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ABSTRACT

A sensitive search has been done for the production of new long-lived
and penetrating particles by 300 GeV/c negative pions. No new state -
decaying into at least two charged known particles — has been detected
with mass above 1 GeV/c? and lifetime in the range 5. 10-!!s to 5. 10-7s.
We give upper limits on production cross sections, and consequences on the
existence of heavy "axion-like" particles, heavy neutrinos and super-
symmetric particles. Im particular, this experiment excludes the existence
of light gluinos with lifetime in the range 5. 10°'' to 10-%s: this closes
the last "window of opportunity" for gluinos with M < 2 GeV/c? and lifetime

measurable in particle physics experiments.
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1.

INTRODUCTION: PHYSICS MOTIVATIONS

A search for new and penetrating long-lived particles has been
performed at CERN SPS, using the NA3 spectrometer. The experiment was
motivated by the fact that no direct sensitive search for new neutral
states has been done in the lifetime range 10-!? to 10-%s, thus leaving open
a window for light supersymmetric particles as gluinos; this was pointed out by

Dawson et al. [1], see alsc ref. 2.

The present experiment uses a beam of 300 GeV/c n~ incident on a
dump 2m long. Negative pions are expected to be more efficient to produce
heavy states than protons at the same energy, due to the possibility of
quark-antiquark annihilationms (for instance, T production is ~ 100
times larger in 7~ interactions than in p interactions at 300 GeV/c, ref.
3). Higher cross—sections for production of heavy states are also expected
in 7~ interactions through gluon—gluon fusion, due to the gluon

distribution in the pion, which is much harder than in the proton [4].

In the present experiment, the beam dump is followed by a decay region
2m long, the decay products being analyzed in a large acceptance
spectrometer. The apparatus is able to make a good identification of leptons
and hadrons in the final state; 1t is sensitive to the decay of neutral or
charged particles with lifetimes between 5. 10-*! and 5. 10-7s,
requiring that at least two charged particles are present in the final

state.

Therefore, this experiment is able to detect directly any state, within
the above lifetime limits, with decay states like ete~, y*u~, ey, mu,
. . L o .
mt7- (or n charged pions, with n » 2), and also K7, Ks or protons in

the final state.

In Sect. 2, we describe the experimental set—up and data taking
conditions, and the observed particle spectra in various leptonic and
hadronic channels. In Sect. 3, we determine the acceptance for the
observed channels, and the corresponding cross—section limits. Finally,
we give in Sect. 4 the consequences of these limits on several predictions
concerning expected ''mew" particles such as axion—like bosons, heavy

neutrinos, and supersymmetric particles like gluinos.



2. EXPERIMENTAL SET-UP AND DATA ANALYSIS

2.1

The experimental set-up

We use the NA3 spectrometer in a beam dump configuration (which is

described in detail in ref. 5), with the following modifications (fig. 1):

The incoming beam is a secondary 300 GeV/c 7~ beam, with average
intensities of 9. 10° to 1.7 107 particles per burst, depending

on the dump length. The beam intensity is determined by the maximum
trigger rate compatible with the acquisition system.

The hadron iron absorber, with an axial conical tungsten plug of

20 mrad aperture, is 2m long for one half of the data, 2.2m for the
remaining half. No target is mounted in front of the absorber (fig. 1.
The forward arm of the spectrometer (between the dump and the magnet)
is modified with respect to the description of ref. 5, in order to
provide az decay path in a ¢ylindrical vacuum tank, 2m long and 1.5m in
diameter, with thin aluminium windows lmm thick. This allows the
suppression of interactions coming from punch-through particles, which
may simulate in-flight decays. Two hodoscopes, Tl and T2, are mounted
at each end of the vacuum tank for trigger purposes; they are designed
[6] to avoid random coincidences from slow neutrons generated in the

dump .

This set—up has a powerful particle identification, performed in the

following way:

i)

ii)

iii)

muons above 2 GeV/c¢ are identified by the energy deposited in the
third section of the electromagnetic calorimeter, and by the hodoscope
T3 located behind an iron filter 1.8 m thick (fig. 1);

electrons and photons are identified in the two first sections of the
electromagnetic calorimeter;

a 1/K/p discrimination is possible in the multicell Cerenkov

counters C, (24 cells) and C, (36 cells) [7]. Charged kaons

are identified above 11 GeV/c and protons (or antiprotons) above

15 GeV/c.



2.2 Trigger and data reduction

The trigger requirements define two categories of events,
corresponding to the decay of neutral (charged) particles in the vacuum
tank. These requirements are:
- an incoming beam particle;
- zero (one) charged particle behind the dump and before the vacuum tank;

- at least 2 (3) charged particles in the spectrometer (in chamber CH3).

The total data collected correspond to 6.4 10°® recorded second level

triggers, obtained by filtering 18.5 10°® first level triggers. The

filtering is performed by a hardware processor and a 168/E emulator

providing together on—line pattern recognition.

