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ABSTRACT

A search for the Centauro phenomenon has been made at Ys = 900
| GeV using the UAS detector at the SPS pp collider operated in a pulsed
mpde.. Eossible,interpretationsfof the cosmic ray data are discussed
leading rp various anaiyses of our data which exploit the distinctive
feétﬁres of rhe Ceﬁtauro events: high multiplicity, high Py and
absence of produced photons. No indication of Centauro production is
observed. Uppexr limits on the production of Centauros at the level of

a few per thousand inelastic events are obtained.
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1. Introduction

Cosmic ray studies of high energy hadronic interactions in the
laboratory energy region from 100 to 10000 TeV have mainly been
carried out using large emulsion chambers [1]. With the start of the
'CERN SPS pp Collider in 1981 the cosmic ray data have been compared
directly with the detailed accelerator-based data at a c.m. energy of
546 Gev, corrééponding to a 1aborétory energy of 159 TeV, and the
agreement has been found to be good [2]. Higher energy cosmic ray
data, however, indicate the existence of several anomalous phenomena
[1]. Among these, the phenomenon which has received the widest
attention 1s referred to as CENTAURO [1,3]f The Centauro events are
characterized by high multiplicity and high transverse momenta with an
almost complete absence of photons (and hence of no) among the

produced particles.

Such an event could be the result of a collision between a
projectile nucleon(*) of an estimated energy of about 1500 TeV [1]
(equivalent to a c.m. energy ¥s ~ 1700 GeV) and an atmospheric
nucleon. In 1981 the SPS Collider offered the highest available c.m.
energy at an accelerator and so searches for the Centauro phenomenon
were made among the high multiplicity data [4,5]. However, no
candidates were found. A possible explanation of this negative result
could be the existence of a threshold for Centauro production between

546 GeV and 1700 GeV c.m. energy.

In 1982 a scheme was suggested to increase the c.m. energy to 900
GeV by operating the CERN collider in a pulsed mode [6] and the
proposed operation was successfully achleved in March 1985. 1In this
paper we report on our search for the Centauro phenomencn at this
higher energy of ¥s = 900 GeV, corresponding to a laboratory energy of
431 TeV.

(*) Even though the primary cosmic rays contain irom nuclei, the
interactions observed in the emulsion chambers must all be induced by
nucleons. Since the chamber is situated at a depth of 540 g/cmz,
(17 interactlon lengths for iron), the nuclei would have broken up.



2. The UAS Detector

The UA5 detector and standard analysist procedures have been
described in detail elsewhere [7]. Two large streamer chambers,
having a visible region of 6m x 1.25a x 0.5m, were placed above and
below the beam pipe. The geometrical acceptance was about 957 for
iﬂf<3, falling to zero at lnf = 5 (n 1s the pseudorapidity, n = —-Ain
tan 6/2, where O is the c.m. emission angle). The triggers were
provided by hodoscopes of scintillation counters called Al and A2 at
each end of the detector covering the pseudorapidity range 2 < ’n, <
'5.6. The triggers used were a 2-arm trigger (Al.A2, i.e. at least one
hit at each end) and a l-arm trigger (Al.AZ, i.e. hits at only one

end). More details concerning the trigger may be found elsewhere

(8].

Since our earlier search for the Centauro phenomenon [4], the UAS5
- detector has been significantly improved in several ways: by adding a
small calorimeter, by replacing the stainless steel beam pipe by a
Zmm thick beryllium beam pipe and by introducing, for part of the run,
a lead coaverter plate between the beam pipe and the upper chamber to

improve the photon coaversion efficiency. The lead-iron—scintillator

calorimeter was sifuated at 90° beside the lower streamer chamber and
covered the interyal ‘n,s 0.9 and A¢ = 30°, where ¢ 1is the azimuthal
angle around the beam axis. One absorption length of lead was
followed by three absorption leagths of iron and each part was
instrumented with scintillator readouts [7,9]. The photon converter
[10] consisted of an aluminium box containing four 0.5 mm thick lead
sheets, of varying sizes so as to give a roughly uniform photon
conversion probability (~ 25%) for the upper streamer chamber over the
rapidity raage Inl<3. Photon detection in the region 3<|n|<4.5 was
provided by conversions in the berylliium pipe and more particularly in

the aluminium flanges connecting different beryllium segments.

