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A,search for the Centauro phenomenon has been made at x/~ -= 900 GeV using the UA5 detector at the SPS pp collider 
operated in a pulsed mode. Poss~le interpretations of the cosmic ray data are discussed leading to various analyses of our 
data which exploit the distinctive features of the Centauro events: high multiplicity, high PT and absence of produced 
photons. No indication of Centauro production is observed. Upper limits on the production of Centauros at the level of a 
few per thousand inelastic events are obtained. 

1. Introduct ion.  Cosmic ray studies of  high energy 
hadronic interactions in the laboratory energy region 
from 100 to 10 000 TeV have mainly been carried 
out using large emulsion chambers [1 ]. With the start 
of  the CERN SPS ~p Collider in 1981 the cosmic ray 
data have been compared directly with the detailed 
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accelerator-based data at a CM energy of  546 GeV, 
corresponding to a laboratory 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 at tention is referred to as Centauro [1 ,_3]. 
The Centauro events are characterized by high multi- 
plicity and high transverse momenta with an almost 
complete absence of  photons (and hence of  7r0's) 
among the produced particles. 

Such an event could be the result of  a collision 
between a projectile nucleon .1 of  an estimated ener- 

For footnote see next page. 
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gy of  about 1500 TeV [1] (equivalent to a CM ener- 
gY x/~ ~ 1700 GeV) and an atmospheric nucleon. In 
1981 the SPS Colrider offered the highest available 
CM 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 CM 
energy. 

In 1982 a scheme was suggested to increase the 
CM energy to 900 GeV by operating the CERN col- 
rider in a pulsed mode [6] and the proposed opera- 
tion was successfully achieved in March 1985. In this 
paper we report on our search for the Centauro 
phenomenon at this higher energy ofx/S -= 900 GeV, 
corresponding to a laboratory energy of  431 TeV. 

2. The UA5 detector. The UA5 detector and 
standard analysis procedures have been described in 
detail elsewhere [7]. Two large streamer chambers, 
having a visible region of  6 m X 1.25 m X 0.5 m, 

were placed above and below the beam pipe. The 
geometrical acceptance was about 95% for 171 < 3, 
falling to zero at 171 --- 5 (77 is the pseudorapidity, 
r~ = - i n  tan 0/2, where 0 is the CM emission angle). 
The triggers were provided by hodoscopes of  scintil- 
lation counters called A1 and A2 at each end of  the 
detector covering the pseudorapidity range 2 < Ir/I 
< 5.6. The triggers used were a two-arm trigger 
(A1.A2, i.e. at least one hit at each end) and a one- 
arm trigger (A1.A2, i.e. hits at only one end). More 
details concerning the trigger may be found elsewhere 
[8]. 

Since our earlier search for the Centauro phenom- 
enon [4], the UA5 detector has been significantly 
improved in several ways: by adding a small calorim- 
eter, by replacing the stainless steel beam pipe by a 
2 mm thick beryllium beam pipe and by introducing, 
for part of  the run, a lead converter plate between 
the beam pipe and the upper chamber to improve the 
photon conversion efficiency. The lead-iron-scintilla- 
tor calorimeter was situated at 90 ° beside the lower 

,1 Even though the primary cosmic rays contain iron 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/era 2 , (17 interaction lengths for iron), 
the nuclei would have broken up. 

streamer chamber and covered the interval 1771 ~ 0.9 
and A~b "" 30 °, where ¢ is the azimuthal angle around 
the beam axis. One absorption length of lead was 
followed by three absorption lengths 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 theupper  
streamer chamber over the rapidity range 171 < 3. 
Photon detection in the region 3 < 171 < 4.5 was 
provided by conversions in the beryllium pipe and 
more particularly in the aluminium flanges connecting 
different beryllium segments. 

During the run of  1985 the UA5 experiment 
recorded about 500 000 triggers of  which about 
115 000 were on film. Data were taken with one-arm 
and two-arm triggers at 200 GeV, 900 GeV and at 
intermediate energies. The sample of  fully measured 
and reconstructed events at 900 GeV available for 
the present analysis consisted of  5154 two-arm triggers 
of  which 860 included the photon converter, 491 one- 
arm triggers and a special sample of  480 events having 
a substantial energy in the calorimeter, 88 of  which 
included the photon converter. 

