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Abstract

This thesis presents results of a search for anomalous production of long-lived weakly
interacting neutral particles in 450 GeV /c proton-nucleus collisions. The search is based
on calorimetric measurements of visible event energy, relying on the general signature
of ‘missing’ energy-momentum which characterises the production of these particles. A
comparison between experimental data and Monte Carlo predictions based on known
sources shows no significant excess, allowing upper limits to be placed on new sources

of such particles.
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Chapter 1

Introduction

Modern science shares with Greek philosophy the conviction that the observed Universe is
founded on simple underlying principles which can be understood and elaborated through
disciplined intellectual endeavour. In elementary particle physics, the hope is that we will
eventually achieve a unified scheme which combines all particles and all their interactions

into one consistent theory.

At present, there is a very successful model which describes nearly all available data
pertaining to the strong, weak and electromagnetic phenomena. One piece of the puzzle
is still missing however - the spin-zero elementary Higgs boson needed by the Standard
Model for spontaneous symmetry breaking (giving masses to the W*, Z° and fermions).
The Higgs has well-defined couplings to other particles but its mass is not fixed. If it is
light, then its coupling to stable matter will be very small, i.e. the Higgs will be a weakly
interacting neutral particle. Although one may argue that it is only a matter of time before
the Higgs boson is discovered, there are indications that deeper problems exist, suggesting
it is necessary to look beyond the Standard Model to understand the Higgs sector of the
theory.

If there is new physics beyond the Standard Model, one would like to know what is the
nature of this new physics, at what energy scale it enters and how it will be identified. By
far the most intensely studied class of theories as a possible candidate for physics beyond
the Standard Model has been supersymmetry. In addition to having properties needed
to solve various theoretical difficulties, supersymmetric theories contain a large number
of experimental consequences. One of these is that there should exist a stable weakly

interacting neutral particle, the neutralino.

Admitting the possibility of new sources of weakly interacting neutral particles (both
within and beyond the Standard Model), it:is natural to ask whether there is any experi-



mental evidence for such particles. Over the past decade, several independent results have
consolidated the belief that most of the mass in the Universe exists in an as yet unknown
form of matter that is invisible to electromagnetic radiation and is thus termed dark mat-
ter. This evidence relies mainly on observations of the motions of large-scale structures
in the Universe (optical rotation curves for galaxies, galactic cluster dynamics,...) which
are in disagreement with expectations from the visible matter alone. The nature of dark
matter is uncertain. If the mean density of the Universe (in units of the critical density) Q
= 1 as some recent observations indicate [1,2], then the bulk of the dark matter cannot be
baryonic since nucleosynthesis constrains Qba,yom-crs 0.2 [3]. The simplest assumption that
does not conflict with experimental evidence is that all of the dark matter is of the same
type and non-baryonic. This is interesting in view of the predictions mentioned above for
the existence of stable weakly interacting neutral particles that might be left in sufficient
number after the Big Bang to make = 1. Current results from attempts to detect dark
matter indirectly (for example, the detection of very energetic neutrinos from dark matter

annihilation in the solar core [4]) do not constrain particles such as the neutralino.

This thesis presents results from a direct search for the production of weakly interacting
neutral particles in 450 GeV/c proton-nucleus collisions'. The research was carried out
as part of the experimental programme of the HELIOS collaboration. The experiment
(NA34/1) was designed to make a detailed study of prompt lepton production, combining
good electron and muon identification, accurate determination of ‘missing’ energy (due to
undetected particles), and detailed information on event topology (charged multiplicity
and energy flow). This analysis focuses on the measurement of missing energy, since
it provides the most general signature of weakly interacting neutral particle production.
Charged lepton identification will also be seen to be crucial since it allows one to reject

events from known Standard Model sources.

Chapter 2 reviews the theoretical arguments which motivate a weakly interacting neu-
tral particle search, firstly for sources within the Standard Model, and secondly from new
physics beyond the Standard Model. The experimental status of each candidate source is
then outlined, including present mass and production cross-section limits where relevant.
Having shown that a new search may be profitable, the remainder of the chapter is de-
voted to a discussion of experimental requirements and a demonstration that we are able

to improve on previous experiments.

In Chapter 3, the HELIOS detector is described in detail. The emphasis is on calorime-

try and its optimisation to achieve the best possible energy information for each event.

!Throughout this thesis, energies are given in GeV (1 GeV = 10° eV = 1.602 x 107'%J) and cross-
sections in barn (1 b = 107?® m?). A complete list of SI units may be found in the ‘Review of Particle
Properties’, M. Aguilar-Benitez et al., Phys. Lett. B204 (1988).



The detector performance in two different modes, target and beam dump, is compared to
determine which is more sensitive to possible new sources of missing energy. The chapter

concludes with a brief description of the 1988 data sample used in this analysis.

The treatment of the beam dump missing energy data and the associated correction
procedures are the subject of Chapter 4. Three sources of contamination are identified:
interactions upstream of the target, energy leakage through incomplete shower contain-
ment in the calorimeters, and problems associated with the overlap of two or more particle

interactions in the target.

