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Abstract

This thesis reports on searches for supersymmetric particles, in particular neutralinos,
conducted with the DELPHI detector at the LEP accelerator at CERN. The searches
were performed within the framework of the Minimal Supersymmetric Standard Model
(MSSM), with R-parity conserved and gravity mediated supersymmetry breaking.

The neutralino search covered both χ̃0
2χ̃

0
1 and χ̃0

j χ̃
0
i (j = 3, 4 and i = 1, 2) production

channels. Data collected in 1999 and 2000 were used, in total about 451 pb−1 at centre-
of-mass energies from 192 to 208 GeV. No signal was found in any of the search channels,
and the results were interpreted as model independent limits on the production cross-
sections of the different topologies. For deriving these limits the data analysed here were
combined with those collected at a centre-of-mass energy of 189 GeV (∼ 158 pb−1). The
obtained upper limits of the cross-section for χ̃0

2χ̃
0
1 production, when χ̃0

2 → Z∗χ̃0
1, vary

with masses of the neutralinos involved and typically range between 0.05 pb and 0.8 pb.
The negative results from all sparticle searches were used to exclude regions in the

parameter space within a constrained MSSM, with gaugino and sfermion mass unification
at the GUT scale, and to set limits on the sparticle masses. The mass of the lightest
neutralino is constrained to be larger than 45.5 GeV/c2 for any m0, for tanβ ≤ 40 and
without sfermion mixing. An interpretation of the results was also performed within the
Anomaly Mediated Supersymmetry Breaking model, and the lower mass limit of the
lightest neutralino is 68 GeV/c2. All limits are given at 95% confidence level.

In the ATLAS combined testbeam 2004, a full slice of the ATLAS detector was tested.
The SPS accelerator at CERN was used to create particle beams with energies from 1
to 350 GeV. The beamline instrumentation, such as scintillators, beam chambers and
Cherenkov detectors, and extra detectors, are described in this thesis. The data from the
testbeam were used to investigate the performance of the hadronic calorimeter for pions
at various pseudorapidities and energies. The energy resolutions and linearities obtained
were found to be comparable with results from earlier hadronic standalone testbeams.
The obtained resolutions were about σ/E = 52%/

√

E [GeV ]⊕ 5%.
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Description of the Thesis

This thesis presents the work I have done at the DELPHI and ATLAS experiments
at LEP and LHC, respectively, and is based on papers I to V which are appended to
this report. I am main author of papers I, IV and V. Intermediate results of the work
summarized in papers II and III are found in [1].

Paper I, presented in section 4, contains the work performed mainly by me at the
DELPHI experiment, where I searched for pair-production of neutralinos in different
topologies using the data taken with a centre-of-mass energy from 192 to 208 GeV. The
searches were performed within the framework of the Minimal Supersymmetric Standard
Model (MSSM), and with R-parity conserved. The analyses were performed using a
sequential cuts method. No signal was found and the results were interpreted in terms
of model independent limits on the neutralino pair-production cross-sections.

Paper II, presented in section 5.1, contains a summary of all sparticle searches such
as neutralinos, charginos, sleptons and squarks, which were performed at DELPHI. I
contributed with the neutralino search presented in paper I, and participated in the
limit calculations. Another neutralino search reported in this paper, using a likelihood
ratio method was also performed. The results of the two different methods, in the same
topologies, were very similar. No signal was found in any of the sparticle searches and the
combined results were used to exclude regions in the parameter space of a constrained
MSSM with gravity mediated SUSY breaking, and to set limits on the mass of the LSP
and other supersymmetric particles.

Paper III, presented in section 5.2, in this paper the results of the searches mentioned
above were used to set limits on the mass of the LSP and other supersymmetric particles
and exclude regions in the parameter space of an Anomaly Mediated Supersymmetry
Breaking model. I contributed with the neutralino search presented in paper I, and
participated in the limit calculations.

Paper IV, presented in section 8, contains the work I was involved with at the ATLAS
combined testbeam of 2004. I was main responsible for setting up and testing the
beamline scintillators, and co-responsible together with the other authors for setting up
and testing the other beamline detectors, the read-out of all the beamline detectors, and
the trigger system.

Paper V, presented in section 9, contains the work performed mainly by me on the perfor-
mance of the hadron calorimeter for pions with the combined testbeam data. The energy
resolution and linearity for pions showering only in the hadronic calorimeter was found for
various pseudorapidities and energies. The longitudinal shower profile was also studied.
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1 Introduction

During the last century a number of new insights and discoveries changed our view of the
structure of matter.

The first elementary particle to be discovered was the electron, in 1897 by J. J. Thom-
son. In 1904, he proposed an initial model of an atom, since nicknamed ”Thompson’s
pudding”. He imagined the atom as a sphere full of an electrically positive substance
mixed with negative electron.

The first one to propose a “quantum of energy” was Max Planck in 1900, who was
studying blackbody radiation. However, he did not really believe that light was actually
composed of particles. In 1905, Einstein examined the photoelectric effect and showed
that light was composed of discrete particles, now called photons, and proposed a quantum
theory of light. This was the start of the relativistic era. In 1923 the particle nature of
the photon was confirmed experimentally by Arthur Compton.

Ernest Rutherford established in 1911 that the atoms consist of a compact posi-
tively charged nucleus, around which circulate negative electrons, as the result of alpha-
scattering experiment. Later on in 1919 Rutherford discovered that the nucleus contains
positive charge in discrete units which he called protons. However, this model of the atom
had to be wrong, otherwise the electrons should lose energy and spiral inward, and radiate
photons in a rainbow of colours. The rescue came in 1913, when Niels Bohr postulated
that any atom could exist only in a discrete set of stable or stationary states, each char-
acterized by a definite value of its energy. This description of atomic structure is known
as the Bohr atomic model. In 1920 Ernest Rutherford proposed that the atomic nucleus
contained both positive and neutral particles. Experiments demonstrating a discrepancy
between atomic number (number of protons in an atom) and atomic weight suggested
that atomic nuclei might contain a particle approximately equal in mass to the proton,
but electrically neutral. This neutral particle, the neutron, was later discovered by James
Chadwick in 1932.

Quantum mechanics, and the quantum nature of “matter”, was by this time well
established. Heisenberg lay the foundation of quantum mechanics in 1925, the exclusion
principle by Pauli was established the same year, the creation of wave quantum mechanics
by Schrödinger took place in 1926, and in 1927 Dirac lay the foundation of quantum
electrodynamics. Dirac also established the relativistic wave equation for electrons in
1928, and predicted the positron and anti-proton in 1931. Max Born, after learning of
the Dirac equation in 1928, said, ”Physics as we know it will be over in six months.”
Fortunately for us the universe is still not completely understood. The first evidence
of the positron came already in 1932 by Carl D. Anderson, while the discovery of the
anti-proton did not come until 1955 by Emilio Segre and Owen Chamberlain,

From the 1950’s and onward bigger and more powerful accelerators and detectors were
constructed, and a wealth of new particles were discovered. New theories and models
on the behaviour and interactions between the newly found particles were being put
forward. Over the last four decades, the theory that is now called the Standard Model
of particles and interactions has gradually grown and gained increasing acceptance with
new evidence from the latest particle accelerators and experiments. The SM has over this
time period successfully predicted and explained experimental results on the properties
and interactions of elementary particles.
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1.1 The Standard Model

The Standard Model (SM) is a gauge quantum field theory based on the gauge groups
SU(3)C ⊗ SU(2)L ⊗ U(1)Y which describes the strong, weak, and electromagnetic
interactions between the elementary particles [2]. Gravity is not described by the SM.
However the effects of gravity are extremely small in most particle physics situations
compared to the other interactions. The interactions are mediated by the exchange of
spin-1 mediators, gauge bosons, and the ”matter” particles are the spin- 1

2
leptons and

quarks 2.

The strong interaction is mediated by eight massless and electrically neutral gluons
(g) which act on all particles with strong charge (colour). These particles are the glu-
ons themselves and the quarks. Quarks can have three different colours, and the corre-
sponding anti-colours for antiquarks. The gluons carry one colour and one anti-colour.
Colour-charged particles are found only in colour-neutral bound states (hadrons). At
short distances the strong coupling is small and the quarks behave like free particles
(asymptotic freedom).

The weak interactions are mediated by the W± and the neutral Z, which are massive
and self-interacting. These bosons are very heavy which gives the weak force a very short
range. The weak force acts on all particles with weak charge, as all fermions, W±and Z.

The electromagnetic interactions are mediated by the massless neutral photon (γ). It
has infinite range and acts on everything with electric charge. In the Standard Model
the electromagnetic and the weak force are united into the electroweak force.

The fermions, leptons and quarks, exist in at least three generations. The SM was
confirmed with a great accuracy by measurements at the Large Electron Positron Collider
(LEP) at CERN. Using LEP data high precision measurements of the Z and W± properties
have been made. Measurements of the decay rates of the Z restricts the number of light
neutrino flavours to three. Under the assumption that there is one such neutrino per
generation this also limits the number of generations. All of the normal “stable” matter
is made from the first generation consisting of:

(

νe

e

)

L

, eR,

(

u

d

)

L

, uR, dR

The corresponding particles across the three generations have identical properties except
for their masses, which increase in each successive generation. Recent atmospheric and
solar neutrino experiments have shown that the neutrinos oscillate between the different
flavours [3]. This means that the neutrinos have a very small but nonzero mass. The
implications of this is that the neutrinos are either Dirac fermions and right-handed
neutrinos exists, or Majorana fermions. For a Majorana fermion the charge conjugate
state, the antiparticle, is equal to the parity transformed state, so a particle can be
considered to be its own antiparticle. The latter case would mean that lepton number is
not conserved and double beta decay is possible.

2The spin is given in units of h̄.
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The SM is not left-right symmetric, the left- and right-handed fermions transform
as doublets and singlets, respectively, under SU(2)L transformations, and have different
quantum numbers. The electric charge of the fermions is given by the electric charge
operator Q which is defined as Q = T 3 + Y/2, where T 3 is the weak isospin (third
generator of SU(2)L) and Y is the hypercharge (U(1)Y generator) 3. The fermions and
their properties are shown in table 1.

Generation Quantum numbers
First Second Third Charge Hypercharge Weak isospin

(

νe

e

)

L

(

νµ

µ

)

L

(

ντ

τ

)

L

(

0
−1

)

-1

(

1/2
−1/2

)

eR µR τR -1 -2 0
(

u
d

)

L

(

c
s

)

L

(

b
t

)

L

(

2/3
−1/3

)

-1/3

(

1/2
−1/2

)

uR cR bR 2/3 4/3 0
dR sR tR -1/3 -2/3 0

Table 1: The Standard Model fermions with some of their properties. Each of these fermions
has a corresponding anti-matter particle with opposite charge, and with appropriate T 3 and Y .

As the SM is a quantum field theory it is described by an Lagrangian density:

L = Lgauge + LHiggs + LY ukawa (1)

No specific details of the terms appearing in the Lagrangian density will be given. How-
ever, the different terms appearing in Lgauge are:

• terms ∝ A2 which are related to the free bosonic fields.

• terms ∝ ψψ̄ which are related to the free fermionic fields.

• terms ∝ ψψ̄A which are the interaction terms between the gauge bosons and the
fermions.

• terms ∝ A3 and A4 which are the self-interaction terms.

where A can be Ga
µ (gluon fields, a = 1, .., 8), W i

µ (SU(1)L fields, i = 1, 2, 3), Bµ (U(2)
field), with the corresponding coupling constants gs, g and g′, respectively, and ψ stands
for the various fermion fields. The Lgauge term describes all the propagations and
interactions between the gauge bosons and the fermions. However, the particles are
massless, since any explicit mass terms in the Lagrangian density is forbidden because
they are not SU(2)L or U(1)Y symmetric. Adding the mass terms by hand would destroy
both the gauge invariance and the renormalizability of the SM.