During the rum of 1985 the UA5 experiment recorded about 500 000
triggers of which about 115 000 were on film. Data were taken with 1-
arm and 2-arm triggers at 200 GeV, 900 GeV and at intermediate
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energies. The sample of fully measured and reconstructed events at
900 GeV available for the present analysis cpnsisted of 5154 2-arm
triggers, of which 860 dincluded the photon‘ converter, 491 1l-arm
triggers and a special sample of 480 events having a substantial

energy 1n the calorimeter, 88 of which included the photon converter.

3. Expectations for Centauro events at Vs = 900 GeV

In order to see how Centauro events should appear in our detector
we start by summarizing some important Ffeatures of the Mt. Chacaltaya
emulsion chamber data [1]. From this we estimate the 1likely
properties of such events at /s = 900 GeV, and describe corresponding

Monte Carlo simulations with which the data have been compared.

The threshold in energy for detecting a shower in the Chacaltaya
detector 1is about 1 TeV [1]. Thls energy refers to the electro-
magnetic cascade initiated by the v, ei or hadron. 1In the case of a
hadron the observed energy is the fraction kY of its energy which goes
into nos; for mesons kY ~ 1/3 while for nucleons kY ~ 1/5. Thus if
the hadrons produced in an interaction have <pT> ~:0.5 GeV/c the
energy threshold meauns that the Chacaltaya detector is only sensitive
to particles emitted at extreme forward angles, corresponding to
pseudorapidities 7 2 9. For comparison, at the typical c.m. energy of
the observed Centauro events, ¥s = 1700 GeV, the projectile has
rapidity 15, and the centre-of-mass has rapidity 7.5 in the

laboratory, and thus only part of the forward hemisphere is seen.

In the first Centauro event, Centauro I, the average transverse
momentum of observed showers was estimated [1,3] to be 0.35 + 0.14
GeV/c. Thus taking kT ~ 1/3 to 1/5 we may estimate the <pT> of the
produced hadrons to be in the range 1 to 2 GeV/c. In the Centauro
events the pseudorapidities of the observed showers are spread over 4
units from Myap ™ 8.5 to 12.5. For example, fig.l shows the pseudo-
rapldity distribution of Centauro I [3]. From the observed number of
showers the corrected wmultiplicity and interaction energy may be

obtained by applying the following corrections:
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a) some hadrous will pass through the chamber without
| winteracting, "as the emulsion chamber '15' only about .1.5
interaction 1engths deep, h ;

b) some hadrons will interact in the atmosphere before reaching

the emulsion chamber;

| c):-some hadrons will be below the detection threshold.

The corrections a) and b) are relatively straightforward to make.
eu:However correction c) is more dependent on the assumed production
{'process of the Centauro event. Two possibilities which are compatible
with the data are: |

a i) the:isotropic decay of a massive object (“fireball") of mass

R 250 Gev/c2. Such an interpretation is favoured by the

‘Brasil—Japan group [1] and in this case the correction for

o hadrons below threshold 1is quite‘ small (~20%). The

'rChacaltaya group'derive this correction by extrapolating the

‘ihtegral'energf distribution of thelobserved showers to zero

- using an exponentiallfit. On this basls the event multi-

‘plicity is estimated to be ~ 100 hadrons. | This inter-
:pretation is shown as the dashed curve in fig. 1.

ii):pT limited (cylindrical) phase space (CPS) could also be

consistent with the data, since the rapidity range of the

observed particles is not large enough to distinguish this

. from the fireball hypothesis. In this case we use the

corrected hadron density dN/dn ~ 25 in the acceptance region

of the emulsion chamber and assume the 7 distribution is

symmetric about zero in the centre—of—mass system, to obtain

an estimate of ~ 200 hadrons produced. The solid curve in

fig 1 shows this interpretation in comparison with the data.