The interpretation of the final missing energy spectrum in terms of detector properties
and known Standard Model physics forms the basis of Chapter 5. This includes a simula-
tion of expected ‘backgrounds’ from Standard Model sources and in particular, a detailed
discussion of the expected contribution to the missing energy spectrum from semi-leptonic

decays of charmed particles.

Chapter 6 compares the observed missing energy spectrum with that expected from
Standard Model sources. Based on this comparison, some comments on charm production
are made and the question addressed of whether the data shows any evidence for anomalous
production of neutrino-like particles. Model-dependent upper limits on new sources of

weakly interacting neutral particle production in proton-proton interactions are derived.

Conclusions are presented in Chapter 7.




Chapter 2

Weakly interacting neutral
particles

2.1 Theoretical motivation for a weakly interacting neu-
tral particle search

This section reviews theoretical arguments for possible hitherto unrecognised sources of
weakly interacting neutral particles, firstly within the Standard Model and secondly, in
extensions to the Standard Model. The relevance of these arguments for hadronic inter-
actions at centre-of-mass energy ~ 30 GeV (corresponding to 450 GeV /c proton-nucleus

collisions) will be outlined where appropriate.

2.1.1 Standard Model: weak sector

Over the last few years there has been a remarkable synthesis in the theories used to de-
scribe interactions of elementary particles. A Standard Model, consistent with all existing
experimental data, has been constructed to describe interactions of the known quarks and

leptons.

The strong interaction, responsible for binding quarks in hadrons, is described in terms
of a non-Abelian gauge theory, Quantum Chromodynamics (QCD), based on the group
SU(3). In this scenario, the strong force between quarks is carried by massless, spin-one
gluons which transform according to the octet representation of SU(3)¢. There are six
types of strong charge, or ‘colour’: a quark can carry one of three colours (say red, blue
or green) and an antiquark the corresponding anticolour. The theory explains both the

phenomenon of confinement, whereby free quarks are not observed, and of asymptotic

4



freedom, according to which the interactions of quarks become weak at large momentum

transfers or small distances.

The electromagnetic and weak interactions are described in the Standard Model by a
theory based on the group SU(2) x U(1), in which there are four spin-one gauge bosons.
This symmetry is not exact however, resulting in non-zero masses for three of the bosons
(W%, 2% while the fourth, the photon, remains massless. The symmetry-breaking is
due to the existence of a scalar field, the Higgs field, transforming as a doublet under
SU(2)rx U(1)y!. The state of minimum energy occurs for non-zero value of this field and
the SU(2);x U(1)y symmetry ‘spontaneously’ breaks down to U(1)gm, corresponding to

electromagnetism. A relic of this breakdown is a neutral scalar, the Higgs.

The weak sector of this model is responsible for the decays of long-lived particles, which
are inhibited from decaying via the strong or electromagnetic interactions by conservation
rules or kinematic considerations. As an example, consider the decay of the pion, which
is a member of the lightest strongly interacting multiplet. It is found that:-

70 — vy with 7 =8.4x 10717 sec,
T~ — u~P, with 7=2.6x10"% sec, (2.1)
which should be compared to typical lifetimes for decays through the strong and elec-
tromagnetic interactions of around 10723 sec and 10718 sec respectively. Decays via the
strong interaction are excluded since the 7 is the lightest hadron and whereas the neutral
7 can decay into photons (an electromagnetic process), the charged pions cannot. As a

result, the weak decay of the #~ in Equation 2.1 is the dominant one.

Neutrinos in the Standard Model

The example of the weak decay given above involves a neutrino. Neutrinos are unique
in that they can interact only through the weak interaction. They are colourless and
electrically neutral and, within current experimental limits, also massless. The effective
neutrino interaction at low energies is best illuminated by looking at the structure of
the relevant currents in the Lagrangian. For charged current processes (that is, those

interactions involving charged gauge boson (W%) vertices), one has
jf C= ﬁ,,,‘y#%(l —9s)w + Hermitean -conjugate,

where u denotes a Dirac spinor and [ signifies one of the fermion generation doublets.

For neutral current processes (those containing a Z° or photon vertex), the corresponding

term is

]'ch = % (ﬁuf)’u%(l - 75)'"'111 - ﬁl‘Yu%(l - ‘)’5)11.[) - Sin2 0W (—ﬁz‘,’“‘;‘(l - 75)"”) )

'Here I denotes weak isospin and Y hypercharge.



where 8w is the weak mixing angle, related to the weak isospin and hypercharge coupling
constants g, g’ by

gsin Oy = g’ cos O = e.

With the exception of Z° decay, all first-order weak processes involving neutrinos (the
spinors u,,) are therefore also accompanied by a charged lepton I* (1;). This property of

the electroweak theory will be seen to provide a useful ‘tag’ on neutrino production.