3All electric charges are given in units of the elementary charge e.
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The LHiggs density is therefore introduced to break the SU(3)C ⊗ SU(2)L ⊗ U(1)Y

symmetry to SU(3)C ⊗U(1)EM . This symmetry breaking occurs at the electroweak scale
of about 100 GeV. To generate the masses of the vector bosons in a gauge invariant way
requires the introduction of a complex scalar doublet:

φ =

(

φ+

φ0

)

(2)

The locally gauge invariant Lagrangian density is given by:

LHiggs = (Dµφ)†(Dµφ)− V (φ†φ) (3)

where D is the covariant derivative, and the potential is given by:

V (φ†φ) = µ2φ†φ+ λ(φ†φ)2 (4)

To avoid infinite negative energies in V the constant λ should be positive, and µ2 should
be negative to make the potential degenerate. The vacuum expectation value of the Higgs
field is chosen as:

< φ >0=

(

0
v√
2

)

(5)

where the vacuum expectation value v is given by:

v =

√

µ2

λ
(6)

Since the Lagrangian is invariant but the vacuum is not the symmetry is spontaneously
broken. This procedure, which is called the Higgs mechanism, will generate masses for
the W± and Z which are given by:

MW± =
1

2
vg, MZ =

1

2
v

g

cosθW
(7)

where θW is called the Weinberg angle, and the relation to the SU(2) and U(1) coupling
constants is given by:

tan θW =
g′

g
(8)

The introduction of the complex scalar Higgs doublet corresponds to four degrees of
freedom. Three out of these become the longitudinal components of the gauge bosons,
WL and ZL, and the fourth gives rise to a new massive spin-0 particle which is called the
Higgs boson. The Higgs boson mass can be written as:

MH =
√

−2µ2 =
√
−2λ v =

(√
2

GF

)1/2√
λ (9)

where GF is the Fermi coupling constant. However, this will not give us any direct
information on the Higgs boson mass, since µ and λ are unknown parameters. The Higgs
boson is the single aspect of the SM that has not been verified experimentally. The
current limit on the mass of the Higgs boson comes from the LEP experiments and is
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mH > 114.1 GeV/c2 at 95% confidence level [4]. The experimental upper limit on the
Higgs boson comes from indirect fits to the electroweak data and gives mh ∼ 186 GeV/c2,
but if the direct limit is taken into account the upper bound is mh ∼ 219 GeV/c2 [5].

The LY ukawa density contains new gauge invariant terms generating the masses of the
fermions from Yukawa couplings to the Higgs doublet field.

1.1.1 Beyond The Standard Model

The SM has been very successful in predicting and explaining the experimental results
in the energy range explored so far. However, the SM does not incorporate gravity so it
is bound to fail at the Planck scale (MP ∼ 1018 GeV/c2) where gravity becomes equal
in strength to the other forces. It cannot therefore be the ultimate theory of nature.
It does not provide any satisfactory explanation of the origin of the matter anti-matter
asymmetry. It does not give a unification of the strong and the electroweak interactions
and it has a large number of free parameters. There is also another major problem with
the SM, the mass hierarchy problem. This problem arises when the radiative corrections
to the Higgs mass are calculated, giving a quadratically divergent term [6]. The mass of
the Higgs boson, at one-loop, is given by an expression of the form:

M2
h ∼M2

h0 +
λ

4π2
Λ2 + δM2

h . (10)

Mh0 is the tree-level (or bare) mass, λ is a coupling constant of order unity O(1),
and Λ is the high-energy cut-off scale where new physics is expected to start playing
an important role. Assuming no new physics between the electroweak scale and the
Planck scale, Λ must be at the Planck scale, Λ ∼ 1019 GeV. Thus the Higgs mass gets
driven to this scale. As the Higgs mass is required to be below ∼ 900 GeV because
of unitarity constraints [7], the quadratically divergent Λ term has to be cancelled by
the mass counter term δM 2

h . This will require a “fine-tuning” of one part in 1016 to
keep the Higgs mass at the electroweak scale. Then there are also two-loop corrections
that must be canceled, and so on. Such fine-tuning is possible to achieve, but is not a
very attractive feature and a motivation to seek out other models that solve this prob-
lem. Three such models are technicolour, new large extra dimensions and supersymmetry.

The most promising of these is supersymmetry (SUSY) [8]. Supersymmetry has several
other virtues, it leads in a natural way to the unification of the coupling constants of weak,
electromagnetic and strong interactions at the energy scale characteristic of Grand Unified
Theories (GUT), and it is a necessary component of String Theories. String Theories are
the only candidate so far that includes a microscopic theory of gravity.

1.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model, MSSM, is the extension of the SM with
the minimal particle content such that SUSY can be incorporated [6][9]. Supersymmetry
is a quantum field theory which postulates a symmetry between fermions and bosons.
For each fermionic state there should exist a bosonic partner, which has the same mass,
couplings, and internal quantum numbers except for the spin, which differs by 1/2 unit,
and vice versa. However, since no such states have been observed, SUSY must be a
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broken symmetry.

The Higgs mass in SUSY, at one-loop, is given by:

M2
h ∼M2

h0+
gf

2

4π2
(Λ2+mf

2)− gS
2

4π2
(Λ2+mS

2)+log divergences + uninteresting terms (11)

In unbroken SUSY the quadratically divergent terms in the Higgs mass arising from a
particle would automatically be cancelled by the contribution from its superpartner.
Since SUSY is broken the masses are not the same and the cancellations are not exact.
However, the contribution to the Higgs mass would be well behaved if the fermion and
scalar masses are not to different. Attempts to quantify this difference have been made,
and roughly it comes out to a mass difference between them below ∼ 1 TeV.

Precision measurements of the gauge couplings at LEP have shown that they unify
when extrapolated to a very high scale of mGUT ∼ 3 · 1016 GeV in the MSSM but not in
the SM [10], see figure 1. The unification of the coupling constants is a necessary feature
of a GUT. The unification scale mentioned above is consistent with constraints imposed
from measurements of the proton lifetime [11].
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Figure 1: The evolution of the coupling constants with energy in the Standard Model (left)
and in the MSSM(right). α1, α2, α3 are the U(1)Y , SU(2)L, and SU(3)C coupling constants,
respectively. Figure from [12].

1.2.1 MSSM particle content

None of the known SM particles can be superpartners of each other, since all fermions
have a baryon or lepton number while the bosons do not. This means that for every
SM particle there should be a corresponding SUSY particle (sparticle). For example, the
spin-1/2 electron would have a spin-0 superpartner called selectron (ẽ), and the spin-1
photon a spin-1/2 superpartner called photino (γ̃)4.

4Superpartners of the SM fermions are given an “s” as a prefix, and for the bosons the suffix “ino” is
added to the particle names
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The Higgs sector of the MSSM has to be extended with respect to the SM one. Two
Higgs doublets with opposite weak hypercharge are needed in order to provide masses to
up- and down-type particles, and to cancel triangle gauge anomalies. These two complex
scalar Higgs doublets imply the existence of eight real Higgs fields but three of these are
absorbed by the W± and Z bosons, leaving five physical states. The five Higgs particles
are denoted h0, H0, H± and A0, where the h0 is the lightest. The limit for the lightest
MSSM Higgs from the LEP experiments is mh > 92.9 GeV [13]. The particle content of
the MSSM can be seen in table 2.

Particle Spin S-particle Spin Name

leptons = e, µ, τ, ν 1/2 l̃R, l̃L 0 slepton
quarks = u, d, s, c, b, t 1/2 q̃R, q̃L 0 squark

g 1 g̃ 1/2 gluino
γ 1 γ̃ 1/2 photino

W± 1 W̃± 1/2 wino

Z 1 Z̃ 1/2 zino

h0H0A0 0 H̃0
1 , H̃

0
2 1/2 higgsino

H± 0 H̃± 1/2 higgsino

Gauge Eigenstates Mass Eigenstates

W̃± , H̃± ←→ χ̃±
1 , 2 (Charginos)

B̃ , W̃ 0 , H̃0
1 , H̃0

2 ←→ χ̃0
1 , 2 , 3 , 4 (Neutralinos)

Interaction Eigenstates Mass Eigenstates

t̃L , t̃R ←→ t̃1 , t̃2 (stop)

b̃L , b̃R ←→ b̃1 , b̃2 (sbottom)
τ̃L , τ̃R ←→ τ̃1 , τ̃2 (stau)

Table 2: The MSSM particle content with names and notations. The subscripts L and R on
the supersymmetric fermions refer to the chirality of the corresponding fermion state. The mass
eigenstates are the physical states resulting from mixing due to Yukawa interactions.

The superpartners of the charged Higgs and electroweak gauge eigenstates (H̃±, W̃±)
mix to form four mass eigenstates with charge ±1 called charginos (χ̃±

1 ,χ̃±
2 ). The super-

partners of the neutral Higgs and electroweak gauge eigenstates (B̃, W̃ 0, H̃0
1 , H̃0

2 ) mix
to form four neutral mass eigenstates called neutralinos (χ̃0

1,χ̃
0
2,χ̃

0
3,χ̃

0
4). The χ̃±

1 are the
lightest charginos and χ̃0

1 is the lightest neutralino. The supersymmetric fermion partners
(sfermions) of the left- and right-handed fermions are scalars, where the right-handed
sfermions are lighter than the left-handed ones. The left- and right-handed sfermions
can mix to form two mass eigenstates. The mixing is proportional to the corresponding
fermion masses, and the third family sfermions can have larger mass splittings due to large
Yukawa couplings. As a consequence their lighter states are candidates for the lightest
charged supersymmetric particle. The two mass eigenstates for the stau, sbottom and
stop are denoted τ̃1,2, b̃1,2 and t̃1,2, where the lighter states are denoted with 1, see table 2.
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1.2.2 R-parity

R-parity is multiplicative quantum number defined as:

R = (−1)3(B−L)+2S (12)

S is the spin of the particle, B its baryon number and L its lepton number. R is +1 for
Standard Model particles and −1 for SUSY particles. The requirement of its conservation
was introduced in order to avoid fast proton decay, but it is actually enough to demand
either lepton number or baryon number conservation. R-parity is assumed to be conserved
for all searches presented in this thesis. The assumption of R-parity conservation has the
following important phenomenological implications:

• Sparticles can only be produced in pairs from SM particles.

• A sparticle will decay into SM particles and a lighter sparticle in a chain until the
Lightest Supersymmetric Particle (LSP) is reached.

• The LSP is absolutely stable.

If R-parity is conserved the LSP must be neutral with respect to electromagnetic and
strong interactions, since there are cosmological bounds on stable light charged or coloured
particles [14]. The LSP will therefore interact weakly with ordinary matter, through the
exchange of a Z, a Higgs boson or a heavy virtual sparticle. This means that it will be
very difficult to detect. The LSP is also a good candidate for the cold dark matter in the
universe [15].

1.2.3 SUSY breaking scenarios and constrained MSSM

The mechanism responsible for the SUSY breaking is not well understood and there are
many different models for it. These models always involve new particles and interactions
at very high mass scales. A model where spontaneous SUSY breaking is attempted with
purely MSSM fields will lead to an unacceptable mass spectrum. It is therefore assumed
that the breaking of SUSY takes place at a high energy scale in a “hidden sector” and
transmitted to the “visible sector”, consisting of the particles of the MSSM, through
some messenger interactions which couple to both sectors. The particles of the hidden
sector are very heavy and have no or very small direct couplings (renormalizable tree-level
interactions) to the visible sector.

The usual approach is to assume that the MSSM, which is the theory at the electroweak
scale, is an effective low-energy theory. The SUSY breaking is introduced explicitly by
adding so-called “soft” breaking terms to the effective MSSM Lagrangian. The breaking
terms are called soft as they do not generate any new quadratic divergences. The possible
soft terms are mass terms, bilinear mixing terms (bijφiφj), and trilinear scalar mixing
terms (aijkφiφjφk).

The soft terms will break SUSY and give masses to the sparticles, but unfortunately
also introduce a very large number of free parameters. The general MSSM will have 105
new parameters in addition to the 19 SM ones giving a total of 124 parameters. However,
the general MSSM has phenomenological problems in much of the parameter space. For
example, there is no conservation of the separate lepton numbers, there are unsuppressed
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flavour changing neutral currents (FCNC), and there are new sources of CP-violation
which are inconsistent with experimental bounds. To address these problems and reduce
the number of free parameters and make the model more predictive, one can treat the
parameters of the MSSM as running parameters and impose initial conditions at the
appropriate high energy scale. The low-energy MSSM parameters are then derived using
the renormalization group equations. The initial conditions will depend on the chosen
method for transmitting the SUSY breaking.

At LEP the two main theoretical scenarios studied for the mediation of the supersymme-
try breaking was Gauge Mediated SUSY Breaking (GMSB) [16] and Gravity Mediated
SUSY Breaking (SUGRA) [17]. Another scenario studied was the Anomaly Mediated
SUSY Breaking (AMSB) [18].

In GMSB scenarios the SUSY breaking is transmitted to the visible sector by the
SM gauge interactions. The main feature of GMSB scenarios is that the grav-
itino, G̃, is the LSP with a mass typically in the eV to KeV range. This scenario will
not be considered further, see [19] for SUSY searches within GMSB scenarios in DELPHI.

In SUGRA models the SUSY breaking occurs at some very high energy scale close to the
GUT scale and is transmitted to the visible sector through gravitational interactions. The
gravitino in this scenario will be very heavy, and the LSP is usually the lightest neutralino.
To reduce the number of free parameters and address the problems mentioned before (as
FCNC) the following unification assumptions at the GUT scale are commonly made.

• Gauge coupling unification:

α1 = α2 = α3 ≡ αGUT (13)

• Gaugino mass unification:

M1 = M2 = M3 ≡ m1/2 (14)

Under this assumption there is a relation at the electroweak scale between M1 and
M2 which is:

M1 =
5

3
M2 tan2 θW ∼

1

2
M2 (15)

• The unification of the sfermion and Higgs masses to a common scalar mass, m0.