The data correspond to an integrated luminosity L = 6.9 * 0.7 10%7 cm-2.

2.3 Data analysis and event reconstruction

The events recorded on tape consisted essentially of decays of known

strange particles produced inside the dump, and also of interactions by

punch-through hadrons in the counters or in the walls of the vacuum tank.

The off-line event filtering proceeds through the following steps and

conditions:

- Consistency 1is fequired between the reconstructed tracks multiplicity,
the trigger conditions and the multiplicity recorded by the Tl, and by
the CH1 and CH2 chambers. This rejects about 90% of charged triggers

and 60% of neutral triggers.

- It requires the presence of at least a two-prong vertex for meutral
triggers, and a three-prong vertex for charged triggers; afterwards a
search is made for known decay channels {(Table I). A decay compatible
with a known particle can be used in further vertex fimding. Each
particle from a decay vertex is tested against the hypotheses of being
a lepton, a charged kaon or a proton. If all these hypotheses fail,

the particle is comsidered to be a charged pion.

- It requires only one ingoing particle; this means no unassociated

tracks and only one 'tree" of vertices.
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- The final analysis includes events with a vertex inside a fiducial
decay path 1.6 m long, starting 20 c¢m from the entrance window of the
vacuum tank and ending 20 cm in front of the exist window. The choice
of these limits is suggested by the reconstructed vertex spatial
resolution, which is 3.7 cm for a 600 MeV/c? state decaying into
2 charged particles, and less than 1 cm for decaying states above
2 GeV/c?., This cut rejects about 50% of good triggers, coming from

interactions in the hodoscopes or in the walls of the vacuum tank.

The total final statistics is about 260 000 events. Almost all of
them are decays of known strange particles, mostly Kz + ntn~. Table I
gives the statistics on identified decay channels, and the mean
reconstructed mass, in good agreement with the world average [8]. More
details on the properties of punch-through charged or neutral particles

in this experiment may be found in ref. 9.

2.4 Mass spectra

We can give now the invariant mass spectra obtained in various channels
with identified particles in the final state. The main background to a
search for new particles comes essentially from the Kg + nwtp~ decays: they
may give, from subsequent w decay, mu or p*u~ low mass final states; they
may also, from 7w scattering in the materials behind the fiducial volume, give
a reconstructed v*r~ mass above the K: mass. KE decays also contribute

to backgrounds in w*n~, me and wu channels, below the K mass due to the

missing neutral particle.

In the following, we deal with two sets of mass spectra. The first
set is obtained without any further cut, and may be used to give limits on
final states with missing neutral particles. The second set concerns
uniquely the search for exclusive two-body charged final states: a large
fraction of events with scattering of the decay products, or with missing
particles, may be eliminated by requesting that the transverse momentum

Pout’
should be lower than 200 MeV/c. This eliminates only 9% of reconstructed

perpendicular to the plane containing the vertex and the beam line,
K: events, and almost all events with M(zn¥n~) > 600 MeV/c?.

Some mass spectra of these above sets are displayed in figs. 2 and 3;

statistics and highest mass value in various channels are given in Table II.
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From inspection of mass spectra and Table II we conclude that no

signal of any new particle decaying in standard known particles is seen in

any channel. We will now give the corresponding cross—section limits for

various final states.

ACCEPTANCE AND-CROSS SECTION LIMITS

3.1 Acceptance calculations

The acceptance of the experiment apparatus to a produced particle with

mass M, decaying with a lifetime 1 into a given final state, is determined

from a complete Monte-Carlo simulation.

The generated events are processed through the simulation program of

the apparatus, using the CERN Geant package [10], and analyzed like real

events through the same chain of reconstruction programs.

The acceptance is determined under the following assumptions:

(i) the decay probability inside the vacuum tank must be reasonably
large: we have generated particles with lifetime 5. 107'!'s < 1
< 5. 10"7s which corresponds (for particles with x = 0) to
decay probabilities greater than 10-* and at most ~ 18%. 1In
what follows the "acceptance'" will always include this decay
probability;

(i1) the particle does not interact in the beam dump. The problem of

these interactions will be treated in Sect. 33

(11ii) the particle is produced with an invariant cross—section

- « (1—le1)" exp(-1.1 p,f,) (3.1)

This "central" cross—section is compatible with the known behaviour of
heavy flavour hadroproduction {e.g. ref. 11]. It may be not realistic for
the production of low-mass states (below ~ 1.5 GeV/c?) but, due to the
excellent geometrical acceptance of the present set—up the Py dependence
is almost without effect. The precise Xp dependence of the cross—section
is not a fundamental problem; we have checked that a (l—IxFI)’ behaviour
[ref. 12] gives at most 20% difference in the acceptance with respect to
{3.1); a completely flat X distribution (quite unreasonable for heavy

state production) may give an acceptance 1.6 times lower than (3.1) above
1.5 GeV/c?, and a factor ~ 3 below 500 MeV/cZ.
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The total acceptance (taking into account the decay probability in the
vacuum tank and the reconstruction efficiency) is 12% in the most favourable
case {1 = 10-%s and X° » #*tn"~ with M(X) > 2 GeV/c2?). In the following, we
give limits on the cross—sections only if the total acceptance is greater

than 0.01%.