3. Expectations for  Centauro events at Vts = 900 
GeV. In order to see how Centauro events should ap- 
pear in our detector we start by summarizing some 
important features of  the Mt. Chacaltaya emulsion 
chamber data [1 ]. From this we estimate the likely 
properties of  such events at x/7= 900 GeV, and de- 
scribe corresponding Monte Carlo simulations with 
which the data have been compared. 

The threshold in energy for detecting a shower in 
the Chacaltaya detector is about 1 TeV [1]. This 
energy refers to the electromagnetic cascade initiated 
by the 7, e-+ or hadron. In the case of  a hadron the 
observed energy is the fraction k. r of  its energy 
which goes into n0's; for mesons k. r ~ 1/3 while for 
nucleons k. r ~ 1/5. Thus if the hadrons produced 
in an interaction have (pT) ~ 0.5 GeV/c the energy 
threshold means that the Chacaltaya detector is only 
sensitive to particles emitted at extreme forward 
angles, corresponding to pseudorapidities r/>~ 9. For 
comparison, at the typical CM energy of  the observed 
Centauro events, x/~ -=  1700 GeV, the projectile has 
rapidity 15, and the centre of  mass has rapidity 7.5 
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in the laboratory,  and thus only part o f  the forward 
hemisphere is seen. 

I n t h e  first Centauro event, Centauro I, the average 
transverse momentum of  observed showers was esti- 
mated [1,3] to be 0.35 + 0.14 GeV/c. Thus taking 
k. r ~ 1/3 to 1/5 we may estimate the(Pw ) 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 rTlab 

8.5 to 12.5. For  example, fig. 1 shows the pseudo- 
rapidity distribution of  Centauro I [3]. From the ob- 
served number of  showers the corrected mult ipl ici ty 
and interaction energy may be obtained by  applying 
the following corrections: 

(a) some hadrons will pass through the chamber 
without interacting, as the emulsion chamber is only 
about 1.5 interaction lengths deep; 

(b) some hadrons will interact in the atmosphere 
before reaching the emulsion chamber; 

(c) some hadrons will be below the detection thresh- 
old. 

The corrections (a) and (b) are relatively straight- 
forward to make. However, correction (c) is more 
dependent  on the assumed production process of the 
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Fig. 1. The data points represent the pseudorapidity distribu- 
tion of Centauro I [3 ]. To the data (fig. 9 of ref. [ 3 ] ) on ob- 
served showers we have applied an overall correction factor 
1.5 based on the estimates for effects (a) and (b) quoted in 
table IV of ref. [3 ]. Because of the energy threshold there 
are no data below ~lab = 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 ref. [3]. The solid curve is our CPS interpretation which is 
equally compatible with the data. 

Centauro event. Two possibilities which are com- 
patible with the data are 

(i) the isotropic decay of a massive object ("fire- 
ball")  of  mass ~250  GeV/c 2. Such an interpretat ion 
is favoured by the Brazi l -Japan group [1 ], and in 
this case the correction for hadrons below threshold 
is quite small (~20%). The Chacaltaya group derive 
this correction by extrapolating the integral energy 
distribution of  the observed showers to zero using an 
exponential  fit. On this basis the event multiplici ty 
is estimated to be ~100  hadrons. This interpretation 
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 d N / d r / ~  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 interpretat ion in comparison with the data. 

To account for the almost complete absence of  
photons (and therefore of  7r ° 's)  amongst the produc- 
ed particles the Brazi l -Japan group [1 ] has favoured 
the assumption that the produced hadrons consist 
entirely of  baryons and antibaryons. Although there 
is no direct evidence for this extreme assumption it 
appears to us to be the simplest way to account for 
the lack of  photons in Centauro events. 

In the light of  these considerations we have writ ten 
two event generators for "Centauro" events. Both are 
in fact simple modifications of  our existing Monte 
Carlo programs [l 1 ]. 

(i) Diffractive type:  We generate a system of  mass 
250 -+ 25 GeV/c 2 recoiling against a proton or anti- 
proton. Tile "fireball" then decays isotropically to 
typically 100 hadrons comprised of  equal numbers 
o f  p, ~, n and g on average. With these assumptions 
(pT) = 1.7 GeV/c is obtained in good agreement with 
the Chacaltaya data for k. r = 0.2. 