• The unification of the trilinear couplings, Af , to a common trilinear coupling, A0.
The trilinear couplings determine the mixing in the sfermion families and the most
relevant ones are those of the third family, Aτ̃ , Ab̃, At̃.
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After constraining the model with these assumptions there are only two more free
parameters:

The ratio of the vacuum expectation values of the two Higgs fields, tanβ.

The Higgsino mixing mass parameter, µ.

If one also requires that the Z boson obtains its correct mass (i.e. that the electroweak
symmetry scale is correctly reproduced) one can fix the absolute value of µ, leaving its
sign undetermined. The remaining free parameters:

m0, m1/2, A0, tan β, sign(µ)

define the minimal supergravity-broken MSSM (mSUGRA). The mSUGRA is a well de-
fined and commonly used model. However, some of the assumptions inherent to the model
might turn out not to be correct and it is therefore a good idea to relax some of the as-
sumptions and work in a more general framework. For example, the sfermion and Higgs
mass unification could be relaxed, or/and one could relax the unification of the trilinear
couplings.

A constrained model with gaugino mass unification and sfermion mass unification was
used in Paper II. The free parameters used under these assumptions were:

m0,M2, tanβ, µ,mA, Aτ̃ , Ab̃, At̃

where mA is the pseudoscalar Higgs mass (here m0 is the common sfermion mass).

AMSB scenarios are a special case of gravity mediation, where the SUSY breaking is not
directly communicated from the hidden to the visible sector. The masses of the gauginos
are generated at one-loop, while those of the scalars are generated at two-loop level.

However, the squared masses of the sleptons in the simplest model of AMSB are neg-
ative (tachyonic). Several mechanisms for solving this problem have been proposed. It
is usually assumed that this other mechanism will give rise to a common scalar mass pa-
rameter m0 at the GUT scale. After introducing this mass term, all masses and couplings
can be derived in terms of just three parameters and one sign:

• the mass of the gravitino, m3/2;

• the ratio of the vacuum expectation values of the two Higgs fields, tanβ.

• the common scalar mass, m0.

• the sign of the Higgsino mixing mass parameter, µ

These parameters defined the minimal AMSB, which was used in paper III. In AMSB the
LSP is usually the lightest neutralino, which is nearly mass degenerate with the lightest
chargino, but can also be the stau or a sneutrino.
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1.3 Experimental Facilities and Accelerator Physics

One of the facilities where particle physics experiments are carried out is CERN. CERN
was founded in the 1950’s as a European laboratory for nuclear research with eleven
member states. Now the number has increased to 21. There are also a number of non-
member states from all over the world involved in CERN programmes.

At CERN there have been many accelerators and experiments during the years. The
latest and largest accelerator at CERN was the Large Electron Positron collider (LEP).
In LEP electrons and positrons were accelerated in opposite directions and then brought
to collide head-on at the four collision points around the ring. A particle detector was
situated at each point. The detectors were L3, ALEPH, OPAL and DELPHI. The ring
was built in a 26.7 kilometer long tunnel situated between 50 and 175 meters underground.

The electrons and positrons were first produced outside of the LEP ring and then
accelerated in many steps, where older accelerators were used, before being injected into
LEP. The acceleration chain is shown in figure 2, starting with two linear accelerators of
200 and 600 MeV. The Electron-Positron Accumulator (EPA) ring stored the electrons
and positrons before injecting them into the Proton Synchrotron (PS), which had been
modified to accelerate electrons and positrons up to 3.5 GeV. From the PS the particles
were then injected into the Super Proton Synchrotron (SPS) and accelerated to 20 GeV
before finally being injected into the LEP ring.

Figure 2: CERN’s accelerator complex, with the Linacs, Electron Positron Accumulator, Proton
Synchrotron, Super Proton Synchrotron, and the Large Electron Positron accelerator.

The decision to construct LEP at CERN was taken in 1981. In August 1989 LEP
started running at a centre-of-mass energy of 91.2 GeV, the value of the Z mass. LEP
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was then kept at this energy for six years (the LEP1 phase of running) until 1995 when
the upgrading of the accelerator started. During that year the centre-of-mass energy
was raised to 130-140 GeV. This was called the LEP1.5 phase. In 1996 the LEP2
phase started and the centre-of-mass energy reached 161 GeV, the threshold for W+W−

production. In this phase of LEP running the energy was increased many times to finally
reach a centre-of-mass energy of almost 209 GeV in the year 2000. This was the last year
of running.

The main physics programme at LEP was to study Z and W± bosons, but it was also
a good place to look for new physics like supersymmetry. One of the main signatures of
SUSY, if R-parity is conserved, would be missing energy and momentum arising from
the escaping neutralinos. The final states would also contain two (or more) leptons or
jets. A good hermetic calorimeter system was therefore very important. An advantage of
using e+e− collisions over proton-(anti)proton collisions is that the centre-of-mass energy
is well known, and the background is lower.

The Large Hadron Collider (LHC) is now under construction at CERN in the former LEP
tunnel. It will take advantage of the already existing accelerator infrastructure described
before, but the collision points will not all be the same as at LEP, see figure 3. There
will be four detectors situated around the ring: two high luminosity general purpose
detectors, ATLAS and CMS, and two narrowly defined purpose detectors, ALICE (heavy
ion physics) and LHCb (b-physics).

The LHC will accelerate proton beams in opposite directions each with an energy of
7 TeV, giving a total centre-of-mass energy of 14 TeV in the collisions. It can also collide
beams of heavy ions such as lead with a total collision energy in excess of 1,250 TeV.
The highest energy possible for protons is 7 TeV due to the high magnetic field needed
to keep the beams in the collider ring with its fixed radius. The beam magnets have to
deliver a magnetic field of 8.36 T at a beam energy of 7 TeV. The synchrotron losses on
the other hand are only a tiny fraction of the beam energy, in contrast to the situation
at LEP where about 20 MW was lost due to synchrotron radiation. However, the power
emitted, about 3.6 kW per beam, cannot be neglected as it has to be absorbed by the
beam pipe at cryogenic temperature to avoid any disruptions in the beam magnets, as
quenching. The energy stored in the ring is 362 MJ per beam. The LHC will initially
run with a luminosity of L = 1033 cm−2s−1, and accumulate about 10 fb−1 per year per
experiment. The LHC is expected to reach a luminosity of L = 1034 cm−2s−1, with an
accumulated luminosity of 100 fb−1 per year per experiment. This will be achieved by
filling each of the two rings with 2835 bunches of 1011 particles each.

The LHC has been designed to investigate new physics at higher energies. One of the
main goals is to discover the Higgs boson arising from the Higgs mechanism. The Higgs
mechanism is the favoured mechanism to explain the origin of the mass of all particles.
If this is the right mechanism the Higgs boson will be found at the LHC. However, if it
is not the right mechanism, the physics responsible for particles achieving masses should
most likely be within the discovery reach of the LHC. Supersymmetry searches will also
be a an important goal.

At ATLAS, a majority of the pp collisions will be so-called minimum-bias events with
a large longitudinal momentum, where most energy escapes down the beam-pipe. The
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Figure 3: The LHC layout with its four experiments. The detectors at LEP: L3, ALEPH,
OPAL and DELPHI were situated at points two, four, six and eight, respectively.

head-on collisions with high momentum transfers will create the interesting events with
heavy particles and/or particles at large angles. But also here there will be a high activity
in the forward regions from beam fragments and spectator jets. Therefore the main SUSY
signature at the ATLAS detector would be missing transverse energy and momentum. The
final states will also contain several jets and leptons. This sets stringent requirements on
the hermeticity and the performance of the calorimetry system.

New physics searches also include, compositeness of quarks and leptons, leptoquarks,
large and small extra dimensions, heavy W±- and Z0-like objects. Other areas are, top
quark measurements, B-physics and heavy ion physics.

The ATLAS detector is presently in the phase of construction, installation and sub-
detector commissioning.
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2 DELPHI

DELPHI, a DEtector with Lepton, Photon and Hadron Identification, was a general
purpose detector installed in a cavern about 100 metres under ground. It was in operation
from the start of LEP running in 1989 until the end in 2000. The detector consisted of
three parts, a cylindrical central section, called the barrel, and two end-caps covering
the forward-backward regions 5. In the standard DELPHI coordinate system, the z-axis
points along the beam-pipe (in the e− direction.), the x-axis points toward the centre of
LEP and the y-axis points upward. The cylindrical coordinate system (R, φ, z) and in
addition the polar angle θ from the spherical system was used6. The barrel covered the
polar angle 40◦ < θ < 140◦, then there was a small gap (a few degrees due to cables) to the
forward(backward) region that was covered by the end-caps down to 1.7◦. The layout of
DELPHI was as follows, closest to the beam-pipe were detectors for particle identification
and tracking. Then there were calorimeters which measured the energy of the particles.
A superconducting solenoid was situated outside of the electromagnetic calorimeter and
provided a magnetic field of 1.23 T along the z-axis. The iron return yoke of the magnet
was used for the hadronic calorimeter. The magnetic field was used to determine momenta
and charges of charged particles from the bending of their trajectories. The last layer of
detectors were the muon chambers. The schematic layout of DELPHI with its different
subdetectors is shown in Figure 4. The full description of the DELPHI detector is given
in [20] and only a brief description of the subdetectors will be given here.

2.1 Tracking in DELPHI

The Silicon Tracker was the detector situated closest to the beam-pipe. It consisted of
two parts, the Vertex Detector (VD) and the Very Forward Tracker (VFT). The main
purpose of the silicon tracker was to reconstruct secondary particle vertices close to the
interaction point

The VD consisted of three coaxial cylindrical layers of high resolution silicon microstrip
detectors, located at average radii of 6.3, 9.0 and 10.9 cm, with lengths of 22 cm for first
layer, and 48 cm for the other two. It covered the full azimuthal angle. The polar angle
coverage was 25◦ < θ < 155◦ for the first and third layers and 21◦ < θ < 159◦ for the
middle layer. The first and the third layers were double-sided and provided both Rφ and
z coordinates. The second layer provided full three-dimensional information in the outer
parts, and only Rφ coordinates in the central part. The single hit precision was 7.6 µm
in Rφ, and in z it ranged from 9 µm for tracks perpendicular to the beam direction up
to 30 µm for tracks at small polar angles.

The VFT was located on the low and high θ sides of the vertex detector with a polar
angle coverage of 10◦ < θ < 25◦ and 155◦ < θ < 170◦. It consisted of two layers of pixel
detectors and two layers of ministrip detectors with perpendicular strip orientation.

The Inner Detector (ID) consisted of two parts, an inner drift chamber and five cylin-
drical layers of straw tubes surrounding it. The drift chamber consisted of 24 azimuthal
sectors, each providing up to 24 Rφ points per track in radii between 12 and 23 cm, with
a polar angle coverage of 15◦ < θ < 165◦. The resulting resolution for a local track was

5Most of the barrel is kept in the cavern as a museum piece.
6The polar angle to the z-axis is θ (0◦ to 180◦), the azimuthal angle around the z-axis is φ (0◦ to

360◦, starting at the x-axis) and the radial coordinate is R =
√

(x2 + y2)
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Figure 4: A schematic view of DELPHI.

σ(Rφ) = 40 µm and σ(φ) = 0.89 mrad. The 5 layers consisted of 192 straw tubes giving
a resolution in Rφ of approximately 150 µm. The Rφ measurements were mainly used
for trigger purposes but also to resolve the left/right ambiguities for the drift chamber.

The Time Projection Chamber (TPC) was the main tracking detector in DELPHI. It
consisted of two halves with separate drift volumes with lengths of 122 cm, divided into
6 azimuthal sectors, each with 192 sense wires for dE/dx measurements and 16 circular
pad rows for Rφ information. The detector provided up to 16 space points per track at
radii between 40 and 110 cm with a polar angle coverage of 39◦ < θ < 141◦. At polar
angles of 20◦ < θ < 160◦ at least 3 pad rows were crossed. The single point precision,
measured from Z → µµ events, was 250 µm in Rφ and 880 µm in z, while the precision
for a track element was about 150 µm in Rφ and 600 µm in z.

The Outer Detector (OD) consisted of five layers of drift tubes divided into 24
azimuthal sectors with 145 tubes in each. The OD was mounted outside the Barrel-RICH
(see section 2.3) at radii between 197 and 206 cm and with a length of 4.7 m. Three of
the layers measured the z coordinate using the drift time. The OD had full azimuthal
coverage and a polar angle coverage of 42◦ < θ < 138◦. The single point precision was
110 µm in Rφ and 3.5 cm in z.