To ‘account for the almost complete absence of photons (and
.therefore of‘n s) amongst the produced particles the Brasil-Japan
:ﬁgroup [1] has favoured the assumption that the produced hadrons
consist entirely of baryons and antibaryons._ Although there 1s no
iﬂdirect evidence for this extreme assumption it appears to us to be the

simplest way to account for the lack of photons in Centauro events.
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In the light of these considerations we have writtem two event
generators for "Centauro” events. Both ,are 1a fact simple

modifications of our existing Monte Carlo programs [11].

i) Diffractive type: We generate a system of mass 250125 GeV/e?
recolling against al.proton or antiproton. The "fireball”
then decays isotroplcally to typlcally 100 hadrons comprised
of equal' numbers of p,p, n and n on average. With these
assumptions <pT>.= 1.7 GeV/c is obtained in good agreement
with the Chacaltaya data for kY = 0.2,

ii) CPS type: We modify the standard UAS cluster model [11] to
produce no 7°'s (or photons) and require the final state to
be dominantly nucleons and antinucleons. In this case it is
necessary to scale the multiplicity of the observed Centauros
at ¥Ys = 1700 GeV to ¥s = 900 Gev. The c.m. rapidity of both
beam and the target move in by 0.5 units, so we guess the
width of the Centauro rapidity distribution shrinks from 4 to
3.5 units. Furthermore, the average central particle density
in rapildity p(0) for normal events grows with./s [12], from
which we estimate p(0) to be 10% higher at ¥'s = 1700 GeV than
at 900 GeV. We thus expect a hadron multiplicity of ~ 200 x
3.5/4 x 0.9 = 150, and accordingly set <nch> = 75, with a
Poisson distribution. We have generated "Centauro” events of
this type using values of <pT>, within the range 0.8 to 2.0
GeV/c, covering the range expected from cosmic ray data. 1In
the discussion below, a sample of Monte Carlo events with

<pT> = 1.45 GeV/c will be used for i1llustration.

In sections 4 and 5 we shall describe various searches for the
CPS—-type Centauros. The diffractive type Centauros will have
different triggering characteristics In our detector, and a separate
search for such events will be presented in section 6. The
characteristics of Centauro events that we will use 1n our searches
are high multiplicity, high transverse momentum and absence of
converted photons in the streamer chamber or of electromagnetic energy

in the calorimeter.
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4, Analysis of the calorimeter data

In fig. 2a, we show the spectrum of total transverse energy in

the calorimeter, E for the 211 000 2-arm trigger events recorded at

’
900 GeV. The dat: show a rapid fall-off with a flattening towards
higher energies as seen earlier by the UAl and UA2 experiments [13].
The ET distribution for the simulated Centauro events is also plottéd
in the figure, normalized to 1% of the data. Obviously, such a
component in the data at the 1% level would be evident. A flattening
of the ET distribution is expected from QCD hard scattering and the
observed behaviour could be attributed to such a process. A rellable
subtraction of this contribution 1is however not possible for several
reasous: uncertalnties in the energy scale of the data lead to large
(~ 1007%) systematic uncertainties in wneasured jet cross sectlons,
while the absolute normalization of theoretical calculations is also
uncertain. Furthermore the calorimeter does not in general accept the
full energy of jets, necessitating further uncertaln corrections. In
estimating the maximum possible contribution due to the Centauro
phenomenon, we therefore neglect jet productlon and assume that the

background from other processes extrapolates exponentially from lower

values of ET-

Upper limits for Centaurc production were derived by examining
the number of events with ET > 10 GeV. We see 32 events in this

reglon. An exponential fit to the E_ spectrum between 3 and 6 GeV

predicts a background of 10+l events. T‘The net signal of 2246 events
corresponds, at 957 confideance level, to an upper limit on the
fraction of extra events above 10 GeV of 1.5 x 10~%. Dividing by the
fraction {6.4%) of simulated Centaurc events depositing more thanm 10
GeV in the calorimeter leads to an upper limit for Centauro production
of 0.24% of the non single-diffractive cross section. The dependence
of this upper limit on assumed <pT> is shown as the dashed curve in

fig. 3.