3.2 Cross—section limits

Some examples of the resulting 90% C.L. limits on production cross—
section times branching ratio, oB per nucleon, are displayed in Figs. &

and 5. The following points must be noted:

- these limits are valid only for particles not interacting with nuclear
matter in the dump; if particles with interaction cross sections are
considered, the limits must be multiplied by the factors given in
Table III; the method used to estimate these factors is described in

the Appendix;

- we assume a linear A-dependence of the cross—section with respect to the
. . . 0.75 .
atomic number A of the target nucleus; if a dependence like A is
taken (as claimed by some experiments for charm production, ref. 13)

one must multiply all cross—sections limits by a factor 3.7;

- these 90% C.L. upper limits may be raised by a factor ~ 2 to 3 if the

production mechanism is not a central ome but a diffractive one;

— as the hypothetical "new" particles may be produced at any step of the
hadron shower development inside the dump, the limits quoted above may be
substantially decreased if one takes into account the contribution of all

secondary interactions in the shower.

3.3 Summary and Comparison with Previous Experiments

To summarize the above results we can say that the present experiment
sets 90% C.L. limits on the production cross-section of mew particles of
mass M, times the branching ratio B:

Bo < 2 picobarns/nucleon for M > 2. GeV/c? and 5. 10°!% < 1 < 107°%s

Bo 5 10 pb/nucleon for M > 1.5 GeV/c? and 10-%° < 1 < 107 %s
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Limits around 100pb/nucleon are obtained for low-mass ete” final

states, and for all states with lifetimes from 10-° to 5. 10~ 7s.

These limits are not very sensitive to the production mechanism; but
they apply only to not interacting particles. If the hypothetical new
particle may interact with the nuclear matter in the dump with a sizeable
cross—section g the upper limits given in all this section must be
mutiplied by a factor, F, which grows very quickly with o, and is given
in Table III.

The comparison with previous experiments is not easy since these
have been done in very-different conditions, almost all of them with an

extremely small geometrical acceptance.

In the lifetime range 10-!' < t < 10-%s, results have been given
either by bubble chamber experiments or by measurements in hyperon beams.
Bubble chambers have an excellent geometrical acceptance, but limited
statistics; the upper limits on either neutral or charged states above
0.5 GeV/¢? are around 1 ub/nucleon [14]; these limits are valid even
for strongly interacting particles. For not interacting particles, our
limits are 5 to 6 orders of magnitude lower. Measurements in hyperon beams
give limits only on charged particles, and have a sensitivity peaking around
the typical hyperon lifetime (~ 10-'°s). Limits are given for masses
between 1 and 2 GeV/c? [15] or 2 and 10 GeV/c? [16]. The best limits
given (X"/x~ < 6. 10-®) are ~ 5 orders of magnitude greater than
ours, for mot interacting particles. A recent measurement [17] gives
limits X7/#~ < 107!° for charged particles with masses between 4 and
12 GeV/c? and lifetimes above 3. 10-%s; these limits are valid for

strongly interacting particles.

For 10°® < 1 < 5. 10-7s, our acceptance drops rapidly (the cut at
T = 5. 1077s corresponds roughly to an acceptance lower than 0.01%).
In spite of this, our limits compare well with previous experiments with
beam dumps {which all have extremely small geometrical acceptance, typically
some microsteradians) in this lifetime range. The limits of ref. 18 vary
from 25 nanobarns/nucleon to 25 picobarns/nucleon for neutral states with
masses from 3 to 12 GeV/c? and 1 > 10-7s. The limits of ref. 19 concern
only charged states with v > 5. 10-%s and masses from 1 to 7 GeV/e?; they
are comparable to ours but with very limited acceptance and therefore

possible model dependence.



Other experiments, without beam dumps, have given results for
charged particles only. A Fermilab experiment [20] gives a limit o < 20
picobarns/nucleon for 4.5 <M < 6 GeV/c? and 1T > 5. 10 %s. Two ISR
experiments at vs = 53 GeV [21], for v > 10-%s and 2 < M < 20 GeV/c2,
give upper limits which are not very stringent (X-/7~ < 10°%), but

independent of hypotheses on interaction cross—sections.

To summarize this discussion, the present results considerably improve
(2 to 5 orders of magnitude) the previous limits on the hadroproduction of
not interacting heavy new particles in the lifetime range 5. 10°!! to
10" %s; even allowing for interaction cross—section from.l1 to 5 millibarns
gives a significant improvement on the limits available so far. For longer
lifetimes (v > 10-% to 5. 10-7s) the present results overlap, with

comparable sensitivities, with the best previously published limits.