In the forward regions there were also two additional detectors to improve tracking, the
Forward Chambers called FCA and FCB.
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2.2 The Calorimeters

The High Density Projection Chamber (HPC) was the barrel electromagnetic calorimeter
placed outside of the OD at radii between 208 and 260 cm. It consisted of 144 modules
arranged in 6 rings along the z axis covering a polar angle of 46◦ < θ < 134◦. Each module
was a small TPC with layers of lead wires in the gas volume. The wires served both as
converter and to provide the drift field. The amount of lead in the HPC corresponded
to 18X0/ sin θ. The resolution in φ and θ for a 45 GeV electron was 3.1 and 0.6 mrad,
respectively, and 1.7 and 1.0 mrad for an energetic photon. The precision on the energy
measurements, the energy resolution, can be parametrized as σ(E)/E = 0.043⊕0.32/

√
E

(E in GeV).
The Forward Electromagnetic Calorimeter (FEMC) was made of two disks, 5 m in

diameter, situated in the end-caps. Each disk consisted of an array of 4532 blocks of lead
glass, which were shaped like truncated pyramids. The distance to the disks from the
interaction point along z was 284 cm and they covered the polar angles of 8◦ < θ < 35◦

and 145◦ < θ < 172◦. The energy resolution was σ(E)/E = 0.03 ⊕ 0.12/
√
E ⊕ 0.11/E

(E in GeV).
The Hadron Calorimeter (HCAL) was situated outside the magnet solenoid and was

a sampling gas detector incorporated into the return yoke of the solenoid. It had three
parts, two end-caps and a barrel part. The barrel part consisted of 24 modules with 20
layers of streamer tubes installed between the 50 mm iron plates. It covered the polar
angles of 42.6◦ < θ < 137.4◦ and had a θ resolution of 2.26◦ and φ resolution of 3.75◦.
The end-caps consisted each of 12 modules with similar construction and resolution. The
energy resolution was σ(E)/E = 0.21⊕ 1.12/

√
E (E in GeV).

2.3 Other subdetectors

The Ring Imaging CHerenkov (RICH) detector consisted of three parts, the forward RICH
detectors in the end-caps and the barrel RICH. The barrel RICH was placed between the
TPC and the OD, the end-cap RICH detectors were placed between the FCA and the
FCB. The RICH detectors used the Cherenkov effect to identify the charged particles.
Both liquid and gas radiators were used to identify particles with momenta from 0.7 GeV
to 25 GeV, 0.7 GeV− 8 GeV for the liquid and 2.5 GeV− 25 GeV for the gas radiators.

The Small angle TIle Calorimeter (STIC) was a sampling calorimeter situated at the
forward region closest to the beam-pipe. It had a polar angle coverage of 1.66◦ < θ < 10.6◦

and the energy resolution was σ(E)/E = 0.015⊕0.135/
√
E (E in GeV). The main purpose

of the STIC was to measure the luminosity. The luminosity was determined by counting
the Bhabha events within the STIC acceptance. A systematic precision of around 0.1%
was achieved.

The Muon Chambers consisted of three parts, the Barrel (MUB), Forward (MUF)
and Surrounding Chambers (SMC). They were the outermost detectors of DELPHI. The
MUB consisted of three layers of drift chambers where the first layer was actually inside
the HCAL. The MUF consisted of two planes, one of them inside the HCAL. The SMC
were placed outside the endcaps to fill the gap between the barrel and forward regions.

The HERmeticity Taggers (HER) consisted of lead scintillator counters which covered
various “holes” in the detector system. In the HPC barrel there were gaps between the
modules of about 1 cm in φ and z, except at θ = 90 degrees, where there was a 7.5 cm
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gap to accommodate a stiffening ring for the cryostat. The central z-gap and all the
φ-gaps pointed straight back to the interaction region and were thus the most important
ones and were covered by taggers. The other z-gaps were much less serious and was not
covered by any taggers, but required some special care in shower reconstructions. Taggers
were also placed in the regions between the barrel and the forward parts of the detector
at polar angles of 40◦ and 140◦ where cables had to pass through.
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3 Sparticles and SM processes at LEP2

The searches presented in this thesis have been performed with the assumption that
R-parity is conserved (see section 1.2.2). This will affect both the production and decay
of sparticles. The sparticle production channels and decay modes are described in this
section. At LEP2 energies there was several SM processes that could give rise to final
states similar to the SUSY signals, and were therefore potential backgrounds. This
implies that the discovery of a SUSY signal would have been stated as an excess of events
over the SM predictions. A brief description of the various SM processes at LEP2 is also
given in this section.

3.1 Sparticle production

In SUSY scenarios with R-parity conserved the sparticles can only be produced in pairs.
The production of sparticles in e+e− annihilation could proceed via s-channel (Z/γ)∗

exchange, but also for some final states via t-channel exchange of supersymmetric particles.

Squarks and slepton production via s-channel exchange leads to f̃Rf̃R or f̃Lf̃L final states.
Selectrons could also be produced via t-channel neutralino exchange, which introduces the
possibility of ẽLẽR production. The selectron production cross-section therefore depends
on the neutralino mass, and it is typically larger than for other sleptons.

e-
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χ
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χ
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Figure 5: The two production channels for neutralino-pairs; s-channel (left) and t-channel
(right)

Charginos and neutralinos can be pair-produced as shown in figure 5 for neutralinos.
The t-channel exchange will proceed via a sneutrino for chargino, and via a selectron for
neutralino pair-production. The interference between the s- and t-channels is constructive
for neutralinos and destructive for charginos. The production cross-section for charginos
and neutralinos will therefore depend strongly on the masses and couplings of the sneu-
trino and the selectron. The dominant final states are χ̃+

1 χ̃
−
1 and χ̃0

1χ̃
0
2 (and χ̃0

1χ̃
0
1 which

will be invisible), but production of heavier neutralino pairs like χ̃0
2χ̃

0
3,4 can be important

in some regions of the SUSY parameter space.
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3.2 Sparticle decay signatures

Another consequence of R-parity conservation is that a sparticle will decay into SM
particles and a lighter sparticle until the LSP (χ̃0

1) appears. The signature will thus
always consist of missing mass, energy and momentum (usually with a large transverse
component) carried away by the escaping LSP’s.

The decay modes of the produced sparticles will depend on the SUSY parameters.
For the sfermions the dominant decay is to the corresponding fermion and the lightest
neutralino, f̃ → fχ̃0

1, in most of the parameter space. In the case of the stop, the decay
t̃→ tχ̃0

1 is not kinematically allowed at LEP, and the dominant two-body decay channel
is expected to be t̃ → cχ̃0

1 (t̃ → bχ̃±
1 being disfavored by existing limits on the chargino

mass). If mν̃<Mt̃1 , the three-body decay t̃→ b`ν̃ may compete with the cχ̃0
1 decay.

The dominating final state topologies resulting from slepton and squark pair-
production will be a pair of acoplanar7 leptons or jets, respectively, plus missing energy.

The dominant decays of the chargino and the neutralino are expected to be χ̃±
j → χ̃0

1f f̄
′

and χ̃0
i→ χ̃0

1f f̄. For heavy sfermions these decays proceed via W± or Z emission, but decays
into ff̃ can dominate if kinematically allowed. For neutralinos decays via charginos are
also possible. The decay χ̃0

2 → χ̃0
1γ can be important in specific regions of the parameter

space.
These decay modes will give rise to many different final state topologies. The dominant

final states of chargino pair-production are expected to be missing energy plus either four
jets (jets), two jets plus a lepton (jj`ν) or two leptons (`ν`ν). The dominating final
state topologies from neutralino pair-production (χ̃0

1χ̃
0
2) are expected to be missing energy

plus two acoplanar jets or leptons. Channels like χ̃0
2χ̃

0
3,4 will give rise to cascade decays

with final state topologies consisting of multiple jets or leptons possibly accompanied by
photons.

3.3 Standard Model processes

LEP2 energies were well above the threshold for both ZZ and W+W− production and con-
sequently there were many different SM processes possible, whereas at LEP1 Z production
was dominating. Figure 6 shows the cross-sections versus

√
s for some SM processes at

LEP. The different SM processes can be divided into three different classes according to
dominating diagrams.

• Two-fermion final states from (Z/γ)∗ s-channel exchange and Bhabha scattering.

• Four-fermion final states arising from processes like W+W−, ZZ, Zγ∗, Ze+e− and
Weν.

• Two-photon interactions, where γγ goes to qq̄ or ``.

The main characteristics of some of the SM processes are described below.

7The acoplanarity is defined as the supplement of the angle between the jet or lepton momenta
projected onto a plane orthogonal to the beam axis.
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Figure 6: Cross-sections versus
√

s for some typical SM processes. Figure from [21]. The
cross-sections are shown here without taking into account the interference between the different
processes.

The final state from Bhabha scattering (e+e− → e+e−) has small acoplanarity, typi-
cally of a few degrees, and also quite small acollinearity8. A small acoplanarity means that
the scattered electrons are back-to-back in the plane (xy) perpendicular to the beam. See
figure 7, for the acoplanarity reconstructed from the two most energetic electromagnetic
clusters in Bhabha events at an early stage of the acoplanar lepton search.

The two-fermion final states arising from (Z/γ)∗ s-channel exchange usually have a
lepton or jet system with a small acoplanarity and small transverse missing momentum.
For events without initial state radiation (ISR), the visible energy and mass are close
to the centre-of-mass energy. For events with ISR, the visible energy and the invariant
mass is usually close to the Z mass since the ISR photons tend to be lost down the
beam-pipe. Figure 7 show the visible energy for a sample of Z(nγ) events. There is also a
large missing momentum aligned with the beam. Occasionally a high energy ISR photon
will be emitted at larger polar angles, giving the event a larger acoplanarity, and if the
photon escapes detection also a larger transverse missing momentum. Such events can
look similar to the signal.

Two-photon interactions are collisions of photons radiated off the incoming electron
and positron. The cross-section for this process (not shown in figure 6) is limited
only by the acceptance of the detector. It is ∼8 nb at LEP2 energies within DELPHI
acceptance. The incoming electron and positron are usually lost down the beam-pipe.
Two-photon events are characterized by small visible mass and energy, large missing
momenta but with a small transverse component, and usually quite small acoplanarity.

8The acollinearity is defined as the supplement of the angle between the jets or leptons.
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Figure 7: The left-hand plot show the acoplanarity of a simulated Bhabha sample at an early
stage, before applying any anti-Bhabha criteria, of the acoplanar lepton search. The right-hand
plot show the visible energy of a simulated Z(nγ) sample, were Z decays to qq̄, at an early stage
of the acoplanar jet search. A large fraction of the Z(nγ) events have Initial State Radiation
(ISR) photons which lower the effective centre-of-mass energy to values close to the Z mass
(radiative return to the Z). The ISR photons are usually lost down the beam-pipe giving rise
to the big peak in the visible energy seen around 100 GeV/c2. The samples were generated at
a
√

s of 204 GeV.

The outgoing electron/positron pair can often give rise to a substantial energy deposited
in the forward-backward region.

The various other four-fermion processes give rise to more diverse final states and do
not have a common characterization, some examples are given below.

Fully leptonic final states from W+W− and ZZ → ll̄νν̄ decays contain an acoplanar
lepton pair and missing energy and momentum due the to the unobserved neutrinos.

Semileptonic W+W− decays (W+W− → qq̄′`ν̄) give events that have two well sep-
arated hadronic jets, a high momentum lepton and missing energy and momentum due
to the unobserved neutrino. For a tau lepton one can get a third low multiplicity jet
typically containing one or three charged particles. If the lepton is lost in some way (not
detected or in a jet) the event can look very similar to the signal. Semileptonic ZZ decays
to qq̄νν̄ will also give events with two well separated hadronic jets. But here there will be
no lepton and the missing energy and momentum due to the unobserved neutrinos will
make the events look similar to the signal.

Fully hadronic W+W− and ZZ decays usually give events with a low acoplanarity and
low missing energy and momentum.

The Weν process can give an acoplanar jet pair from the highly boosted W±, and
missing energy due to the unobserved neutrino. The electron is usually in the forward
direction and is often undetected.
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4 Search for neutralinos

This section first describes the data and simulation samples that have been used in the
neutralino search. Then, the investigated decay modes of the neutralinos and the analysis
of these topologies are summarized. This are followed by the selected number of data
and background events, a brief summary of the systematic, and finally the neutralino
production cross-section limits are given.

4.1 Data and simulation samples

Data collected by DELPHI in e+e− collisions at centre-of-mass energies (
√
s) up to

208 GeV were used. During 1999 and 2000, DELPHI accumulated an integrated
luminosity of about 453 pb−1. In 1999, 25.9 pb−1, 76.5 pb−1, 83.5 pb−1 and 40.8 pb−1

were collected at centre-of-mass energies of 192 GeV, 196 GeV, 200 GeV and 202 GeV,
respectively. In 2000, 226 pb−1 was collected in the centre-of-mass energy range from
201.5 GeV to 208.8 GeV with an average centre-of-mass energy of 206.5 GeV. On
September 1st 2000, sector 6 of the TPC (corresponding to 1/12 of the TPC acceptance)
failed beyond repair. The accumulated integrated luminosity without a working sector
6 was 61 pb−1. In order to increase the sensitivity for a discovery, the data collected in
2000 were divided into four sub-samples. Three samples with a fully working TPC at
average energies of about 205, 207 and 208 GeV, and one sample without sector 6 from
the last part of the data-taking.