If Centauro events were preseat with anomalously low photon
production one might hope that this would affect the longltudinal
(depth) distribution of energy deposited in the calorimeter (this was
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the basis of UAl's Centauro study at Vs = 540 GeV [5]1). We tave
therefore defined a quantity R:-

R = (Ehad - Eem)/(Ehad * Eem)

where Eem'is the energy deposited in the electromagnetic part of the
calorimeter (first 13.5 radiation lengths), and Ehad is the remaining
energy. Though electromagnetically ianduced showers will glve wvalues
of R near -1, our Monte Carlo studies show that hadrons give a very
broad distribution of R, with mean near zero. In particular, low
energy charged hadrons may deposit most of their energy 1in the
electromagnetic part of the calorimeter, due to i{onization loss;
furthermore, the very large annihilation cross—sections for low energy
antibaryons also tend to result in shallow energy deposition. Since
the small solid angle acceptance of the calorimeter means that ounly a
few particles hit the calorimeter in each event, we find that R is ot
useful for identifying individual Centauro candidates. However, the
average value of R can still be used to see whether any photon—
depleted component exists at high ET' Figure 2b shows <R> vs. ET for
900 GeVv data compared with normal and Centauro Monte Carlo
predictions. The data seem to approach a constant value <B> ~ -0.35
at high ET, consistent with a normal Monte Carlo, whilst the Centauro
simulation (lacking photons) gives <R> ~ 0. Also plotted in the
figure 15 a curve indicating the behaviour of <R> calculated assuming
a mixture of normal and Centauro events when the latter are present at
the fractional rate of 0.24%, corresponding to the upper limit at the
95% confldence level as mentioned above. Thus even our highest ET
polnt, on which the limits in fig.3 were based, appears to correspond
to a "normal” particle composition, in which photons carry about one

third of the trausverse energy.

5. Analysis of the photon converter data

For part of the run, the photon converter was placed between the
beam pipe and the upper chamber. Our algorithm which separates
primary tracks from secondaries [7] was optimized in such a way that

the cotrrect number of primaries should be found. For the converter
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run, the configuration of material in the detector was different; and
_therefore the parameters of the algorithm were retuned. - A . further
algorithm was then devised to search among the secondary tracks for
‘likely electromagrnetic showers, essentially looking for collimated
groups of tracks, at least one of which should point near the primary

vertex. This procedure was similar to our earlier analysis at 546 GeV

[4].

Figure 4a shows the observed charged multiplicity, n 0 versus
the observed number of electromagnetic showers, nY, for the data taken
at 900 GevV. The corresponding plot is shown for the standard UAS
Monte Carlo in fig.4b, showing good agreement with the data.
. Simulated events with Centauro characteristics (see sectioun 3), also
‘gave some “"photons” when subjected to the same analysis, arising from
misidentifications of primary tracks, for example. Figﬁre 4c shows a

scatter plot of n versus nY for these simulated Centauro events.

-The distribution f;ihdata and Centauro Monte Carlo ‘are very different,
showing that no obvious population of Centauro events exists in the
‘data.. An upper limit for Centauro production was determined by
comparing the number of events ir the data and in. the Centauro Monte
Carlo for the region LYK >60 and nY< 4, indicated in fig.4 by the
dashed ‘lines. This region was chosen as one expects within it a
negligible contribution from standard Monte Carlo events but a
substantial contribution from Centauro events. For the simulated
Centauros, the  region contains 37% of the events, independent of the
,assumed‘épr>. Of the 860 measured events recorded when the converter
‘plate was in place, noune lies within this zone. This gives an upper

1imit (at 95% c.l.) of three events, corresponding to 0.94% of non

single-diffractive events.

To increase the fraction of possible Centauro events in the
measured data sample, we took advantage of their expected higher P
A special sample of 88 events at 900 GeV with energy in the
calorimeter greater than 3.2 GeV was measured, corresponding to an
effective sample of 5500 unblased events. Figure 4d shows the scatter
plot of . 'verSus'nY for these data. WNo depletion of nY is seen at

h
large LI and again no events pass the Centauro cuts described above.
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Improved upper limits were calculated using the increased effective
sample size. However, the efficiencles for events to pass the 3.2 GeV
cut depeund on the values of <pT> used in the Centauro simulations.
The rtesulting upper limits, plotted as a function of <pT>, are shown
in fig.3.