CONSEQUENCES ON HYPOTHETICAL NEW PARTICLES

In this section we will try to discuss the consequences of the
cross—section limits obtained in section 3, on the physical parameters
of several hypothetical long-lived states predicted by various models.
The results obtained in this section are therefore nonm—exhaustive and,

in general, model-dependent.

4.1 Consequences on ""Axion—like'" Particle Production

We now discuss the consequences of the cross—section limits given in
Fig. 4 for the production of "axion-like" bosons, loosely interacting with
matter, as suggested by J. Bjorken [22]. We do not consider in the following
axions decaying into a2 yy pair, since the present experimeﬁt cannot give
results on this final state. The axion—like bosons X°® of mass Mx are
supposed to decay into an e*e” pair if 1 MeV/c? < M < 210 MeV/c?, into
a u*p" pair if 210 MeV/c? < My, < ~ 1 GeV/c?, and into a quark antiquark
pair qq for M o>l GeV/c? (giving therefore at least a wty~ pair, or two
hadron jets). Their decay rate into 2 fermions of mass m is given by the

expression [23]:
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m2 /M2 - 4 m?
X

8n F2
X

(4.1)

I‘:

FX is the decay constant of the axion-like boson, usually expressed

in GeV and related to the n’ decay constant F1T° by the relation:

(X%) Foo\®
(X Ll . _
pro il F, with F_, = 0. 094 GeV (4.2)

Therefore the axion-like boson is characterized by the quantities F_
and M_; from relations (4.1) and (4.2) and from the upper limits on
o(X°) derived in section 3.2 one can exclude the existence of axion-like
particles in given regions of the Fx, M plane. The result is displayed
in Fig. 6, where other limits coming from previous experiments have been

taken from ref. 24.

The limits obtained in the present experiment in the e*e~ final
state overlap partially with a region already excluded by the CHARM beam
dump experiment [24] and partially with a region excluded by limits on J/y
[25] and T [26] radiative decays. Therefore we confirm, by a different
experimental approach, the non-existence of axion—like bosons in the quoted
Mx, Fx region. It is worth noting that, in order to exclude axions decaying
into p*u~ in the lifetime range accessible to the present experiment (which
would have excluded the as yet unexplored region 0.2 < Mx <1 GeV/c?,
2. 10* < FX < 2. 10%) would have required with our set-up a luminosity
~ 1000 times higher thanm what has been achieved. The same remark is valid

for the w*w~ final state.

4.2 Consequences on the Existence of Gluinos

As the present experiment was conceived essentially as a gluino search
and the experimental results are new and interesting, we will give more

details on this point.

4.2.1 General Overlook
The cross—section limits of Fig. 5¢ and the non-observation of
multiparticle hadronic decays, may be translated into limits on the existence

of gluinos. These hypothetical particles are fermions, partners of gluons in
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supersymmetry [27], a theory which has raised considerable interest in
particle physics for many years. Gluinos are expected to be copiously
produced in hadron-hadron collisions, but as there is no theoretical
prejudice on theiy mass, it is important to exclude experimentally their
existence even for low-masses. In 1984, the claim for "monojet" events in
the UAl experiment at the SppS collider [28] raised a considerable interest
since these events could be interpreted in some schemes by heavy gluinos

[29] (M§ ~ 40-60 GeV/c?) and in others by light gluinos [30] (M < 3 GeV/c?);
in 1985 this "signal" has washed off and is considered as compatible with

much more conventional explanations [31].

Therefore all experimental results which may exclude the existence of
gluinos in a given domain remain important. To perform the subsequent
analysis, we have followed as close as possible the assumptions made by
previous experiments on the same subject, in order to give results which

may be compared directly.

Gluinos are neutral fermions which are expected to be principally
pair-produced, in hadronic collisioms, from gluon—-gluon fusion (gg » B2)
or from quark anti-quark annihilation (q§ + §&) [1,2]. They are not
expected to be detected as "bare" particles, but confined in so-called
"R-hadrons" [32], which may be either neutral or charged states. The
masses of these states have been estimated for either R-mesomns (E qq
states, see, for instance, ref. 33) or R-baryons (% qqq states, see
ref. 34) and are not very different from the gluino mass, the difference
being significant only for Mg < 1 GeV/c?; this point is discussed in
detail for instance in ref. 2, Section 3.4. In the following, we will

always consider that M = mass of the R-hadron.