The SM background and signal processes were simulated using different programs.
The background process e+e− →qq̄(nγ) were generated with PYTHIA 6.125 [22]. For
µ+µ−(γ) and τ+τ−(γ), DYMU3 [23] and KORALZ 4.2 [24] were used, respectively, while
BHWIDE [25] was used for e+e− → e+e− events. Production of four-fermion final states was
generated using EXCALIBUR [26] and grc4f [27]. Two-photon interactions giving hadronic
final states were generated using PYTHIA 6.143 [22], while the leptonic final states
where generated using BDK [28], including radiative corrections for the e+e−µ+µ− and
e+e−τ+τ− final states. In paper I, more details can be found together with a comparison
between different generators for e+e− → qq̄(nγ) and charged current four-fermion events.
The numbers of simulated events from different background processes were several times
the numbers in the real data.

SUSYGEN 2.2004[29] was used to generate neutralino signal events and calculate cross-
sections and branching ratios. More than 1.2 million χ̃0

1χ̃
0
2 signal events were simulated

for different combinations of masses with Mχ̃0

1
and Mχ̃0

2
ranging from 5 to 100 GeV/c2 and

from 10 to 200 GeV/c2, respectively, and for different χ̃0
2 decay modes (qq̄χ̃0

1, µ
+µ−χ̃0

1,
e+e−χ̃0

1, τ̃ τ χ̃
0
1). Around 300 000 χ̃0

2χ̃
0
3,4 events with cascade decays were also simulated.

The program JETSET 7.4 [22], tuned to LEP 1 data [30], was used for the quark
fragmentation. Then the generated signal and background events were passed through
the program DELSIM [31], which simulates the response of the DELPHI detector. The
simulated events were thereafter processed with the same reconstruction and analysis
programs as the real data.
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4.2 Neutralino topologies and event selection

The neutralino searches were designed to cover both χ̃0
kχ̃

0
1 production with χ̃0

k → χ̃0
1f f̄,

with a signature of acoplanar jets or leptons, and channels of the type χ̃0
kχ̃

0
j with k or

j > 2, which can lead to neutralino cascade decays. To maximize the sensitivity several
searches were used for different topologies, namely:

• a search for acoplanar jet events, as from χ̃0
1χ̃

0
2 with χ̃0

2 → χ̃0
1qq̄

• a search for acoplanar lepton events, as from χ̃0
1χ̃

0
2 with χ̃0

2 → χ̃0
1e

+e− or with
χ̃0

2 → χ̃0
1µ

+µ−

• a search for multijet events, as from χ̃0
i χ̃

0
j , i = 1, 2, j = 3, 4 with χ̃0

j → χ̃0
2qq̄ and

χ̃0
2 decaying to χ̃0

1qq̄ or χ̃0
1γ

• a search for multilepton events from the corresponding decays to lepton pairs;

• a search for cascade decays with tau leptons, e.g. χ̃0
2χ̃

0
1 production with χ̃0

2 → τ̃ τ
and τ̃ → χ̃0

1τ

The selection criteria for the different searches can be grouped together into different
steps. Just an overview of the most important criteria are given here. In the first steps
of the selection, criteria to select events which were well reconstructed, and with low or
high multiplicity depending on the topology, were applied.

For the acoplanar jet and lepton searches, two jets each with a polar angle
10 < θ < 170◦ or two isolated leptons were required, respectively. For the multijet
(with or without photons) there had to be at least two jets and missing mass greater
than 0.35

√
s. For the multileptons and asymmetric taus, there had to be at least two

charged particles but less than eight, and missing mass and energy were also required,
Mvis < 120 GeV/c2 and Evis < 140 GeV. After this basic preselection, γγ and any
remaining Bhabha backgrounds were considered.

Two-photon events are rejected using cuts involving the polar angle of the missing
momentum and its transverse component, and the energy in the forward detectors. The
Bhabha events are rejected using the acoplanarity and the acollinearity.

Following the application of such criteria most of the (Z/γ)∗ s-channel exchange
background has also been removed. In the case of f f̄ events with initial state radiation,
the ISR photons are usually lost down the beam-pipe, and such events are easily rejected.
However, in rare cases the ISR photons can be emitted at larger polar angles, and if
they escape detection the event can resemble the signal. This background is reduced
by rejecting events with large energy deposits in the electromagnetic calorimeter, not
associated to charged particles or signals in hermeticity taggers.

The cross-section for W+W− production goes up rapidly at the threshold (see figure 6)
and this process is a large background source to many of the search channels. For the
acoplanar lepton search, W+W− → `+ν`−ν̄ is the major background source. Semilep-
tonic W+W− and ZZ decays into qq̄′`ν̄ and qq̄νν̄, respectively, can be a troublesome
background source in hadronic topologies. The Weν cross-section rises with energy and
this process is one of the most difficult four-fermion backgrounds. Different methods were
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used to suppress W+W− and other four-fermion backgrounds. For the acoplanar jets and
multijets searches, criteria on the energy for the most energetic charged particle (isolated
or not) were imposed. For the acoplanar leptons and multileptons search, criteria based
on the product of charge and cosine of polar angle were used to reduce the background
from leptonic decays of W pairs. In the asymmetric tau search, requirements on the
energy and transverse momentum for the two most energetic charged particles were used.

After imposing the above criteria, the background has been much reduced, but usually
some further cuts are applied to increase the sensitivity. As the last step in the acoplanar
jets and leptons searches, criteria optimised for different neutralino mass differences (∆M)
were used. Each of these searches was divided into four visible mass regions (for the
acoplanar jets search the regions were: Mvisc

2/
√
s < 0.1, 0.1 < Mvisc

2/
√
s < 0.3, 0.3 <

Mvisc
2/
√
s < 0.5, 0.5 < Mvisc

2/
√
s < 0.7) giving four separate exclusive selections, and

the criteria used involved the missing mass, transverse momentum and the acoplanarity.
For the acoplanar jets search the scaled acoplanarity9 was used instead of the acoplanarity
and the criteria also involved the longitudinal momentum.

In the last steps of the multijet selection different criteria were applied to events with
and without photon signature. In the asymmetric tau search the last steps concentrate
on reducing the remaining background from Z→ τ+τ− and γγ → τ+τ−.

The remaining irreducible background at the final stage depends on the ∆M between
the decaying neutralino and the LSP in direct decays. In indirect (cascade) decays, other
mass differences can also be important. The different four-fermion processes, which often
have transverse missing energy and similar visible final states as the signal processes, are
often the most severe background, Weν mentioned above being one of them. For low
∆M two-photon interactions are also a large background source, and for high ∆M the
Z(nγ) processes contribute. Figures 8 and 9 show the comparison between the real and
simulated data events at three selection levels (preselection (a,b), intermediate(c,d) and
final(e,f)) for the acoplanar jet and lepton searches.

The agreement in total event rate between data and simulation was within 10% at
the initial level of the acoplanar jets and acoplanar leptons selections. For all searches
the disagreement was worse for the data taken without the sector 6 of the TPC. In this
case, for the acoplanar jets and lepton searches the disagreement at the initial level of
the selection was about 30%. For the acoplanar jet search there is an excess of events in
the real data over the SM expectation. In the data taken in the year 2000 (figure 8(b))
the disagreement is worse than for the data taken in 1999 (figure 8(a)). About half of
the excess over the SM expectation observed in the year 2000 data comes from the data
taken without the sector 6. At the final level of the selection there was a good agreement
with the SM expectations. Figures 10 to 12 show graphical representations of three real
data events selected at the final level in the acoplanar jet and lepton searches.

9The scaled acoplanarity is defined as the acoplanarity of the two jets multiplied by the sine of the
minimum angle between a jet and the beam axis. It is used to account for a worse angular resolution of
jets in the forward region of the detector.
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Figure 8: Comparison of real data from the year 1999 (a,c,e) and 2000 (b,d,f), with
√

s in
the range 192–202 GeV and 202–208 GeV, respectively, and simulation for the neutralino
acoplanar jet selection at the preselection (a,b), intermediate (c,d), and final selection(e,f)
stages. The dashed and dotted lines in (e) and (f) show the signals expected for χ̃0

2χ̃
0
1 pro-

duction with χ̃0
2 → χ̃0

1qq̄, where Mχ̃0

2

=84 GeV/c2 and Mχ̃0

1

=40 GeV/c2 for the dashed line and

Mχ̃0

2

=159 GeV/c2 and Mχ̃0

1

=30 GeV/c2 for the dotted line. The signals are normalised to a
cross-section of 0.7 pb.
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Figure 9: Comparison of real data from the year 1999 (a,c,e) and 2000 (b,d,f), with
√

s in the
range 192–202 GeV and 202–208 GeV, respectively, and simulation for the neutralino acoplanar
lepton selection at the preselection (a,b), intermediate (c,d), and final selection(e,f) stages. The
dashed and dotted lines in (e) and (f) show the signals expected for χ̃0
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=84 GeV/c2 and Mχ̃0
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=40 GeV/c2 for the dashed line and
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=30 GeV/c2 for the dotted line. The signals are normalised to a
cross-section of 0.7 pb.
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Figure 10: A graphical view of a real data event selected in the acoplanar jet search in the data
from the year 2000 at

√
s = 207 GeV. The upper figure show the TPC, HPC and the HCAL,

with one layer of the MUB inside it, in the xy plane. The lower figure show the STIC, EMF,
and the HCAL, with one layer of the MUF inside it, in the yz plane. Particle tracks and energy
deposits in the calorimeters are shown. The particle tracks have been assigned to two jets as
indicated by the different shadings. The arrow represents the missing momentum of 46 GeV/c.
The scaled acoplanarity is 32◦ and the missing mass and energy is 100 GeV/c2 and 111 GeV,
respectively.
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Figure 11: A graphical view, as in figure 10, of a real data event selected in the acoplanar
lepton search in data from the year 2000 at

√
s = 205 GeV. The two charged tracks end in two

energy deposits in the HPC typical of electrons. The arrow represents the missing momentum
of 32 GeV/c. The acoplanarity is 97◦ and the missing mass and energy is 159 GeV/c2 and
162 GeV, respectively.
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Figure 12: A graphical view, as in previous figures 10 and 11, of a real data event selected in the
acoplanar lepton search in the data from the year 2000 at

√
s = 205 GeV. The charged tracks

have no deposits in the calorimeters but do have hits in the Muon chambers, shown as light
shaded dots, typical of muons. The arrow represents the missing momentum of 28 GeV/c. The
acoplanarity is 121◦ and the missing mass and energy is 172 GeV/c2 and 174 GeV, respectively.
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4.3 Selected events and expected backgrounds in the neutralino

topologies

In this section a summary of the results of the sequential neutralino analysis are presented.
No signal was found in any of the search topologies and limits on production cross-sections
were set. The number of events retained in the real data and the simulated background
at the final selection level, for different centre-of-mass energies are shown in Table 3.

1999 192 GeV 196 GeV 200 GeV 202 GeV
Search Data Tot bkg. Data Tot bkg. Data Tot bkg. Data Tot bkg.
Acopl jets 3 3.1 ± 0.1 13 8.0 ± 0.3 9 10.3 ± 0.3 7 5.1 ± 0.2
Acopl electrons 5 6.3 ± 0.1 19 16.1 ± 0.7 12 14.8 ± 0.8 8 7.7 ± 0.3
Acopl muons 13 7.7 ± 0.1 18 19.5 ± 0.4 15 21.0 ± 0.5 14 10.2 ± 0.2
Multijets, γ’s 0 0.4 ± 0.2 0 1.0 ± 0.1 1 1.3 ± 0.2 0 0.6 ± 0.1
Multijets, no γ 4 5.7 ± 0.3 19 16.3 ± 0.5 19 17.7 ± 0.5 8 8.5 ± 0.3
Multileptons 6 5.1 ± 0.4 15 14.3 ± 1.0 13 14.3 ± 0.5 5 7.2 ± 0.3
Asym tau cascades 1 0.7 ± 0.3 4 2.0 ± 0.9 1 2.3 ± 1.2 2 1.1 ± 0.6
All 32 29 ± 1 88 77 ± 2 69 82 ± 2 44 40 ± 1
2000 205 GeV 207 GeV 208 GeV 206.5 GeV(*)
Search Data Tot bkg. Data Tot bkg. Data Tot bkg. Data Tot bkg.
Acopl jets 14 12.7 ± 1.4 15 13.0 ± 1.4 2 1.2 ± 0.2 14 8.0 ± 0.4
Acopl electrons 18 14.9 ± 0.7 9 15.0 ± 0.7 3 1.4 ± 0.1 16 13.0 ± 0.7
Acopl muons 18 19.5 ± 1.0 20 19.8 ± 1.1 3 1.8 ± 0.2 15 15.4 ± 0.3
Multijets, γ’s 2 1.0 ± 0.1 0 1.2 ± 0.1 0 0.1 ± 0.01 2 0.7 ± 0.1
Multijets, no γ 13 14.7 ± 0.3 14 15.0 ± 0.4 1 1.4 ± 0.03 14 11.0 ± 0.5
Multileptons 15 13.8 ± 1.0 16 13.1 ± 0.9 0 1.0 ± 0.1 10 10.6 ± 0.6
Asym tau cascades 2 1.3 ± 0.8 4 1.8 ± 1.0 0 0.2 ± 0.1 3 1.6 ± 0.6
All 82 78 ± 2 78 79 ± 2 9 7.1 ± 0.3 74 60 ± 1

Table 3: Results of the different searches. For any given search, events are explicitly rejected if
accepted by one of the searches appearing earlier in the table. Simulation errors are statistical.
The systematic uncertainties on the background were estimated to be of the order of 3% for low
multiplicity topologies and of the order of 10% for high multiplicity topologies at the final level
(see section 4.4). (*) indicates the data from the year 2000 taken with the sector 6 of the TPC
off.