The number of different neutrino species is not prescribed in the Standard Model.
Three have so far been identified: v., v, and v,, one for each of the known fermion gen-
erations. Recent measurements on the width of the Z° peak at LEP have allowed the
number of light neutrino species to be determined for the first time. Taking the average
for the four LEP detectors[5], the number of neutrinos is found to be N, = 2.95 £ 0.11,

excluding the existence of a fourth generation at the 9 standard deviation level.

Neutrino production through Z° decay is not possible at SPS fixed target energies
(v/s ~ 30 GeV) since mz ~ 90 GeV/c?. Virtual Z° production (and subsequent decay)
is however possible through resonance production of the heavy flavour quarkonia (e.g.

J/®,T). This mechanism, and an estimate of its cross-section, will be given in Section 5.1.

In conciusion, neutrinos are expected to be produced in conjunction with their corre-
sponding charged lepton partners. The only first-order process for which this is not the
case is Z° decay (to v7), kinematically forbidden at the centre-of-mass energy of this ex-
periment. Since the number of light neutrinos is now known to be three, neutrinos should
be produced via (I, ;) pair production with [ = e, u, 7 only. In addition to these known
sources however, it may be of interest to search for rare or forbidden processes such as

0

©? — v. Limits on such processes will be reviewed in Section 2.2.1.

2.1.2 Standard Model: Higgs sector
The réle of the Higgs

Particles in the Standard Model can only acquire masses when the SU(2); x U(1)y elec-
troweak gauge symmetry is spontaneously broken. This is achieved through the vacuum
expectation value of a Higgs field, and there are arguments based on perturbative unitarity
(see below) that indicate there must exist a spin-zero particle with mg = O(10%*!)my

and couplings analogous to those of the Higgs boson in the minimal Weinberg-Salam
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Figure 2.1: Forms of the Higgs potential for 42 > 0 and x? < 0.

model. There is as yet no experimental evidence for the Higgs mechanism of spontaneous
symmetry breaking, still less for the existence of any Higgs boson. Both are necessary
features of the Standard Model. In this section, an outline of the Higgs mechanism will

be given, with reference to the theoretical constraints on its mass.

The mechanism for generation of mass for the gauge bosons can be illustrated using
the simplified example of a single real scalar field ¢. The potential for this field has the
form

V(9)= §u6 + Pé,
where the corresponding Lagrangian £ (= T — V) is required to be invariant under the
symmetry operation ¢ — —¢. Here X and u? are parameters, and ] is taken to be positive.
Figure 2.1 shows the form of the Higgs potential for > > 0 and u? < 0. The case of u > 0
describes a scalar field with mass . The ¢* term shows that the four-particle vertex exists
with coupling A (i.e. ¢ is a self-interacting field). Although the mass term apparently has
the wrong sign for u? < 0 (the relative sign of the ¢? term and the kinetic energy T being
positive), it is this case that is of interest. For u? < 0, the minimum of the potential is
not at ¢ = 0 but at ¢ = v = \/—uZ/X. The extremum ¢ = 0 does not correspond to the
energy minimum. A perturbation expansion can only be done around a local minimum,

so the field must be translated to +v. Writing

¢(z) = v+ ¢(),



where ¢'(z) is the fluctuation around +v, the form of the potential is
2 442 3 1 14
V(') = Av'¢"" + dvg" + Zx\g‘b + constant.

There is now a mass term for ¢’ with the correct sign

my = V2Av? = [/ —2u2.

Hence, by introducing a potential whose minimum is not at zero, the field develops a
non-zero vacuum expectation value v and a conventional mass term in the Lagrangian.

This is spontaneous symmetry breaking.

By extending this technique of field translation to a complex scalar field, given by
¢ = (¢1 + id2)/V/2, two fields are introduced, one of which acquires a mass as before,
the other remaining massless. This massless mode corresponds to excitations around the

two-dimensional potential minimum (the ‘bottom of the wine bottle’).

From here, the final step is to study spontaneous breaking of a local gauge symmetry.
In the case of the U(1) gauge symmetry, the particle spectrum (with the correct gauge
choice) is two interacting massive particles, a vector boson A4,, and a massive scalar H, the
Higgs. (The massless Goldstone boson has been ‘eaten’ to give the longitudinal polarisation
state of A,). For the SU(2) group, ¢ is a doublet of complex scalar fields

_ i 1 + ¢
¢= \/: ( ¢3 + id4 ) '
In this case, three massless Goldstone boson fields are eaten by the gauge fields and become

massive (m = jvg). The remaining field is the massive Higgs scalar.

The same procedure can be applied to electroweak interactions, that is, to the group
SU(2) x U(1). In order to generate masses for the weak bosons but have a massless photon
(as observed experimentally), the field which is allowed to acquire a vacuum expectation
value is taken to be electrically neutral. Thus the gauge symmetry of the U(1)gar subgroup
is left intact, ensuring that the photon does indeed remain massless. In so doing, some of

the terms in the Higgs sector Lagrangian become mass terms for the charged and neutral

1 1,./ 2
mwy: = 509, mz = 3v\/g2+¢'°, ma=0.