The elementary gluino production cross—section has been estimated by
several authors [1,2,35,36], from gluon—gluon fusion or quark-antiquark
annihilation. The resulting cross—sections predicted from real particles
have been given only for pp or pp collisions. The numerical values are
important; at the energy of the present experiment (/o = 23.7 GeV) from
the values given in ref. 36 we have for gluino production in pp collisions

o ~ 10ub for ME = 2 GeV/c?, o = 4 nb for M§ = 5 GeV/c?.
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The authors of ref. 36 point out a very important point: the
calculated cross-section for gg + €8 in p-p collisions is very sensitive
to the Xp behaviour of the proton gluon structure function (the cross-—
section is ~ 10 times larger, for M ~ 2 GeV/c?, from an (1-x)3
behaviour, with respect to an {1-x)°® behaviour, and this factor increases
rapidly with M). As we are dealing with incoming pions which have a much
harder gluon structure function, the gg + B cross—section should be
significantly bigher from incident 7~ than from p at the same energy.
Moreover, qq annihilation contribute to gluino production at the same level
than gluon-gluon fusion (ref. 36, Fig. 3). Therefore it seems to us that,
at fixed ¥s, 7°p interactions are by far the best place to detect

"light" gluinos.

However, as we do not have a theoretical prediction of gg production
from incident %", we have chosen the following hypotheses (which were in
general already taken by previous experiments looking for gluino production

in hadron collisions, refs. 37 to 39):

- gluino production has the same behaviour as heavy quark hadroproduction,
at the same energy, multiplied by the color factor C = 81/7 which
accounts for the color octet nature of the gluino [ref. 37];

— the mass dependence of the cross section follows a power law g o M.
The value n = 7 accounts equally well for hadronic production of heavy
flavours (charm, ref. 12 and beauty, ref. 40) as for hidden flavour
production (J/y, ref. 4 and T, ref. 41). This dependence is taken
for Mg > MD; it also reproduces well the mass—dependence of the

gg + BE cross—section of ref. 36 at high M§ mass. For Mg < My,

we have chosen quite arbitrarily a much smoother dependence (n = 2),

which reproduces reasonably ref. 36 for masses around 1 GeV/c2?.

We have considered the same charm—compatible XF and PT dependence

as in section 3.2, i.e. proportional to (1-le|)“ exp (—pT).

To summarize, we take the following expressions:

o(np + E8) = 81/7 olr p » DD) (M /Mg)" (4.3)
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with ® 7 for Mg > MD
= 2 for Mg < My

o
I

and o(w"p » DD) = 20 wb for incident 300 GeV/cn~, from interpolation of the
results of ref. 12 at 360 GeV/c.

As we are producing particles on heavy tungsten nuclei and not on free
protons, we take conservatively a nuclear-dependence of the cross—section

o(A) = o(p) a¥°7?

as given for charm hadroproduction by ref. 13.

The dominant decay of gluinos [2] is expected to be mediated by the
scalar s quark of mass M{, giving a decay § + qq¥ where q and q are
ordinary light quarks and ¥ is the photino (supersymmetric partner of the
photon). Other possible decays such as g + g¥ or g + gG (where G is a

"goldstino") are expected to be negligible [27].

For the § + q3Y decay, the gluino lifetime may be calculated
assuming that Mg >> Mq [1,2]

T = -9 {(4.4)

After summation over light quarks (u,d,s) one obtains numerical values
which may differ by a factor ~ 2 according to the value given to @

= ¢ Mg:
T C Mg

1f M3 and ME are expressed in GeV/c?, the numerical values of C
found in the litterature vary from C = 4, 10°2° [1] to C = 10-1'? [37].
We will take in the following the intermediate value C = 7.5 10°2°%, but

the final results do not depend sensitively om this precise value.
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The final state corresponding to § + qQqy consists therefore of an
undetectable escaping photino, and of hadrons. As gluinos are embedded
in R-hadrons, the decay final state is more likely a bunch of hadrons
corresponding to the "dressing" of at least 4 quarks. We will assume in
the following that our apparatus is able to see all these hadronic states

(i.e. entirely neutral states are quite unlikely).

A last problem remains, which concerns the photinoc mass MY. In most
"reasonable" supersymmetric models one admits that MY ~ ME/6 or ME/7
[27]. This is the hypothesis adopted in the analysis of previous
experiments [37 to 39] and in order teo compare with them, we have also
adopted My ~ Mg/6. However, there exist models [30] in which M¥ is
very close to Mg. This would alter considerably the results which will be
presented in the following, since the resulting acceptance for a given M§

would be much smaller.

— o — —— — _— i e a — — —— — ol ot w— — —

We have generated gluinos according to all the hypotheses discussed
above, with mass ranging from 1 to 12 GeV/c? and lifetimes from 5. 10-1!
to 5. 10-7s. Comparing the expected number of events with the experimental
distributions obtained (we do not consider events with M(w*7~) < 0.8 GeV/c?
or M(3n) < 0.8 GeV/c? in order to avoid contaminations from K decays)
we exclude the existence of gluinos inside the 90% C.L. contours drawn
in Fig. 7. The different contours correspond to various values of the
R-hadron interaction cross-sectiom in the nuclear matter of the dump. It
is worth noting that refs. 33 and 35 consider that the R-hadron interaction
cross—section should be of the order of a few millibarns, which is
comparable to what is known for other heavy states (e.g. Zmb/nucleon for
the J/¥).