In all channels, there is generally a good agreement in the number of events selected
in the real data and the simulated background.

4.4 Systematics

Studies of the systematic uncertainties on the background and signal efficiency were pre-
sented in paper I and II, and only a brief summary will be given here. The systematic
uncertainties are mainly due to imperfections in the description of the differential cross-
sections, the modelling of the fragmentation and hard gluon radiation, and the modelling
of the detector response. The largest contribution to the systematic uncertainties arises
from the modelling of the detector response. Different methods were used to study the
modelling of the detector response for the low multiplicity topologies and for the high
multiplicity topologies. The systematic uncertainties on the signal efficiency was found
to be of the order of ±3% in both cases. The systematic uncertainties on the background
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was estimated to ±3% for low multiplicity topologies and ±10% for high multiplicity
topologies.

The effect on the cross-section limits from including the systematic errors will therefore
be small for the low multiplicity topologies. For the high multiplicity topologies the studies
show that the actual background is typically underestimated, and the cross-section limits
obtained without including the systematic errors are therefore conservative.

4.5 Neutralino cross-section limits

No signal was found in any channel, and model independent limits on the production
cross-sections were derived. These limits were based on the efficiencies for simulated
neutralino events, and the number of selected data and expected background events. The
cross-section limits are given at 95% confidence level.

The limits were obtained using a Bayesian combination [32] of the results from the
different search topologies, and the searches optimised for the several mass differences
were treated as different channels, see appendix A. The same type of approach was used
when combining results obtained at different centre-of-mass energies. The results from
the analysis performed at a centre-of-mass energy of 189 GeV, reported in [33], were also
used.

The observed cross-section limits (projected to
√
s = 206 GeV) on χ̃0

1χ̃
0
2 production

are shown in figure 13. Limits shown in figures 13(a-c) are valid for χ̃0
2 → Z∗χ̃0

1 with Z→
(e+e−, µ+µ−, qq̄). In figure 13(d), χ̃0

2 → Z∗χ̃0
1 and Z decay branching ratios were assumed

(including Z→ νν̄). These limits were obtained by combining the results of the searches
for acoplanar jets and leptons at centre-of-mass energies from 189 GeV to 208 GeV. Also
included in the combination were the searches for multijets, multileptons, and asymmetric
taus, which have a non-negligible efficiency for χ̃0

1χ̃
0
2 production. Similarly, figure 14 shows

the observed cross-section limits for χ̃0
2χ̃

0
3,4 production, where χ̃0

3,4 → χ̃0
2qq̄ and χ̃0

2 →
χ̃0

1qq̄ or χ̃0
2 → χ̃0

1γ. The limits were obtained by combining the results of the searches
for multijets and multijet events with a photon signature at centre-of-mass energies from
189 GeV to 208 GeV. Also included in the combination was the search for acoplanar jets
which have a non-negligible efficiency in the case where χ̃0

2 → χ̃0
1qq̄.
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Figure 13: Contour plots of the observed upper limits on the production cross-section for χ̃0
1χ̃

0
2

at 95% confidence level. The results correspond to
√

s = 206 GeV. The different shadings
correspond to regions where the cross-section limit in picobarns is below the indicated number.
For figures a), b), c), χ̃0

2 decays into χ̃0
1 and a) e+e−, b) µ+µ−, and c) qq̄, while in d) the

branching ratios of the Z were assumed, including invisible states. The dotted lines indicate
the kinematic limit and the defining relation Mχ̃0

2

> Mχ̃0

1

. The limits in (a,b) are based on the

searches for acoplanar leptons, multileptons and asymmetric taus, and the limits in c) are based
on the searches for acoplanar jets and multijets.
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Figure 14: Upper limits on the cross-sections at the 95% confidence level for χ̃0
2χ̃

0
i production

with χ̃0
i→χ̃0

2qq̄ (i=3,4). The different shadings correspond to regions where the cross-section
limit in picobarns is below the indicated number. The χ̃0

2 was assumed to decay only into χ̃0
1qq̄ in

a), and into χ̃0
1γ in b). The limits in a) are based on the acoplanar jets and multijets selections,

while those in b) derive from the search for multijets with photons.



34 5 COMBINED EXCLUSIONS AND MASS LIMITS

5 Combined exclusions and mass limits

Searches for sparticles within the MSSM and with R-parity conserved included:

• sleptons: selectron, smuons and staus

• squarks: sbottoms and stops

• charginos and neutralinos

All of the above searches are summarized in paper II. In that paper, the sequential
acoplanar jet and lepton searches presented in section 4 were used as cross-checks of
searches in the same channels performed with a likelihood ratio method. The sequential
analysis was less performant in the acoplanar jet search for large ∆M values, whereas
results were very similar in the acoplanar lepton channels and in the low ∆M region
in general. The results of the sequential and likelihood ratio analyses were found to be
comparable. A search for double cascade decays with tau leptons from χ̃0

2χ̃
0
2 production,

with the same χ̃0
2 decay chain as for single tau decay, was also performed using a modified

stau analysis, and is presented in paper II.

As shown in section 3.2, the dominating decay signatures in many of the searches
are either acoplanar jets or leptons with missing energy and momentum. However,
more detailed characteristics of the events depend on the production and decay channel.

In the case of slepton and squark pair-production (f̃
+
f̃
−
), the two jets or leptons,

respectively, arise from the direct two-body decay f̃
± → χ̃0

1f
±. In the case of chargino

pair-production (χ̃+
1 χ̃

−
1 ), a signature of two leptons arises from the decay of χ̃± → χ̃0

1W
±∗

where W±∗ → `±ν, but there are also other important final states. The masses of the
involved sparticles are also very important for the characteristics of the events. Especially
important is ∆M , the mass difference between the decaying sparticle and the LSP, which
determines the visible energy and therefore the sensitivity of the searches. To increase
the sensitivity many of the searches were divided and separately optimized for different
∆M regions.

No signal was found in any of the different SUSY searches presented in paper II.
The negative results of the different searches were combined to derive mass limits and
constrain the parameter space in the CMSSM and in the minimal AMSB scenario. A full
description is given in paper II and III, and only a brief summary will be given here. All
limits are given at 95% confidence level.

Existing LEP1 limits was used in both scenarios to constrain the parameter space.
These constraints arise primarily from the measurements of the Z total and invisible
decay widths.

5.1 Limits in a CMSSM-SUGRA scenario

Mass limits and constraints on the parameter space in a CMSSM were derived using the
negative results from all the SUSY searches. The results of the DELPHI Higgs search in
the conservative maximal mh0 scenario was also used [34].
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The CMSSM in which these limits were set assumes the unification of the gaugino and
sfermion masses. In this model the masses of the sfermions at the electroweak scale can
be calculated using three parameters, tan β, M2 and m0. The masses of the sneutrino,
the left and right-handed selectron and smuon can be expressed as:

mν̃
2 = m2

0 + 0.77M2
2 + 0.5mZ

2 cos 2β (16)

M2
L = m2

0 + 0.77M2
2 − 0.27mZ

2 cos 2β (17)

M2
R = m2

0 + 0.22M2
2 − 0.23mZ

2 cos 2β (18)

For low m0 and M2 all sfermions are light. For the same masses the production cross-
sections of the left-handed sfermions is expected to be bigger than those of the right-
handed ones because of the larger coupling to Z. For the same model parameters the
masses of right-handed sfermions are lower than those of the left-handed ones. However,
the mixing between the left and right-handed states can lead to light τ̃1 (stau), b̃1 (sbot-
tom) and t̃1(stop) masses. The mass splitting terms between the lighter and the heavier
state are proportional to mτ (Aτ−µtan β), mb(Ab−µtanβ), and mt(At−µ/tanβ) at the
electroweak scale. If the mass splitting is large this can lead to a light stau, sbottom and
stop even for high M2 and/or m0. The lightest stau, sbottom or stop could then be a
candidate for the lightest charged sparticle. The masses of the charginos and neutralinos
depend on M2, µ and tanβ. The chargino mass eigenvalues are:

(M±
1,2)

2 =
1

2
[M2

2 + µ2 + 2m2
W ∓

√

(M2
2 + µ2 + 2m2

W )2 − 4(M2µ−m2
W sin 2β)2] (19)

with Mχ̃±

1,2
= |M±

1,2|. The neutralino mass matrix in the basis (B̃,W̃ 0,H̃0
1 ,H̃0

2 ) takes the

form:

Mχ̃0 =









1
2
M2 0 −mZcβsW mZsβsW

0 M2 mZcβcW −mZsβcW
−mZcβsW mZcβsW 0 µ
−mZsβsW −mZsβcW µ 0









(20)

where cβ, sβ, cW , sW is cos β, sin β, cos θW , sin θW , respectively.

For high m0 (= 1000 GeV/c2), only charginos and neutralinos (and Higgs bosons) can be
produced at LEP. The chargino pair-production cross-section is high and the chargino is
excluded nearly up to the kinematic limit, see figure 15.

The neutralino pair-production cross-section drops to very low values for |µ| >∼
75 GeV/c2 and high m0. This is because the two lightest neutralinos are gaugino-like
(large photino and/or zino components) and their s-channel production is therefore sup-
pressed. Pair-production of heavier neutralinos is not kinematically accessible.

Figure 15 show the region in the (µ,M2) plane at tan β = 1 where the limit on the LSP
mass is set. Here χ̃0

3,4χ̃
0
2 production contributes significantly to neutralino production and

thus to the region excluded from it.
From chargino searches alone a limit of 38.2 GeV/c2 on Mχ̃0

1
is obtained. Using the

neutralino searches this limit improves by 1 GeV/c2.
If Higgs searches results (with conservative assumptions MA ≤ 1000 GeV/c2,

At−µ/tan β =
√

6 TeV/c2, mt = 179 GeV/c2) are included in setting the limits the tan β
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Figure 15: The left-hand plot shows the chargino mass limit as function of the ∆M value under
the assumption of a heavy sneutrino. The straight horizontal line shows the kinematic limit.
The right-hand plot shows the excluded regions in the (µ,M2) plane for tanβ = 1 and
m0 = 1000 GeV/c2. The shaded areas show regions excluded by searches for charginos and
the hatched areas show regions excluded by searches for neutralinos. The thick dashed curve
shows the isomass contour for Mχ̃0

1

= 39.2 GeV/c2, the lower limit on the LSP mass obtained
at tan β = 1. The chargino exclusion is close to the isomass contour for Mχ̃±

1

at the kinematic

limit. From chargino searches alone the lower limit on Mχ̃0

1

is Mχ̃0

1

= 38.2 GeV/c2. The excluded

region continues smoothly to very large µ (until the stop becomes tachyonic) and to very large
M2 (until around M2 = 1500 GeV/c2, then the chargino and neutralino become degenerate in
mass, ∆M < 3 GeV/c2).

region between 0.5 and 2.36 is excluded and the lower mass limit on the LSP becomes
49 GeV/c2 for tan β > 1 and m0 = 1000 GeV/c2, see figure 16.

