
extrapolation implies at most a 10% correction.

The final data sample in beam dump configuration is equivalent to approximately 3 x 107
interactions, taken at an average beam rate of 4 x 10* protons/s.

4 Results

The missing energy spectra, expressed as probability per event, for the target and
beam dump data are shown in Figure 4. All cuts and corrections have been applied.
The error bars represent combined statistical and systematic errors added in quadrature.
The dashed curves are Gaussian distributions with ¢ = 15 and ¢ = 11 GeV, reflecting
the calorimeter resolution for target and beam dump configurations respectively. In both
cases, the data points follow the Gaussian up to about 4¢ deviation from average beam
energy. The data also show a tail of events extending well beyond the expected calorimeter
resolution to missing energies of 200 GeV or more. The results from the two configurations
are in very good agreement. Since the target nucleus is beryllium for the target mode data
and effectively uranium for the beam dump mode, the agreement between the two data
sets implies that the A dependence of the missing energy tail is similar to that of the
inelastic cross-section. Parametrising the A dependence of the E.;, > 80 GeV tail as
A**8 where « is the exponent for the inelastic cross-section, we find 6=0.05 +0.08.

Within the framework of the Standard Model, the only known weakly interacting
neutral particle is the neutrino. Hence, neutrino production may be expected to contribute
some fraction of the observed missing energy tail. At our beam energy only semi-leptonic
decay of charm can contribute significantly to E,;, > 80 GeV. Unfortunately, the exper-
imental situation on charm production is confusing, if not bewildering [9, 10, 11]. This is
illustrated in Figure 5, which shows the result of a Monte Carlo simulation of our beam
dump configuration, using the Lund program [12, 13] as physics generator, but with dif-
ferent parametrisations of charm production according to the published results. Where
necessary we have used A% [14] to extrapolate to different nuclei. The wide band in Fig-
ure 3 for Eni, > 60 GeV reflects the range of published data. Whilst the A dependence
of charm production is relevant here, it is in fact the shape of the zr spectrum which
is crucial. Experiments which measure at lower &y tend to report a more steeply falling
zr spectrum. On the other hand E613 [10] measure into the high zz region as we do,
and they infer a much flatter zr spectrum. In Figure 6 we compare our data with the
results of the Monte Carlo simulation using the E613 production spectra. The agreement
is excellent for the heavy target data (beam dump), and acceptable, though slightly less
good, for the light target data (target mode). It may be noted that the E613 production
spectra come from their heavy target data, and their conclusions about any possible A
dependence of the zf spectrum are limited by statistics {14].

‘Whilst charm production is not the aim of the present analysis, it is clear that our
data in the region E.;, > 80 GeV would support the E613 results in this region.

Upper limits on anomalous WINP production depend of course on what we take
for the level of “background”, i.e. charm. The most conservative approach is to take the
lowest charm leve] implied by Figure 5. Since our data points lie well above such a level
we can in practice set it to zero for the purposes of calculating upper limits. Assuming
further a target atomic number dependence A%? in order to extrapolate from pN to pp
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collisions, Table 1 shows the 95% confidénce level upper limits on the cross-section for
non-interacting particles with energies above a certain threshold for the two configurations
(target and beam dump). Alternatively we can take the charm level as measured by E613
to be the appropriate background level, and in this case we get the more restrictive upper
limits given in Table 2.

> 80 > 100 5190
Target - 1.5x107° | 6.2 x 107°
Beam dump | 4.5x 107% [ 2.0 x 10~% | 1.3 x 10~

Table 1: Cross-section limits (mbarns) for production of WINPs in pp collisions with
energies above a certain threshold (GeV): no charm background.

> 80 S 100 > 120
Target - 38x10°% 20x10°°
Beam dump | 1.4 x 107% | 5.4 x 107 | 4.2 x 10~®

Table 2: Cross-section limits (mbarns) for production of WINPs in pp collisions with
energies above a certain threshold (GeV): charm background as measured by E613.

In order to extrapolate to the total cross-section for non-interacting particle pro-
duction, WINPs of masses ranging from 0 to 5 GeV were then assumed to be produced
according to the Bourquin-Gaillard formula [15]. In addition the dependence of the limits
on the WINP life-time was studied to take into account the fact that the particles must
traverse the calorimeters before decaying. Figure 7 shows the WINP production limits
obtained at the 95% CL for different values of the life-time as a function of the particle
mass. Also shown are the results adapted from [2].

5 Conclusion

A search for non-standard WINP production has been made using the missing
energy technique. Limits on the production of new WINPs have been obtained for different
masses and life-times; they represent an order of magnitude improvement on previous
measurements.
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FIGURE CAPTIONS

: The experimental layout, showing target region, calorimeters and downstream

muon spectrometer.

: Distribution of the Q variable () = E,/E,,) in different E,;, bins. a) 0 <

Enis < 20 GeV, b) 60 < E;, < 80 GeV, ¢) 80 < E;, < 100 GeV. The solid
(dashed) line represents the distribution before (after) crack correction.

: The beam dump missing energy spectrumn as a function of squared beam rate

R?, Data for each of the 4 E,,;, bins has been divided into 3 rate bins. Also
shown are the results of the fits in each bin.

: Missing energy spectra for target and beam dump configurations. Points are

data including systematic and statistical errors. The dashed lines correspond to
the calorimeter resolution in each case.

: Monte Carlo simulation of the beam dump missing energy spectrum using dif-

ferent charm parametrisations from published results.

: Missing energy spectra for (a) beam dump and (b) target configurations. The

histograms represent Monte Carlo results including classical sources of missing
energy and using the E613 parametrisation of charm production.

: Limits on the production of WINP particles as a function of mass for different

life-times. Also shown are the limits obtained from [2].
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