If we take, for instance, o, = 5 mb we may tentatively conclude that
we exclude charged or neutral R-hadrons with 1 < M < 7 GeV/c? with lifetimes
10-1° < ¢ € 10°7s, corresponding to squark masses in the range 120 GeV to
~ 6 TeV. The corresponding mass limits on gluinos depend on the mass relation

between gluines and R-hadrons.
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In Fig. 7 we have compiled the limits given by various previous

experiments. The present work fills the last "window of opportunity",

which was pointed out by the authors of refs. 1 and 2 for low—mass

gluinos.

(i)

(ii)

(1iii)

(iv)

We want to stress the following comments:

the limits obtained by neutrino beam-dump experiments [37-39]

depend on a cascade of assumptions, namely:

short—lived gluinos decay very soon in the dump (7 < 10-1'lg)

weakly interacting photinos survive to the dump and to the thick
iron muon filters, and must be sufficiently long-lived to travel

% 500 meters up to the detectors

the photino-nucleon cross—section (giving "anomalous neutral
current' events), is model-dependent

due to the extremely small geometrical acceptance, the gluino and
photino distribution at production may give non negligible factors;
in particular the photino spectrum depends on the assumed hadronic

decay products of the gluino.

The limits given by the ARGUS collaboration [42] rely on the
following predictions of ref. [43]: the 3Pl xp, state of
bottomonium may decay into a gZf final state with a branching

ratio around 30%, if the gluino mass is lower than 5 GeV/cZ.

The limits coming from ISR or Fermilab searches for long-lived

particles [18-21] are rather assumption—independent.

The limits given in the present experiment depend strongly on the

R-hadron cross—section in the dump.

All results have been compared within the hypothesis of a gluino

lifetime given by (4.4). All would be in trouble in the case of heavy

photinos [30] or, of course, if MY > Mg.



From all the limits summarized in Fig. 7 we conclude that light
R-hadrons containing gluinos with M < 2 GeV/c? may be considered as
experimentally excluded. Heavier gluinos are still allowed only for
lifetimes between 1071'®s and 10-!°s for Mg < 5 GeV/c?, and for T <107!°s if
Mg > 5 GeV/c?; this is a region which is difficult to explore experimentally
[44]. The present experiment and previous results exclude gluinos with
T > 10°'%s and masses up to ~ 10 GeV/c?. However, none of these experiments
can exclude very long~lived gluinos (1 >> 1 s) which have been considered in

some models [4&45].

4.3 Consequences on heavy neutrinos

In the standard model of weak and electromagnetic interactions,
neutrinos are considered as massless, and lepton numbers are separately
conserved for each lepton family. But there is no fundamental prejudice
to do so, and many models have considered the possible existence of massive
neutrinos [46]. In most cases, the concept of flavour mixing is extended
from quarks to leptons, and one defines an unitary matrix analogous to the
Kobayashi-Maskawa matrix; therefore each weak flavour eigenstate v is

a linear combination of the mass eigenstates vj with mixing Uij:

v, = I v, U,, where ] runs over all mass
t J 1]
eigenstates and 1 = e,U,T ...

The present experiment can detect only neutrinos heavy enough to decay
into final states which may be ete”v, w*u-v, n*te-, pu*te-v, n*py- for neutrinos,
and the corresponding channels for anti-neutrinos. Such heavy neutrinos may
be produced in rare decays of v and K mesons, or in semi-leptonic decays of
charm (D and F) or beauty (B) mesons. In order to give quantitative limits,

we have analyzed our results using the predictions of ref. 47:

- The branching ratio of F, D and B mesons into a heavy neutrino v. of
mass Mu’ and a charged lepton i, is proportional to the mixing pgrameter
(B.R. = ¢ |Uij|z with ¢ = 0.1 to 10°?, depending on the mass Mv);

- the branching ratio of heavy neutrinos into a final state containing a
charged lepton & is around 20% for 4*L-v decay, 50% for g + hadron decay;

- the heavy neutrino decays with a lifetime which is given by:
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= a with N~ 5 and a ~ 5. 10-1t2g

1og ;1% (MO

this gives lifetimes corresponding to the sensitivity domain of the

present experiment for M, <2 GeV/c? and 1Uij|2 > 10-%.

The cross—section limits obtained in the above possible final states
and lifetimes have been translated into regions excluded at 90% C.L. in the
lUijlz’ M, plane; we have taken for the DD production cross—section the

values given in the above sections.