For medium m0 (100 GeV/c2 <∼ m0 <∼ 1000 GeV/c2), the χ̃0
1χ̃

0
2 production cross-section

in the gaugino-region (|µ| >∼ 75 GeV/c2) grows quickly with falling m0, due to the ris-
ing contribution from the selectron t-channel exchange. The chargino production cross-
section instead drops slowly, because of the negative interference from ν̃ exchange, but
it remains high enough to allow chargino exclusion nearly up to the kinematic limit for
m0 >∼ 200 GeV/c2.
For low m0 ( <∼ 100 GeV/c2), and low M2 ( <∼ 200 GeV/c2), the chargino production
cross-section in the gaugino region is close to its minimum, while the neutralino pro-
duction cross-section is very much enhanced. The sleptons become light enough to affect
decay modes of charginos and neutralinos, but they can also be searched for in direct
pair-production. For example when the sneutrino becomes light (low m0 and M2), and
when Mχ̃±

1

> mν̃ the chargino decay mode χ̃±
1 → ν̃` is dominant. This leads to an exper-

imentally undetectable final state if Mχ̃±' mν̃ , and in the gaugino region an m0 where
this is true can be found for any (µ,M2). The search for charginos cannot then be used
to exclude regions in the (µ,M2) plane if very low m0 values are allowed. The search for
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Figure 16: The lower limit at 95% confidence level on the mass of the lightest neutralino,
χ̃0

1, as a function of tanβ assuming a stable χ̃0
1. The solid curve shows the limit obtained for

m0 = 1000 GeV/c2, the dashed curve shows the limit obtained allowing for any m0 assuming
that there is no mixing in the third family (Aτ = µtan β, Ab = µtanβ, At = µ/tan β), and the
dash-dotted curve shows the limit obtained for any m0 allowing for mixing with Aτ=Ab=At=0.
The steep solid (dashed) line shows the effect of the searches for the Higgs boson for the maximal
Mh0 scenario (no mixing scenario), m0 ≤ 1000 GeV/c2 and Mt = 174.3 GeV/c2, which amounts
to excluding the region of tanβ < 2.36(9.7).

selectrons is then used instead to put a limit on the sneutrino mass (and thus on the
chargino mass), the selectron and the sneutrino masses being related by equations 16 to
18. The selectron pair production cross-section is typically larger than the smuon pair
production cross-section, because of the contribution of t-channel neutralino exchange.
However, at |µ| <∼ 200 GeV/c2 the selectron production cross-section tends to be small
and the exclusion arises mainly from the search for neutralino pair-production. The LSP
limit for any m0, under two different mixing assumptions, is shown in figure 16. The
lower mass limit for the LSP (χ̃0

1) is 45.5 GeV/c2 for any m0, tanβ ≤ 40 with mixing
Aτ=Ab=At=0.

5.2 Limits in the minimal AMSB scenario

In the minimal AMSB all low energy terms can be calculated from only three parameters
and one sign: m0, m3/2, tan β, sign(µ).

The squark masses, which are rather insensitive to m0, and the gluino masses are much
larger than the LSP mass and out of reach at LEP. The left and right handed slepton
states are nearly mass degenerate. The lightest charged slepton is always the stau, and
the lightest sneutrino is typically the stau sneutrino.

In most of the parameter space the LSP is the lightest neutralino, but it can also be
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the stau or a sneutrino (for relatively small values of tan β and m3/2). The mass difference
between the lightest chargino and neutralino is very small (although Mχ̃±

1

> Mχ̃0

1
). The

lightest neutralino and charginos are always a nearly mass degenerate doublet of gauginos
(Mχ̃±

1

∼ Mχ̃0

1
∼ M2), the second lightest neutralino is a gaugino (Mχ̃0

2
∼ M1), and the

heaviest neutralinos and charginos are heavy and higgsino-like (Mχ̃0

3,4
∼ Mχ̃±

2

∼ |µ|). Pair-

production of charginos, which are nearly mass degenerate with the neutralino, will give
fermions from the decay χ̃± → χ̃0

1f with very little momentum and the signal can therefore
be hard to distinguish from the SM two-photon interactions. For ∆M = Mχ̃±

1

− Mχ̃0

1

smaller than ∼ 200 MeV, the lifetime of the chargino can be long because of the limited
phase space available for the decay and it can be observed as a heavy stable charged
particle, or observed from the kink in the track when it decays. For larger ∆M , or if
there are light sneutrinos which increase the leptonic decay width, the lifetime is shorter
and the chargino can be observed through a signature including an ISR photon plus
a few soft decay particles. Nearly mass-degenerate chargino and neutralino states are
possible if M2 << |µ| (M2 < M1 < |µ| are typical allowed values in AMSB). The analysis
for nearly mass-degenerate chargino and neutralino was redone to cover a wide range of
sneutrino masses, from mν̃ less than Mχ̃± + 1 GeV/c2 to larger than 500 GeV/c2. A
light sneutrino will increase the s- and t-channel exchange interference making the cross-
section for chargino production small, and decreasing the life-time of the chargino. A light
sneutrino will thus decrease the sensitivity of these searches, see figure 17 for excluded
regions in the (Mχ̃±

1

,∆M) plane for two different mν̃ . For sneutrinos lighter than the

chargino (small m0), the chargino will decay almost 100% into a sneutrino and a charged
lepton. Here the “leptonic” search for charginos (χ̃±

1 → ν̃`), with ∆M = Mχ̃±−mν̃ larger
than 3 GeV/c2, was used.

Figure 17: Regions in the plane (Mχ̃±

1

,∆M = Mχ̃±

1

−Mχ̃0

1

) excluded by DELPHI at the 95% CL

when the chargino is gaugino-like, as in AMSB. The standard search for high ∆M charginos, the
search for soft particles accompanied by ISR, and the search for long-lived charginos were used.
The scenarios constrained in the two plots are: (a) mν̃ ≥ 500 GeV/c2; (b) mν̃ < Mχ̃±

1

+1 GeV/c2

(short-lived charginos). The exclusions in (a) hold conservatively also for heavier sneutrinos.
Charginos lighter that 45 GeV/c2 were already excluded at LEP1.

In AMSB there is not much phase space available for pair-production of neutralinos,
as χ̃0

1χ̃
0
2, since M1/M2 ∼ 2.8 and Mχ̃0

1
∼ M2 and Mχ̃0

2
∼ M1. In the case of a χ̃0

2 almost
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three times heavier than the χ̃0
1, the χ̃0

2 decays mainly to χ̃0
1Z and χ̃±

1 W±. For χ̃0
2 → χ̃0

1Z
and for decays χ̃0

2 → χ̃±
1 W±, with χ̃±

1 → π±χ̃0
1 and W± → qq̄, which results in similar

final states as χ̃0
2 → χ̃0

1qq̄, the results of the neutralino searches presented in paper II
can be directly used. However, if the W± decays leptonically, the visible final states are
different from those of the standard search for neutralinos in SUGRA scenarios. A new
dedicated search would be needed to cover this case. If there are sleptons lighter than χ̃0

2,
cascade decays of the type χ̃0

2 → ˜̀̀̄ where ˜̀→ `χ̃0
1 can take place. The standard searches

for neutralinos can also be used here. As the lightest charged slepton in AMSB always is
the lightest stau, τ̃1, the tau cascade search presented in paper I was used to study the
decay χ̃0

2 → τ̃1τ where τ̃1 → χ̃0
1τ in a wider range of mτ̃1 −Mχ̃0

1
. There was no evidence of

any excesses above the SM predictions, and the resulting cross-section limits are shown
in figure 18.
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Figure 18: Cross-section limits for the χ̃0
1χ̃

0
2 production when χ̃0

2 decays entirely to τ̃1τ . The
limits are shown for several ranges of ∆M=mτ̃1-Mχ̃0

1

. The widths of the bands are due to
dependence of the limit on ∆M and to statistical fluctuations of the efficiency due to limited
Monte Carlo statistics.

In AMSB scenarios the lightest Higgs boson, h0, is analogous to the SM one and
should have a mass below 120 GeV/c2. The negative results from the searches for the SM
and the invisibly decaying Higgs boson exclude a large part of the parameter space. The
searches for charginos are important to help exclude regions with low m3/2 and searches
for sleptons are important at low m0. See figure 19 for excluded regions in the (m3/2, m0)
and (mν̃ ,χ̃

0
1) planes.

To put constraints on the parameter space in the minimal AMSB, only the negative
results from the search for nearly-mass degenerate chargino and neutralino, the search
for neutral SM-like and invisible Higgs boson, and the search for charginos decaying
into a sneutrino and a charged lepton were relevant. The other searches were found
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Figure 19: The upper plot shows the remaining points in the (m0 m3/2)-plane parameters and
the lower plot shows those in the (Mχ̃0

1

mν̃)-plane after considering the results of all the searches

used. No points survived for which Mχ̃0

1

< 68 GeV/c2 or mν̃ < 98 GeV/c2.

to be redundant to constrain the model. The experimental mass limit on the lightest
neutralino (and the nearly mass degenerate chargino) is Mχ̃0

1
> 68 GeV/c2 for µ > 0 and

Mχ̃0

1
> 75 GeV/c2 for µ < 0.
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6 ATLAS

ATLAS is an acronym for “A Toroidal Lhc ApparatuS”, and is one of the two general
purpose detectors at LHC. It will be situated at point one of the LHC in a cavern about
100 m below ground. The detector has a cylindrical shape with a radius of 11 m and
a length of 42 m. The layout of the detector follows the same scheme as most other
collider experiments. Closest to the interaction point there are tracking detectors in a
magnetic field to reconstruct charged tracks. Then follow an electromagnetic calorimeter,
a hadronic calorimeter, and finally a muon system. The schematic layout of the ATLAS
detector is shown in figure 20.

ATLAS

A Toroidal Lhc ApparatuS

S.C. Air Core
Toroids

S.C. Solenoid

Hadron
Calorimeters

Calorimeters
Forward

Muon
Detectors

EM Calorimeters

Inner
Detector

Figure 20: A schematic view of the ATLAS detector.

The global ATLAS coordinate system is a right handed system with the x-axis
pointing towards the centre of the LHC tunnel, the y-axis pointing upwards, and the
z-axis pointing along the tunnel. The cylindrical coordinate system (R, φ, z) is used at
ATLAS. An often used coordinate is the pseudorapidity defined by η = −ln tan θ

2
, where
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θ is the polar angle with the beam axis. The ATLAS design to meet the physics criteria
was first presented in the Letter of intent in 1992, and was then improved in the ATLAS
Technical Proposal of 1994 and in the subsequent Technical Design Reports (TDRs) [35].
Only a brief description of the subdetectors will be given here.

The general design criteria are:

• Efficient tracking at high luminosity for high-pT lepton-momentum measurements,
electron and photon identification, τ and heavy-flavour vertexing, and full event
reconstruction capability at lower luminosity.

• Very good electromagnetic calorimetry for electron and photon identification and
measurements, complemented by full coverage hadronic calorimetry for accurate jet
and missing transverse energy measurements.

• Standalone, high precision, muon momentum measurements up to the highest lu-
minosity.

• Very low-pT trigger capabilities and measurements.

• A large acceptance in η and almost full coverage in φ.

6.1 Inner Detector

The task of the Inner Detector (ID) is to reconstruct the tracks of charged particles and
the vertices, to measure the momentum and the sign of the charge, and to contribute
to the particle identification. The whole ID is contained in a 2 T strong magnetic field
provided by the solenoid magnet. The B field is directed along the beam-axis so the
charged particle tracks will be curved according to the momentum component in the
transverse direction. The magnet is 2.5 m in diameter, 5.3 m long, and only 45 mm
thick to avoid having excess material in front of the calorimeters. The outer radius of
the tracking cavity is 115 cm, and the total length is 7 m. The ID consists of three
different subdetectors: the Pixel detector, the SemiConducting Tracker (SCT), and the
Transition Radiation Tracker (TRT). Each of the subdetectors consists of a barrel part
and two identical end-caps covering the rest of the cylindrical cavity. The inner barrel
part extends to z = ± 80 cm, and the end-caps extend out to z = ± 350 cm. This implies
a coverage of |η| < 2.5. Figure 21 shows a schematic view of the ID.

The Pixel detector is situated closest to the interaction point and has a very high
granularity with 140 million read-out channels, and will provide high-precision measure-
ments. It consists of three barrel layers and four end-cap disks on each side. The barrel
layers provide rφ and z measurements, with a resolution of 12 and 66 µm, respectively.
The end-cap disks provide rφ and r measurements, with a resolution of 12 and 77 µm,
respectively.

The SCT consists of four barrel layers and nine end-cap wheels on each side. It is
constructed out of silicon micro-strip detectors and has 6.2 million read-out channels.
The resolution for the barrel layers is 16 and 580 µm for rφ and z, respectively. For the
end-caps the resolution in rφ and r is 16 and 580 µm, respectively. Individual tracks can
be distinguished if they are separated by more than ∼ 200 µm.
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Figure 21: A schematic view of the ID.

The TRT is built up of almost half a million straws with a diameter of 4 mm, and
a maximum length of 150 cm. Each straw is a cylindrical proportional chamber with
an anode wire in the centre, and the straw wall acting as the cathode. In the barrel
the straws are placed parallel to the beam axis, and in the end-caps they are orientated
radially. Each end-cap consists of 18 wheels. The TRT has 420,000 read-out channels.
The intrinsic resolution, obtained by measuring the drift-time of the ionization, is about
170 µm.

6.2 The Calorimeter System

The calorimeter system at ATLAS is shown in figure 22. It consists of an electromagnetic
(em) barrel calorimeter covering the region |η| < 1.475, a hadronic barrel plus extended
barrel calorimeters covering the region |η| < 1.7, em end-cap calorimeters covering the re-
gion 1.375 < |η| < 3.2, hadronic end-cap calorimeters covering the region 1.5 < |η| < 3.2,
and a forward calorimeter covering 3.1 < |η| < 4.9. The calorimeters are all sampling
calorimeters, i.e. constructed of sheets of heavy-material absorber alternating with layers
of active material, but use different designs depending on the type and η coverage.