Thus, we find massive W and Z bosons, with the relation my /mz = cosfw, and a

gauge bosons, where

massless photon A. The Higgs coupling to other particles depends only on their masses:-

gfH = 2¢\/Gr my for fermions,
b
gve = 21\/Gp m?% for vector bosons.



Consequently, its coupling to stable matter is very small, and production and detection
are difficult. Though the masses of the gauge bosons and the Higgs couplings are well-
defined, the mass of the Higgs boson is almost completely unconstrained, and depends on
the value of X. If A becomes too large, perturbation theory breaks down and the Higgs will
have strong self-couplings. This gives a qualitative upper bound on the mass of my <1
TeV/c2. Radiative corrections contribute several GeV to my, and this is generally taken
as a qualitative lower bound on the mass. A detailed analysis of the thermal history of
the Universe [6,7] also requires mg <~ 10 GeV/c?. Thus

afew GeV/c2 & my S 1TeV/c2

In general, the lower mass limits weaken as the top quark mass increases, disappearing
altogether when m; R mw, or if there are more undiscovered fermions (such as in a fourth

generation).

The above picture is modified if one goes beyond the Standard Model. All such schemes
involve additional Higgses. In the case of minimal supersymmetry (see Section 2.1.3), there
are two complex Higgs doublets for a total of eight real fields. After removing the three
fields which are eaten by the W and Z° to give them masses, one is left with five physical
Higgs bosons. Two of these physical Higgs bosons are neutral scalars, one is a neutral
pseudoscalar, and two are charged particles. In this scheme, at least one, and possibly

two, of the neutral Higgses must have masses less than the mass of the Z° i.e. mpgo < 90
GeV/c2.

If the Higgs is light (mass ~ a few GeV), its production in hadronic collisions is expected
to be predominantly through the decay of heavy vector and B, K mesons. Since it couples
directly to the masses of other particles, it will decay into the heaviest available ‘daughters’.
As was seen above, the Higgs is predicted to have a mass between O(10) GeV/c? and 1
TeV/c?. The leading-order decays are therefore H® — 111~ ¢ (and H® — WtW—, Z92°
if mgo > 2mw z); H® — 77, gg are both higher-order decays.

In summary, a light Higgs may exist. If it does, one may be sensitive to its production

in a search for weakly interacting neutral particles. The experimental limits on the Higgs

mass will be reviewed in Section 2.2.2.

2.1.3 Beyond the Standard Model: supersymmetry

Motivation for supersymmetry

The Standard Model successfully describes fundamental interactions up to the presently

explored level of about 100 GeV. From a theoretical standpoint there are, however, sev-
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Figure 2.2: Loop diagrams contributing quantum corrections to my.

eral outstanding problems left unsolved. These include the problems of including gravity
within a consistent framework, of understanding the proliferation of different flavours of
quarks and leptons, and of the origin of particle masses. Superstring and supermembrane
models offer potential solutions to the the first two problems while supersymmetry (SUSY)

addresses the question of particle masses.

Many different motivations for supersymmetry have been put forward in recent years.
It is the only remaining symmetry of the S-matrix. It unifies particles and interactions.
It reduces the divergences in quantum gravity. It provides an elegant resolution of the
hierarchy problem, namely that of reconciling ‘small’ mass scales such as my with ‘large’
ones such as the grand unification scale mx ~ 10'® GeV/c? or the Planck scale mp ~ 10!°
GeV/c? associated with gravitation. The hierarchy problem occurs at two levels: one is
that of creating the hierarchy, i.e. the origin of my-, and the other is that of maintaining

it once it has been created, i.e. the natural stability of my .

The value of a physical parameter is said to be natural if quantum corrections to it

are no larger than its physical value. For example, a fermion mass, m¢, gets corrections

a A
5mf =0 (;) mfln (a‘;) )

where A is the cut-off in the loop integral. As long as A & my exp O(X), then §my < my

from the loop of Figure 2.2

and the fermion mass parameter can be naturally small.

In the case of the W, the smallness of my is linked to the smallness of my, which is
unstable in the Standard Model. Radiative corrections to its squared mass due to loops

like those of Figure 2.3 are quadratically divergent
§m¥ =0 (%) AZ,
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Figure 2.3: Quadratically divergent loop diagrams contributing to §m%.

where A is a cut-off representing the threshold for some new physics beyond the Standard
Model and may be, a priori, as large as the Planck mass mp ~ 10'® GeV/c?. However, in
order for §m% to be less than m;, and hence technically natural, requires A < O(1)TeV.

In itself, the divergence of §m% is not a problem (it is renormalisable and can be
absorbed in the definition of the bare parameters). It i¢s a problem, however, when at-
tempting to construct more unified models. Grand Unified Theories (GUTSs), for example,

predict corrections to the Higgs mass of
2
smYy = O(mk) R 0 (10"° GeV),
which is much larger than the range allowed in Section 2.1.2. It is also a problem if one

considers the effects of quantum gravity, which are predicted to give corrections

smYy = O(m}) = 0 (10" GeV)”.