The results are displayed on Fig. 8a for erilz and Fig. 8b for IUuilz’
and compared to limits previously published for M, > 100 MeV/c?. A new
domain of existence is excluded by the present experiment from ete~v or =nte-
decays for er112, and from w*u~ decays for |Uui]2 and M > 600 MeV/c?, 1In
the same Mv range, previous results come essentially from neutrino beam dump
experiments [48,49), which are sensitive to longer lifetimes and therefore
smaller values of the mixing parameter (typically |U|2 < 10-*). Our results
concerning |Uuilz overlap partially with the recently published values
from the CHARM wide band beam experiment [49], in which heavy neutrinos are
supposed to be produced in a different way (via a flavour—-changing neutral
current interaction v Nucleus + v, + x).

The combined results displayed in Fig. 8 restrict severely the existence

of massive neutrinos up to masses around 15 GeV/c?2.
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CONCLUSION

We do not see any evidence for the hadroproduction of new particles
with mass in the range 1- 10 GeV/c?, decaying into at least 2 charged
particles with lifetimes from ~ 5. 10°!! to ~ 5, 10"7s. The limits on
the cross—section times the branching ratioc range from 0.3 to some hundreds of
picobarns, depending on the lifetime; these limits are several orders of
magnitude lower than previously given for not interacting particles with 1 <
10-®s. We have presented some consequences of these limits on the existence
of several hypothetical particles such as heavy axion-like bosons, heavy
neutrinos or gluinos. In particular, the present experiment excludes gluinos
in a new range: roughly from 1 to 7 GeV/c? and lifetimes between 10-!° and
10-®s, even assuming a substantial nuclear interaction cross—sections of
the R-hadrons in which gluinos are embedded. These limits and those found by
previous experiments, restrict severely the existence of gluinos lighter than

5 GeV/c? and exclude gluinos below 2 GeV/c2.
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APPENDIX

We give here indications on the simple way we have estimated the

attenuation factor F coming from the heavy material of the beam dump.
Let us define the following quantitites:

- L is the length of the beam dump, which is made of a heavy material

of atomic number A and density d;

- cp is the production cross-section of the studied particles X,

o, their interaction cross—section;

S is the attentuation length of the incoming 7~ beam in the

dump material.

Let us consider now the interaction of one incoming particle X with a
given nucleus; the particle is located at an abscissa x and has an impact
parameter b with respect to the nucleus centre. The nuclear density is
described by a continuous spatial distribution p(x,b) with
A= f p(x,b) dx d2b.

The interaction probability of the particle with impact parameter b is

X
p=1- exp(“oo ./F o(y,bl)dy)

Integrating over the whole nucleus volume, we get the number of

interactions with the nucleus:

n = H/~(1 - exp(—coT(b))dzb

+ 0
where T(b) = ,[‘ p (y,bl)dy

a0

n may be conveniently written as:

o

n = o A% (A% being an "effective number" of nucleons.)
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APPENDIX (Cont'd)

Defining A, as the attentuation length (for X particles), coming

from these interactions, we have

A
= = coAa (Jr= Avogadro's number)

and therefore
. - Al—a
2 codﬁ
with 1
Ln(;"-/11—exp(—coT(b)]d2b)
_ o

&= Ln(4)

J: being the luminosity of the experiment, the total number of

outgoing ¥ particles will be

L
N = L 1 exp(—2-) g exp—(L X)dx
o Ay Ay p Ay

which after integration gives

A

N =.£ o

o being the total number of initially produced X particles, we have

L L
. Az.Al[exp (Az) exp (A1)]

therefore

AZ-AI

L L
A -y - (- =)
2 lexp( X, exp . ]

To estimate A, numerically, we take a Saxon-Woods representation
of nuclear density with spherical distribution:
1

olr) = o 1 + expil=a)
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with a = 1.14 AY ? and ¢ = 0.545 fm from Glauber and Matthiae [53].

Al is taken from ref. 54 to be: o = 11.7¢m for 300 GeV/e %~ in

tungsten (A = 184).

Finally, to obtain the values of F given in Table III, we give weights
according to the luminosities corresponding to the dump lengths L = 200cm

and L'= 220 m used in the experiment.
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TABLE CAPTIONS

Table I  Number of events identified from their decay products, after
applying the cuts described in the text. The mass recoanstructed

in the present experiment (with only statistical errors) is

compared to the world average from Particle Data Group [8].

Table 11 Number of reconstructed 2-body decay candidates (same cuts as
in Table I, and cut on Pt described in the text), and highest

invariant mass (in MeV/c?) found in the quoted channel.