6. Analysis of single—arm trigger data

The diffractive excitation and subsequent isotropic decay of a
massive object will lead to an asymmetric event, and therefore
generally to a l-arm trigger in our detector. Our simulation of
fireball-type Centauros gives a l-arm trigger efficiency of ~ 90Z. We
have therefore 1investigated our 1l-arm trigger data. The
characteristics of these Centauro events should be high wmultiplicity
coupled with a narrow rapidity distribution resulting from the
isotropic decay (dn = Y<n?> - >2y ~ 0.8). In contrast, normal
diffractive events of high mass [14] appear to decay according to Prp
limited phase space, giving broader distributions. Roughly speaking,
if the region of acceptance between our backward trigger counters and
the forward 1limit of the streamer chambers (-2<{n<4) were filled
uniformly, we should see Gn ~ 1.7. TFigure 5a shows a scatter plot of
n., Vversus Oﬂ for 900 GeV l-arm data, and fig.5b shows the
corresponding plot for the simulated diffractive-type Centauros. The
same box is drawn in each plot to guide the eye. There are clearly no
events - in the data corresponding to the simulated Centauro events,
from which we derive an upper limit of 0.6% of l-arm triggers (at 95%
c¢.1.) to be Centauro-like. This corresponds to 0.06% of the inelastic

cross section [8].

7. Summary and conclusions

No evidence for Centauro-like events has been found at the CERN
SPS collider, either at vs = 546 GeV [4,5] or In the present study at
Ys = 900 GeV. 1In the latest analysis upper limits of 0.1 - 0.5% at
95% c¢.1. (depending on model assumptions) have been placed on Centauro

production. This suggests that if the Centauro phenomenon exists, a
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threshold must occur between ¥s = 900 GeV and vs = 1700 GeV.
Alternatively it could be that the Centauro events seen in the cosmic
ray data are 1in fact normal events, whose apparently anomalous
properties result from an extreme fluctuation of a kind to which the
accelerator detectors might be less susceptible. On the other hand,
if the observed Centauros were not the result of nucleon—nucleon
collisions (for example if the projectile were some exotic object
[15]) then accelerator based experiments could not be expected to see

the phenomenon.
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Figure Captions

‘Fig.l

The ~data points  represent the pseudorapidity distribution of
Centauro 1 [3]. To the data (fig.9 of [3]) on observed showers

‘we have applied an overall cortection factor 1.5 based on the

estimates - for effects a) and b) quoted in table IV of [3].

Fig.2

Fig.3

Fig.4

Because of the enetgy threshold there are no data below ™ ab™
8.5, and presumably the data points immediately above 8.5 would
increase if this correction were applied. The dashed curve is
the expectation for the isotropic decay of a fireball having
the parameters quoted in table IV of [3]. The solid curve is
our CPS interpretation which is equally compatible with the
data.

(a) Distribution of ET seen in the UA5 calorimeter. The curve
represents our Centauro Monte Carlo with <pT> = 1.45 GeV/c,
normalized to 1% of the data.

{b) Average value of R (= (Ehad_Eem)/(Ehad+Eem)) as a Function
of ET for the data in fig.2(a). The solid curve is the
expectation from the "normal” UA5 cluster Monte Carlo, and
the dashed curve the expectation from the Centauro
simulation. Both curves have uncertaintlies of about 0.05

at the high E_ end. A mixture of the two types of event

results in th;Tdot—dashed curve, when Centauro events have
been taken to comprise 0.24% of all events, which is our
upper limit on Centauro production assuming an <pT> of 1.45
GeV/c.
Upper limits (at 95%Z c¢.l.)} on Centauro production at 900 GeV,
as functions of the assumed <pT> of the Centauro event. The
regions excluded by three different methods lie above the
curves.
Plots of the number of observed charged particles, Ny against
the number of observed photons, nyz (a) for 2-arm trigger data
(860 events), (b) for our normal non single-~diffractive Monte
Carlo (860 events), (¢} for the Centauro Monte Carlo (with <pT>
= 1.45 GeV/e; 250 events), and (d) for data with ET>3.2 GeV in
the calorimeter (88 events). All plots refer to ¥s = 900 GeV.

The area of each circle is proportional to the number of events
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in that bin. The dashed line is the cut described in the text,
which would countain 37% of Centauros.

Fig.5 Plots of the number of observed charged particles, 0 g against
Gﬂ’ (a) for l-arm trigger data at ¥s = 900 GeV and (b) for a
diffractive-type Centauro HMonte Carlo. The same dashed box is
drawn in each figure to guide the eye. The area of each circle

is proportional to the number of events in that bin.
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