Two strategies have been proposed for removing the large corrections to m%. The first

is to give the Higgs a composite structure (of massless fermions) on a distance scale

Rr=0 (-1—) where Ap ~ 1TeV.
Ar

This model, called technicolour, introduces a cut-off A ~ A7 in the loops of Figure 2.3. The
scale of compositeness is where new technicolour interactions become strong. Attempts to
give non-zero masses to the elementary fermions fail, however, and extended technicolour
models predict unobserved phenomena (flavour-changing neutral-current interactions and

light, charged, composite scalars).

The second approach, supersymmetry, cancels the loops of Figure 2.3 among them-

selves. The boson and fermion loops have opposite signs, leading to

§mY = 0 (%) [(A2+ 0(m})) - (A2 + 0(m3)] -
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Particle Spin | Sparticle Spin
quark ¢z r % squark LR 0
lepton I r % slepton /L p 0
Sz 1
photon v 1 pho'tmo. ¥ 2
gluon ¢ 1 | gluino g N
w 1 wino W %
Z 1 |zno Z :
. . . ry 1
Higgs H 0 | higgsino I{ 3
graviton G | 2 | gravitino G g

Table 2.1: The supersymmetry spectrum.

By postulating boson /fermion pairs with the same quantum numbers (and hence identical

couplings) and similar masses, the diagrams of Figure 2.3 give a residual
2 _ a 2 2
6mH =0 (7{') [mb mf] .
This correction is naturally small if the effective cut-off
A% ~ [mf —m}] S O(1 TeV)?.

Identical couplings and similar masses also remove the problems associated with GUTs
and quantum gravity. The naturalness condition means that supersymmetric partners of

the known particles can weigh no more than O(1) TeV/c2.

Structure of supersymmetric models

This section describes the basic characteristics of supersymmetric theories, emphasising
those aspects important for a discussion of its phenomenological implications. Only min-
imal models will be considered. For a detailed treatment of suspersymmetry formalism

and a summary of extended models, the reader is directed to [8,9].

Supersymmetry is a symmetry which relates fermionic and bosonic degrees of freedom.
It therefore predicts new supersymmetric particles which are partners of all the known
particles and differing in spin by half a unit. In addition, the total number of bosonic
and fermionic degrees of freedom must be equal. The complete set of supersymmetric
partners for the known particles is shown in Table 2.1. No known particle can be the
supersymmetric partner of any other. Considering the case of the spin-% quark for example,
there is no known elementary spin-0 particle and the squark cannot have spin 1, since in
a renormalisable field theory all vector bosons must be gauge bosons. In the case of the
gluon, its supersymmetric partner would have spin %, like the quark, but be an octet

of colour. The supersymmetric particles have quantum numbers (with the exception of
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spin) identical to those of their ordinary particle partners. One interesting consequence of
supersymmetry is the necessity for two Higgs doublets, along with their supersymmetric

partners. They are needed to give mass to both charge states of the elementary fermions.

Supersymmetry breaking

Supersymimetry cannot be an exact symmetry. If one has fermions | F > and bosons
| B > related by the supersymmetry charge Q, Q |[B> = |F> and Q |F> = |B >,
and if supersymmetry is a good symmetry, [Q,H] = 0, then mp = mp. However, no
supersymmetric particle has been found experimentally, so mz > m., mj > m,, etc.
Symmetry breaking may be either explicit, by terms in the Lagrangian, or spontaneous, by
having a non-invariant vacuum Q | 0 > # 0. Explicit breaking is theoretically unattractive
due to unitarity problems and the emphasis has therefore been on spontaneous breaking, in
analogy with existing gauge theories. In addition to lifting the mass degeneracy, symmetry
breaking allows mass eigenstates which are a linear combination of particles carrying
the same conserved quantum numbers. The correct mass eigenstates would have to be
determined by experiment (or by a theoretical model). An example of this is the mixing of
photino, zino, higgsino,... in the physical ‘neutralino’ which is assumed to be the lightest
supersymmetric particle (see below).

R-symmetry

Most supersymmetry models define a continuous global symmetry called an R-symmetry
(essentially a generalisation of fermion number conservation). This implies that all spar-
ticles carry a new quantum number called R-parity which is multiplicatively conserved.
Its conservation can be related to that of other quantum numbers, namely spin S, baryon

number B, and lepton number L

R = (_1)2S+SB+3L

All ordinary particles are assigned an R-parity of +1, whereas the supersymmetric partners
have an R-parity of -1. R-parity conservation is assumed in this review. In principle, it is
possible to violate R-parity through a vacuum expectation value for some scalar sparticle
such as a sneutrino but this possibility would also violate lepton number conservation
which is highly constrained by experiments confirming L conservation. Conservation of

R-parity has three important phenomenological consequences:-
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1. Sparticles are always produced in pairs, e.g.

+ +

eTe” — éTé orpp — §7 + X.