(ii) CPS type: We modify the standard UA5 cluster 
model  [11] to produce no n° 's  (or photons) and re- 
quire the final state to be dominantly nucleons and 
antinucleons. In this case it is necessary to scale the 
multiplici ty of  the observed Centauros at x/~-= 1700 
GeV to x,~ -=  900 GeV. The CM rapidity of  both  
beam and the target move in by  0.5 units, so we 
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guess the width of the Centauro rapidity distribution 
shrinks from 4 to 3.5 units. Furthermore, the average 
central particle density in rapidity p(0) for normal 
events grows with x/S- [12], from which we estimate 
p(0) to be 10% higher atx/} -= 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. In the discussion below, 
a sample of Monte Carlo events with (pT) = 1.45 
GeV/c will be used for illustration. 

In sections 4 and 5 we shall describe various 

searches for the CPS-type Centauros. The diffractive 
type Centauros will have different triggering charac- 
teristics in our detector, and a separate search for such 
events will be presented in section 6. The characteris- 
tics of Centauro events that we will use in our searches 
are high multiplicity, high transverse momentum and 
absence of converted photons in the streamer cham- 
ber or of electromagnetic energy in the calorimeter. 

4. Analysis of the calorimeter data. In fig. 2a, we 
show the spectrum of total transverse energy in the 
calorimeter, ET, for the 211 000 two-arm trigger 
events recorded at 900 GeV. The data show a rapid 
fall-off with a flattening towards higher energies as 
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seen earlier by the UA1 and UA2 experiments [13]. 
The E T distr ibution for the simulated Centauro 
events is also plotted 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 
E T distribution is expected from QCD hard scatter- 
ing and the observed behaviour could be at tr ibuted 
to such a process. A reliable subtraction of  this con- 
tr ibution is, however, not possible for several rea- 
sons: uncertainties in the energy scale of  the data 
lead to large (~100%) systematic uncertainties in 
measured jet  cross sections, while the absolute nor- 
malization of  theoretical calculations is also uncer- 
tain. Furthermore the calorimeter does not  in general 
accept the full energy of  jets,  necessitating further un- 
certain corrections. In estimating the maximum pos- 
sible contr ibution due to the Centauro phenomenon,  
we therefore neglect jet  product ion and assume that  
the background from other processes extrapolates 
exponential ly from lower values of  E T- 

Upper limits for Centauro production were derived 
by examining the number of  events with E T > 10 
GeV. We see 32 events in this region. An exponential  
fit to the E T spectrum between 3 and 6 GeV pre- 
dicts a background of  10 -+ 1 events. The net signal 
of  22 -+ 6 events corresponds, at 95% confidence level, 
to an upper limit on the fraction o f  extra events 
above 10 GeV of 1.5 X 10 - 4 .  Dividing by  the frac- 
t ion (6.4%) of  simulated Centauro events depositing 
more than 10 GeV in the calorimeter leads to an up- 
per limit for Centauro product ion 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 present with anomalously 
low photon production one might hope that this 
would affect the longitudinal (depth) distribution of  
energy deposited in the calorimeter (this was the 
basis of  UA l ' s  Centauro study at ~ = 540 GeV [5 ] ). 
We have therefore defined a quant i ty  R : 

R = (Eha d - Eem)/(Eha d + Eem), 

where Eem is the energy deposited in the electromag- 
netic part of  the calorimeter (first 13.5 radiation 
lengths), and Eha d is the remaining energy. Though 
electromagnetically induced showers will give values 
of  R near - 1 ,  our Monte Carlo studies show that 
hadrons give a very broad distribution of  R ,  with 
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Fig. 3. Upper limits (at 95% CL) 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. 

mean near zero. In particular, low energy charged 
hadrons may deposit most of  their energy in the 
electromagnetic part of  the calorimeter, due to ioniza- 
tion 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 only a few particles hit the calorimeter in each 
event, we find that R is not  useful for identifying in- 
dividual Centauro candidates. However, the average 
value of  R can still be used to see whether any 
photon-depleted component  exists at high E T. Fig. 
2b shows ( R )  versus E T for 900 GeV data compared 
with normal and Centauro Monte Carlo predictions. 
The data seem to approach a constant value <R) 

- 0 . 3 5  at high ET, consistent with a normal Monte 
Carlo, whilst the Centauro simulation (lacking pho- 
tons) gives ( R ) ~  0. Also plot ted in the figure is 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% 
confidence level as mentioned above. Thus even our 
highest E T point,  on which the limits in fig. 3 were 
based, appears to correspond to a "normal"  particle 
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composition, in which photons carry about one 
third of the transverse 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 correct num- 
ber of primaries should be found. For the converter 

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 electromagnetic 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]. 