Table III Correction factor to be applied to the cross—section limits given
in Fig. 4 and 5, if the hypothetical particle considered
interacts with the matter of the dump, with a given cross—section

(see Appendix for the estimation of this factor).
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TABLE 1
channel events mean mass mass from [8]
(MeV) (MeV)
K + gtnm 223 372 497.11 £ .02 497.67 -t .13
A+ pu- 13 937 1115.75 = .03 1115.60 £ .05
A+ prt 3 190 1116.,10 = .07 1115.60 £ .05
Kt » gtptq- 1 714 494.0 + .2 493,667 * .015
K- LR 529 493,99 + .3 493.667 + 015
z- An” 197 1322.5 % .5 1321.32 £ .13
EF + ant 74 1322,1 % .7 1321.32 £ .13
Y ete- 510 6.5 % .1 0
TABLE ILI
Interaction Increase in the

cross section

B limits

1 mb/nucleocn
2 mb/nucleon
5 mb/nucleon

10 mb/nucleon

20 mb/nuclecn

8.8

58

4500

3.2 10°®

7.0 10°¢
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TABLE II
616 XXX = number of events
376 xxx | = highest mass (MeV)
29 1664 3m 2434
394 608 1061
1390 11142 210759 ? by 1
609 1016 997 1007
0 0 31 0
1105
0 151 15036 0 0
1109 1720
0 0 83 0 0 0
1266 '
0 0 297 0 0 0 0
1475
e i n K p K9 A
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FIGURE CAPTIONS

Fig, 1

Fig. 2

Fig. 3

Fig. 4

Experimental set-up of the WA3 spectrometer during the present

experiment.

Mass spectra {(number of events for 10 MeV/c? mass bins) of some
final states, with the cuts described in the text to isolate 2-body

decays

a} wtr- final state, with the K°s + #*r~ peak with long tails
extending well above the K®s mass, due to multiple scattering
effects. The bump around 350 MeV/c? may come from

® when the w® is undetected.

KE > n¥na
b) e*e- final state. The peak below 10 MeV/c? comes from e*e” pair

creation by energetic photons in the walls of the vacuum tank.

c) uw¥u~ final state.

Mass spectra (number of events for 10 MeV/c? mass bins) of candidates

for three-~body decays

a) atn- final state, without cut selecting 2-body decays

+ _. . +
b) #*wr 1~ final state, with the K~ peak.

Examples of 90%Z C.L. upper limits on cross section production, times
branching ratio, ¢B, of neutral particles X°, function of the
particle lifetime 1. OB is given in picobarns/nucleon, assuming

no nuclear effect in the production, and negligible reinteraction

in the dump

Curve a) X 5 ete- Mx = 100 MeV/c?
b) X% » pty- MX = 600 MeV/c?
c) X% o+ qtg- M = 5 GeV/c?
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FIGURE CAPTIONS (Cont'd)

Fig, 5

Fig. 6

Fig. 7

Contours of equal 90% C.L. upper limits on cross section times
branching ratio (in picobarn/nucleon), in the Mass-Lifetime plot,
assuming no nuclear effect in the production and negligible

reinteraction in the dump

a) X » etq-

b} X® » y*r" (the curves are almost the same for X° + u*u~v)
1

c) ¥ 5 gtq- + X

+ +
d) X© + ntq-w,

¥

Values of axion-like mass M, and decay constant Fo (in GeV) of
axion-like particles excluded at 90% C.L. by the present experiment.
Limits from previous works are taken from the results and compilations
of the CHARM experiment (ref. 24), from which the figure elements have

been taken.

Exclusion of the existence of gluinos in the (Mg - Mq) plane.

Full lines contours : regions excluded with 90%Z C.L. by the present
experiment, supposing a gluino interaction cross section of
respectively 0, 5, 10 and 20 millibarns.

Thin lines: curves of equal gluino lifetime, given by the expression

AT -20 L) )5
T (g) =7.510 (Mq) /(Mg)

The regions enclosed inside dashed lines are excluded by previous
experiments:

- CHARM [37], E613 [38], BEBC [39]

- ARGUS experiment [42]

- ISR and Fermilab experiments on long~lived particles [18-21].
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FIGURE CAPTIONS (Cont'd)

Fig. 8 Exclusion of the existence of heavy neutrinos vy having a coupling
IU 12 to electron neutrino (Fig. 8a), or |U .|? to muon neutrino
(Flg. 8b), as a function of the neutrino mass M (lU |2 should never

attain values close to 1, due to the unitarity of the U—matrix).

Full lines contours: regions excluded with 90% C.L. limit by the
+
present experiment, from e te"v or e’ final states (Fig. 8a) or ﬂ u

final states (Fig. 8b).

Dashed or dotted—line contours: regions excluded by previous

experiments:

BEBC: neutrino beam—dump experiment [48]

CHARM: neutrino beam-dump and wide band beam experiments [49]

PS191: best results from K » ev, or K+ uvy decays [50]

MARX IT: limits obtained by the MARK II collaboration at PEP,
assuming the reaction e*e” =+ vHvH [51]

PEF MONCJETS: limits derived in ref. 52 from PEP search for

mono jets coming from e*te” + ¥ Vi
e
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