2. Heavier sparticles decay into lighter sparticles, e.g.
€ o eyorg— qqy-

3. The lightest supersymmetric particle (LSP) is stable.

The lightest supersymmetric particle

If supersymmetry is a symmetry of nature, then this last property means that the Uni-
verse should contain supersymmetric relics from the Big Bang, and provides a powerful
cosmological constraint on the LSP. It must be electrically neutral and have no strong in-
teractions. Otherwise it would have condensed in ordinary matter producing anomalously
heavy isotopes. Experimental limits [10] on the abundance of such isotopes rule out this
possibility.

Candidates for the LSP in the minimal supersymmetric Standard Model include the

sneutrino ¥ of spin 0, the photino 5 and/or Higgsino H of spin %, and the gravitino G

2

of spin . In most models the LSP is a ¥/ H combination. It will be referred to as a
neutralino (%) for this discussion. The ¥ interaction cross-section is of weak-interaction
size or less since it can only interact with matter via exchange of a heavy scalar electron
or scalar quark. Hence, the 4 has the properties of a weakly interacting neutral particle.
Any such relic would escape from some experimental apparatus in the same way as an
unseen neutrino, producing a signature of missing energy-momentum. This observation is

the basis of almost all experimental searches for supersymmetric phenomena.

Supersymmetric phenomenology: the light gluino scenario

The possibility of observing supersymmetry in particle physics experiments has been stud-
ied by several authors [8,9]. Predictions for production cross-sections and probable decay
modes of the supersymmetric particles have been compared with Standard Model back-
grounds to determine the most favourable domains for a supersymmetry search. Though
these predictions are somewhat model-dependent, it is useful to note their conclusions
concerning ‘discovery potential’ for the new particles. Table 2.2 gives a rough guide-

line for each of the supersymmetric particles, indicating the most favourable production
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Sparticle Favoured production mechanism | Cross-section | Signature
squark ¢r r ete™, pp,ep Vv ?
slepton I g ete” Vv v
photino ¥ ete ™, pp ? Vv
gluino g pp vV !
wino W ete” Vv ?
zino Z ete”, pp ! v
higgsino H ete™, pp ? v

Table 2.2: Discovery potential for supersymmetric particles (1/ and ? indicate favourable
and marginal conditions respectively).

mechanism taking into account expected cross-sections and experimental signatures (i.e.

signal /background considerations).

The fact that no charged sparticle has been observed at LEP [11,12] indicates that
Miy, Mypa, Mpgs R 40 GeV/c2. The absence of any new strongly interacting sparticle
in hadron-hadron collisions [13,14,15] indicates that ms; & 74 GeV/c2. The case for the
‘gluino is less clear. Results from the Spp$ collider [13,14,15] exclude the region 4 GeV/c?
S my 279 GeV/c?, and several experiments have attempted to exclude gluino masses
below this range, yielding m; R 2.5 GeV/c2. A detailed account of gluino mass limits is
given in Section 2.2.3. Here, it is noted only that there remains a ‘window of opportunity’

for a light (~ 2 - 5 GeV/c?) gluino to exist and have not (yet) been discovered.

This thesis considers the case of gluino production, and subsequent decay into hadrons
plus a neutralino. As can be seen from Table 2.2, gluinos are expected to be copiously
produced in hadron machines. Production cross-sections may be comparable to or greater
than those for heavy quarks of the same mass [16]. R-parity conservation means that
gluinos should be produced in pairs. The elementary processes involving two gluinos in
the final state are shown in Figure 2.4. Computations of the expected cross-sections [17]
show that the dominant contribution is from the gluon fusion diagrams; this is shown in
Figure 2.5.

Once produced, gluinos (which are colour octets) form bound states in colour singlet
R-hadrons. Depending on whether they bind with quarks, gluons, gluinos,... a complete
spectrum of R-hadrons is expected. However, for sufficiently heavy gluinos (say m; R1-
3 GeV/c?), the mass and lifetime of such hadrons would be approximately equal to those
calculated for the free gluino. In what follows, it will be assumed that this is the case.
The dominant decay of the gluino is believed to be a three-body decay into ¢y with the

lifetime ;
4 - ) . \4
8mmg 13 % 107 1Tsec (0 15) ( my ) (1GeV>

T o~
97 aa,eSm; a, / \100GeV m;
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Figure 2.4: Graphs for the production of gluinos in hadron-hadron collisions. Two sub-
processes are considered: (a) gg — §§, (b) ¢§— §§.
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Figure 2.5: Cross-section for gluino production via gg — §3.
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(surnming over u,d and s quarks and assuming mg,my < mg). For light gluinos (mass
~ 1—5 GeV/c?), the predicted lifetime then falls in the range ~ 107" — 10"% sec. It should
be emphasised that the lifetime is a function of both squark and gluino mass. This explains
why limits are usually presented (Figure 2.6 for example) in the squark/gluino mass plane.
The neutralino is produced isotropically in the gluino rest-frame. Hadronisation of the ¢g

system then results in a shower of hadrons in association with a neutralino.