Fig. 4a shows the observed charged multiplicity, 
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nch, versus the observed number of electromagnetic 
showers, n.r, for the data taken at 900 GeV. The cor- 
responding plot is shown for the standard UA5 Monte 
Carlo in fig. 4b, showing good agreement with the 
data. Simulated events with Centauro characteristics 
(see section 3), also gave some "photons"  when sub- 
jected to the same analysis, arising from misidentifi- 
cations o f  primary tracks, for example. Fig. 4c 
shows a scatter plot of nch versus n.y for these simu- 
lated Centauro events. The distribution for data and 
Centauro Monte Carlo are very different, showing 
that no obvious populat ion of  Centauro events 
exists in the data. An upper limit for Centauro pro- 
duction was determined by  comparing the number 
of  events in the data and in the Centauro Monte 

Carlo for the region n c h >  60 and n 7 < 4, indicated 
in fig. 4 by the dashed lines. This region was chosen 
as one expects within it a negligible contr ibution 
from standard Monte Carlo events but a substantial 
contribution from Centauro events. For  the simulat- 
ed Centauros, the region contains 37% of  the events, 
independent of  the assumed (pT). If  the 860 mea- 
sured events recorded when the converter plate was 
in place, none lies within this zone. This gives an 
upper limit (at 95% CL) of  three events, correspond- 
ing 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 PT- 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 unbiased events. Fig. 4d 
shows the scatter plot of  nch versus n~ for these data. 
No depletion of  n, r is seen at large nch, and again no 
events pass the Centauro cuts described above. Im- 
proved upper limits were calculated using the increas- 
ed effective sample size. However, the efficiencies for 
events to pass the 3.2 GeV cut depend on the values 
of  (pT) used in the Centauro simulations. The result- 
ing upper limits, plot ted as a function of  (PT), are 
shown in fig. 3. 

6. Analysis of  single-arm trigger data. The diffrac- 
tive excitation and subsequent isotropic decay of  a 
massive object will lead to an asymmetric event, and 
therefore generally to a one-arm trigger in our detec- 
tor. Our simulation of  fireball-type Centauros gives 
a one-arm trigger efficiency of  ~90%. We have there- 
fore investigated our one-arm trigger data. The char- 

acteristics o f  these Centauro events should be high 
multiplici ty coupled with a narrow rapidity distribu- 
t ion resul t ingfrom the isotropic decay (a  n 
= ~ - ~ -  (~7) 2 ~ 0.8). In contrast,  normal diffrac- 
tive events of  high mass [ 14] appear to decay accord- 
ing to PT limited phase space, giving broader distribu- 
tions. Roughly speaking, if  the region of  acceptance 
between our backward trigger counters and the for- 
ward limit of  the streamer chambers ( - 2  < ~7 < 4) 
were filled uniformly, we should see o n ~ 1.7. Fig. 5a 
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Fig. 5. Plots of the number of observed charged particles, 
nch, against on, (a) for one-arm trigger data at x/~-= 900 GeV 
and (b) for a diffractive-type Centauro Monte 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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shows a scatter plot of nch versus o n for 900 GeV 
one-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 one-arm triggers (at 
95% CL) to be Centauro-like. This corresponds to 
0.06% of the inelastic cross section [8]. 

7. Summary and conclusions. No evidence for 
Centauro-tike events has been found at the CERN 
SPS collider, either at X/s "= 546 GeV [4,5] or in the 
present study at X/S- = 900 GeV. In the latest analysis 
upper limits of 0 .1-0 .5% at 95% CL (depending on 
model assumptions) have been placed on Centauro 
production. This suggests that if the Centauro 
phenomenon exists, a threshold must occur between 
x/7= 900 GeV and x/s "= 1700 GeV. Alternatively 
it could be that the Centauro events seen in the 
cosmic ray data are in fact normal events, whose ap- 
parently anomalous properties result from an ex- 
treme 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 nuc leon-nuc leon  collisions (for example if the 
projectile were some exotic object [15]) then ac- 
celerator-based experiments could not be expected 
to see the phenomenon. 
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