Neutralino-matter interactions occur dominantly through ¢ — gg with the cross-

4
-~ ~ -38 2 Qs 100Ge° E")'/ -
94N = 8.9 X107 cm (0'15) ( ; e F

where F', the analogue of the standard structure function Fj, ranges from 9.6 x10~2 to

section

1.8 x10~2 for my; between 2 and 5 GeV/c?. The cross-section thus has the same form as
the neutrino interaction cross-section, and is also similar in magnitude for the range of m;

and my considered here.

In conclusion, a light gluino, if it exists, may be abundantly produced in hadron
interactions. It is subsequently expected to decay into the lightest supersymmetric particle
(which escapes detection) plus hadrons. In this scenario, gluino production and decay

would be observed as a new source of weakly interacting neutral particles.

2.1.4 Beyond the Standard Model: axions

Attempts to extend the SU(3) x SU(2) x U(1) model of lepton and quark interactions
by including specific dynamical mechanisms for spontaneous symmetry breakdown lead to
the appearance of nearly massless, spinless Goldstone bosons. Peccei and Quinn [18,19,20]
have formulated an example of such a model for preventing CP violation in QCD and which

predicts the existence of a light pseudoscalar boson, the axion.

The motivation for the axion comes from considering the consequences of a theoretical
picture in which the weak and electromagnetic as well as the strong interactions are based
on underlying non-Abelian gauge theories. The gauge theory of strong interactions is as-
sumed to be quantum chromodynamics (QCD), based on an exact SU(3) colour symmetry
of quarks and gluons. The weak and electromagnetic interactions are assumed to stem
from a spontaneously broken gauge theory based, in the simplest case, on the group SU(2)
X U(1). The existence of instanton solutions for non- Abelian gauge theories raises a poten-
tial problem for this theoretical picture. In QCD, they allow the appearance of additional
terms in the Lagrangian which produce strong CP symmetry violation, in contradiction

with experimental observation. It is possible to eliminate these terms if either:-
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1. at least one of the quarks in the theory is massless, or

' 2. the Lagrangian for the full theory has an overall global chiral U(1) symmetry.

The first option is inconsistent with present current-algebra estimates. A consequence of

the second is that the axion should exist.

The axion is light for two reasons. In the absence of non-perturbative instanton effects,
the axion would be a Goldstone boson associated with the spontaneously broken chiral
U(1) symmetry of the theory. In reality the symmetry is broken and the axion is therefore
expected to acquire a small mass, of the order of the pion mass. However, the mass
scale characterising the broken weak symmetry is much larger than that associated with
ordinary chiral symmetry-breaking and consequently the axion’s mass is further reduced.
Mass estimates, based on current-algebra techniques, have been made by several authors
[21,22]. They find a mass in the range of 100 - 200 keV/c2. If the axion is that light, it
can only decay into two photons, and its lifetime should be around 10~! sec. For masses
R the MeV scale, the preferred decay mode is to an e*e™ pair. The detailed properties of

the axion depend, however, on which model of the weak interaction is adopted.

The production of axions in hadronic experiments is expected to be via the decays of
heavy vector mesons (J/¥,T — va) or kaons (K — ma), in analogy with the Higgs (see
Section 2.1.2). Axion ‘bremsstrahlu.ng" from electrons may also contribute. The coupling
of the axion to nucleons is very much smaller than the corresponding pion-nucleon coupling
(920NN ~ 1077g2, ) and one may expect such particles, if they exist, to escape from an
experimental detector without interaction. Present limits on the existence of axions are

reviewed in Section 2.2.4.
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2.2 Experimental status

This section reviews current mass limits for the hypothetical new particles of Section 2.1.
In the case of neutrinos, a brief summary of limits for rare (high-order) or non-Standard

processes will be given.

2.2.1 Weak processes

In Section 2.1.1, it was noted that Standard Model neutrino production should also be ac-
companied by production of a charged lepton (at energies where Z° production is kinemat-
ically impossible). Present experimental limits [23,24,25,26,27] on rare processes involving

neutrino production without an associated charged lepton are shown below:-

Process Limit
0 - v < 31 x 107
Kt —setvwi | < 6 x 107°
Kt > utvi | < 6 x 10°€
Kt satup | < 14 x 1077
n — puv < 9 x 107*

Table 2.3: Experimental limits on neutrino production without accompanying charged
lepton.

The fact that there are relatively weak limits on these processes is a direct consequence

of the experimental difficulties involved in detecting neutrinos.

2.2.2 The Higgs

Until recently, the only firm experimental limit on the Higgs mass was mgo > 14 MeV/c?,
arising from the non-observation of a long-range component to the nuclear force [28,29]

and from the negative result of direct searches for Higgs bosons emitted in nuclear decay
[30].

Higgs production has been searched for extensively in the decays of heavy mesons,
for example K — wH® B — K H°. In all cases, there are serious theoretical difficulties,
particularly in the calculation of expected branching ratios. Of the more reliable results,
the CUSB group [31] has looked for the decay T — H%y and used this process to exclude
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the range 600 MeV/c? < mpo < 3.2 GeV/c2. In conjunction, the bounds from B, T and
K decays, probably exclude the range below 4 GeV/c?, though it should be emphasised
that this is not a firm limit. Further details can be found in [32]. Limits on a low-
mass Higgs have been studied [33] by examining the possibility of detecting a Higgs from
pion disintegration through its decay into ete™ in neutrino experiments. The limit thus
obtained is mpo > 40 MeV/c2.

The complex question of limits on the Higgs mass has recently been clarified by results
from LEP. By searching for decays of the Z° into a Higgs plus a fermion-antifermion
pair (Z° - H%l+1—,2° - H%®p,Z° — H%§), unambiguous constraints on the Higgs mass
have been obtained [34,35]. At the 95% confidence level, a Higgs mass in the range 32
MeV/c?2 < myg < 19.3 GeV/c? is excluded. In conjunction with the limits described
above, this gives a rather strong (albeit model-dependent) indication that a light Higgs is
excluded. A definitive result from LEP (requiring higher statistics) is expected in the near
future but at this stage, the possibility of a light Higgs cannot be conclusively eliminated.

2.2.3 The gluino

Existing limits on the gluino mass come from four types of experiment. They are stable
particle searches [36,37,38), low-energy et e~ colliders [39,40], high-energy hadron colliders
[13,14,15] and fixed-target hadron beam dumps [41,42,43). Figure 2.6 shows the presently
excluded regions in the gluino/squark mass plane. In Section 2.1.3 it was noted that light
gluinos, if they exist, should be abundantly produced in hadron-hadron interactions. In
this section, we will review gluino mass limits from hadron experiments, show that the
‘window of opportunity’ (regions I, IT and III in Figure 2.6) is still open, and present the

case for further experiment to close this window.

Mass limits from hadron colliders

Gluino production at hadron colliders should be seen as monojet, dijet and trijet events
with missing energy-momentum (due to escape of neutralinos). This missing energy sig-
nature is valid only for gluino lifetimes less than ~ 10710 sec; for longer lifetimes, a
significant fraction of produced gluinos will reach the calorimeter before decaying, re-
sulting in a degradation of the missing energy signal. In practice, collider detectors are
only sensitive to missing transverse momentum and this signature has been used to select
candidate gluino events. Analysis of monojet and dijet events at the CERN SppS col-
lider [13,14,15] has shown that the observed rates are compatible with Standard Model
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Figure 2.6: Excluded region of gluino and squark masses. Regions I and II are not yet
excluded. Region III is excluded by experiment NA3 [43] for certain assumptions on the
gluino interaction cross-section.
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processes (T, bb + c¢,W, Z + g,tt,...). Since the gluino production cross-section falls with
increasing gluino mass, this can be used to set a lower limit on its mass. Using a model
for supersymmetry in which the photino is the lightest supersymmetric particle (assumed
massless), the squarks are mass-degenerate, and ignoring processes involving the super-
symmetric partners of the W, Z, Higgs and known leptons, the model thus contains only
two free parameters, the squark and gluino masses mg and m . A limit of mz; > 79 GeV//c?
(independent of the squark mass) has been obtained. However, it has been argued [44,45]
that uncertainties in the cross-section for light § production and decay, particularly in the
way an energetic light § fragments to give an R-hadron, are such that a very light gluino
(mass ~ 4 GeV/c?) cannot be excluded. The final mass limit corresponds to the area
marked ‘UA1’ in Figure 2.6.

Mass limits from fixed-target hadron experiments

Limits on light gluinos are provided by hadron beam-dump experiments. These fall into
two general classes. In the first case, the experimental technique is such as to be sensitive
only to § — ¢§7 decay occuring before the § (or more accurately, the R-hadron containing
the confined § ) has a chance to interact. Then the 4 decay product escapes from the
dump giving the characteristic missing energy signature. Two variants of this scheme are
commonly used. First, the dump is sometimes replaced by an active calorimeter to allow
direct measurement of the energy lost via weakly interacting particles. Second, a ‘neutrino’
detector downstream of the dump may be employed to detect 4N interactions. This option
however, restricts the range of 4 interaction cross-sections to which the experiment will be
sensitive. Finally, one can look for R-hadrons in the lifetime range such that they travel
an observable distance before decay. We will review limits from each of these categories

in turn.

The calorimeter search provides the most general approach in attempting to detect
gluino production in hadron interactions (subject to the lifetime constraint noted above).
The expected signature is undetected energy and momentum carried by neutralinos in
events without final charged leptons. The best limit to date [46] comes from an exper-
iment using a 400 GeV/c diffracted proton beam incident on a fine-grained iron target-
calorimeter with energy resolution o/ E ~ 70%/+vE. The total data sample corresponds
to approximately 2 X 10° proton interactions. The spectrum of the observed hadron en-
ergy in events without a muon is very nearly a Gaussian. A broadening of the low-energy
tail is seen however and this is used to place an upper limit on R-hadron production of
33 pub (8 pb) for R-hadron masses of 1 GeV/c? (3 GeV/c?) respectively. This analysis is

limited primarily by event statistics. Inability to trigger on interesting events with large
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