The design of the electromagnetic calorimeter is driven by the requirements of the
physics processes. An excellent energy resolution of 10%/

√

E [GeV ]⊕1% and a linearity
better than 0.5% over the energy range 10–300 GeV is needed to achieve a mass resolution
of 1% for the H → γγ and H → 4e channels. The calorimeter should have a dynamic
range of 50 MeV to 3 TeV and an electron reconstruction capability from 1-2 GeV up
to 5 TeV. The upper bounds come from electrons produced in the decays of Z ′ and W ′

bosons. A high granularity, excellent γ/jet and τ/jet separation are also required.
For the hadronic calorimeter a good jet reconstruction is needed. This sets stringent

limits on the energy resolution and linearity. The energy resolution for jets should be
∆E
E

= 50%√
E [GeV ]

⊕ 3% for |η| < 3, and ∆E
E

= 50%√
E [GeV ]

⊕ 10% for 3 < |η| < 5. The most

stringent requirements on the linearity come from the study of quark compositeness, and
the jet energy scale has to be linear within 2% up to a transverse energy of 4 TeV. A
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good hermeticity and reconstruction of missing transverse energy is important for many
physics signatures and in particular for SUSY searches.

Hadronic Tile
Calorimeters

EM Accordion
Calorimeters

Hadronic LAr End Cap
Calorimeters

Forward LAr
Calorimeters

ATLAS Calorimetry

Figure 22: The calorimeter system at ATLAS.

6.3 The Muon Spectrometer System

The muon spectrometer consists of a magnet system, high precision tracking chambers,
and a separate fast trigger system. A good transverse momentum resolution over the
full pT range, 5 to 1000 GeV, and an η coverage up to 3 are required. The whole muon
spectrometer is monitored by a laser system for a mechanical accuracy of 30 µm. Figure 23
shows an xy-view of the muon spectrometer.

The magnet system consists of three air-core superconducting toroid systems. The
Barrel Toroid (BT) extends over a length of 26 m, with an inner diameter of 9.4 m and
an outer diameter of 19.5 m. The two End-Cap Toroids (ECTs) are inserted in the barrel
at each end. They have a length of 5.6 m and an inner diameter of 1.26 m. The magnetic
field will cover a large volume with η values up to 2.7. The average field strength will be
about 0.5 T, and the peak field of the magnet system is 4.2 T for the BT and 4.4 T for
the ECTs. The bending power of the magnetic field increases with higher η values.

Two types of high precision chambers are used depending on the η position, Monitored
Drift Tube chambers (MDTs) and Cathode Strip Chambers (CSCs). The MDTs are used
everywhere except for the innermost ring of the end-cap stations, 2 < |η| < 2.7, where
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Figure 23: A xy view of the muon spectrometer.

CSCs are used due to the high particle fluxes. For the MDTs, single cell resolutions of
about 60 µm have been achieved. For the CSCs spatial resolutions of 50 µm and time
resolutions of 3.5 ns have been measured.

The trigger system will provide a muon trigger function, bunch-crossing identification,
and also provide the second coordinate measurement necessary for pattern recognition and
momentum reconstruction. The LHC bunch-crossing period of 25 ns is much smaller than
the maximum drift time of the MDTs. The bunch crossing time at which the muon was
produced is therefore essential to correctly reconstruct the muon trajectory. Moreover,
bunch crossing identification is essential to combine the muon trigger with the other sub-
detector triggers belonging to the same bunch crossing. The trigger system employs two
types of detectors, Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs).
The RPCs are used in the barrel region, and have a space-time resolution of 1 cm × 1
ns. The TGCs are used in the end-cap regions due to the high particle fluxes, and have
a similar space-time resolution.

6.4 The trigger

The bunch crossing in LHC occurs at a rate of 40 MHz, but the rate at which it is possible
to store events is about 100 Hz. This means that the rate has to be reduced by a factor of
400,000 within seconds. To achieve this, ATLAS has a trigger system organized in three
trigger levels, as shown in figure 24(a).

The level one (LVL1) trigger uses the information from the calorimeter and the muon
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(a) The three Trigger levels at ATLAS.
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Figure 24: The trigger system at ATLAS.

system, but with reduced-granularity, see figure 24(b). The LVL1 finds the Regions of
Interest (RoIs) which contain interesting features such as high pT electromagnetic clusters
(electrons or photons), jets and muons. Global information as missing transverse energy
and total scalar transverse energy is also reported. The LVL1 trigger must also identify
unambiguously the bunch crossing containing the interaction of interest and introduce
negligible dead time. The latency (time taken to form and distribute the LVL1 trigger
decision) is about 2 µs, and the maximum output rate is limited to 100 kHz by the
capabilities of the subdetector read-out systems and the LVL2 trigger. During the LVL1
processing the data from all parts of the ATLAS detector are held in pipeline memories.

The LVL2 trigger uses full-granularity, full-precision data from most of the detectors,
but examines only the RoIs identified by the LVL1 trigger. The LVL2 trigger reduces the
rate to about 1 kHz. The total LVL2 latency is variable, up to about 10 ms. After an
event is accepted by the LVL2 trigger, the full data are sent to the LVL3 trigger via the
Event builder.

At LVL3, the full event data are used to make the final selection of events to be
recorded for offline analysis. Complete event reconstruction is possible at LVL3, with
decision times up to about 1 s.
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7 ATLAS barrel calorimeters

This section contains a general introduction to calorimeters and energy measurements,
followed by a more detailed description of the barrel calorimeters in ATLAS.

7.1 Calorimeters and energy measurements

A calorimeter primarily measures the energy of a particle by totally absorbing the parti-
cle, but it often also provides a position measurement and particle identification. There
are non-destructive ways of measuring particle energies. For X-ray photons proportional
counters could be used, for low energy particles in the MeV range solid state counters al-
lows for precision measurements, and for high energy particles spectrometers which is used
to measure momentum could be used since at these energies E = pc. However, calorime-
ters are the only feasible way to measure the energy in high-energy collider experiments.
The main reason is that they are sensitive to both charged and neutral particles. Other
nice features are that they do not need a magnetic field, can be fast which is important
for high-rate environments, particle identification is possible, the dimensions needed only
increase logarithmically with the energy making them quite compact, and the resolu-
tion increases with energy. Calorimeters in general can be constructed in two different
ways, as homogeneous or heterogeneous calorimeters. A homogeneous calorimeter uses
the same material both to cause the shower development and to detect the produced
particles. The detection means are through Cherenkov or scintillating light. Heteroge-
neous calorimeters consist of layers of passive high-Z absorber material interleaved with
active detection layers. Commonly used active detection materials are plastic scintilla-
tors, ionization chambers and proportional wire chambers. These detectors are also called
sampling calorimeters since they sample the number of particles in the showers.

Calorimeters are usually divided into two separate compartments, one for measuring
the energy of electromagnetic particles and one for hadronic particles, where the former
is placed in front of the last. At ATLAS both the em and hadronic calorimeters uses the
sampling technique. A nice overview of calorimeters are given in reference [36].

7.1.1 Electromagnetic showers

When an incident electron or photon impacts the em calorimeter it will interact with
the material and give rise to secondary photons and electrons mainly via pair-production
and bremsstrahlung. Other processes as Compton scattering and photoelectric effect can
also occur. The shower will stop developing when the energies of the secondary particles
become lower than a threshold called the critical energy, ε. The critical energy is defined
as the energy at which the collision process and the bremsstrahlung process are equivalent.
For heavy elements, Z > 13, the critical energy is quite well described by ε ∼ 550/Z MeV.
The dominant process for losing energy below this threshold is ionization. The mean
energy loss per unit path length through bremsstrahlung is proportional to the particle
energy:

−dE
dx

=
E

X0
(21)

where X0 is called the radiation length and is defined as the average distance over which
a high energy electron loses all but 1/e of its energy. It is given approximately by:
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X0 =
716.4 A

Z(Z + 1) ln(287/
√
Z)

[g/cm2] (22)

or for Z > 13, X0 ∼ 180A/Z [g/cm2] is a rough approximation (A is the atomic weight).
For the photons one can define a mean free path to create an e+e− pair, Xp, which is
the distance after which the number of photons have decreased to 1/e. It turns out
that X0 and Xp is almost equal, which means that the two processes have the same
importance for em shower development. From a complete description and treatment of
the shower development one can obtain the longitudinal energy distribution. The depth
of the calorimeter needed to contain 95% of an em shower can be expressed as:

L95% ≈ Lmax + 0.08Z + 9.6 [X0] = ln(E/ε) + Ci + 0.08Z + 9.6 [X0] (23)

where Lmax is the depth at which the largest number of secondary particles occur (shower
maximum), E is the energy of the incident particle, Ce = −0.5 and Cγ = 0.5 for electron
and photon induced showers, respectively.

7.1.2 Hadronic showers

Incident hadrons will also give rise to showers. However hadronic showers are more com-
plex than electromagnetic showers. The hadrons will interact with the nuclei through the
strong interaction. About half of the energy will be carried away by a few high energy
particles, and the other half will go into multi-particle production. The secondary hadrons
produced via inelastic interactions are mostly pions and nucleons. About 30% of the in-
coming energy goes into π0 production in the first interaction. The produced π0’s will
give rise to an electromagnetic component in the hadronic shower. Another complication
in a hadronic shower is the large fraction of undetectable, i.e. invisible energy. A small
part of the invisible energy arises from particles escaping the calorimeter, as neutrinos
and muons. The largest contribution to the invisible energy arises from nuclear processes,
as break-up of nuclei, nuclear excitation and evaporation, and the production of slow
neutrons. Only a small fraction or none of the energy spent on these processes will result
in an observable signal. Hadronic showers continue until all particles have either been
stopped by ionization losses or absorbed by nuclear processes. The description of the
longitudinal development of a hadronic shower is given by the nuclear interaction length,
λ, which is the mean free path between inelastic interactions of high energy hadrons in
matter. The interaction length is defined as:

λ =
A

NAσi
[g/cm] (24)

where NA is Avogadro’s number, and σi is the inelastic nucleon-nucleon cross-section. λ
scales with the nuclear radius and a rough approximation is λ ∼ 35A1/3 [g/cm]. The
depth of the calorimeter needed to contain 95% of a hadron shower can be expressed as:

L95% ≈ Lmax + 2.5 [λ] = 0.2 lnE + 0.7 + 2.5 [λ] (25)

where E is in GeV, and Lmax is the shower maximum. The interaction length is roughly
one order of magnitude larger than the radiation length. The depth needed for a hadronic
calorimeter is therefore larger than for an em calorimeter.
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7.1.3 Energy resolution and linearity

The energy resolution for an em calorimeter can be much better than for a hadronic
calorimeter. The reason for this is the large event-to-event fluctuations of the purely
hadronic part of a hadronic shower, and the calorimeter response to this part will therefore
have a much broader distribution than the response to an em part at the same energy.
On top of this the average response to the em and purely hadronic components will be
different. This is expressed in the em to hadronic signal ratio, e/h, where e/h > 1, and
typical values of e/h are 1.1 – 1.35 for hadronic calorimeters. There are various ways
to compensate a calorimeter and tune the e/h ratio to 1. For example using U238 as
absorber for its fission capability for slow neutrons, varying the amount of hydrogen in
the calorimeter structure and thus increasing the signal contribution from neutrons, or
shielding the active layers by thin sheets of low-Z material to suppress contributions from
soft photons in electromagnetic showers [37]. The ATLAS calorimeters are however non-
compensating. The ratio measured experimentally in testbeams is e/π, the ratio of the
average response to electrons and pions of the same energy. However, e/π is not the same
as e/h and depends on the energy, while e/h is an intrinsic property of the calorimeter.
One parametrization of the energy dependence, i.e. the fraction of em energy in the pion
shower, is given by Wigmans [38] as:

fπ0 = k lnE (26)

where k ∼ 0.11 and E is in GeV. An alternative form is used by Groom [39], fπ0 =
(E/E0)

m−1, with m ∼ 0.86 and E0 ∼ 1 GeV for pions. The response for electrons in a
testbeam is:

Re = eE (27)

where E is the beam energy, and the response for pions is:

Re = [efπ0 + h(1− fπ0)]E (28)

The relation between the e/h ratio and the e/π ratio, using the Wigmans parametrization,
is then given by:

e/π =
e/h

1 + (e/h− 1)× 0.11 ln(E)
(29)

with E in GeV. We see here that an e/h value different from 1 causes deviation from lin-
earity in the hadronic response versus energy. The energy resolution can be parametrized
as:

σ/E = a/
√
E ⊕ b⊕ c/E (30)

with E in GeV, and where a, the stochastic term, represents the statistical fluc-
tuations in the shower development, b, the constant term, reflects non-compensation
effects, uncertainties in the energy measurements due to miscalibration, cracks, etc,
and c, the noise term, represents electronic noise, pile-up, etc. The noise term is
usually very low. Typical resolutions for non-compensating sampling calorimeters are
σ/E = (5−15)%/

√

E [GeV]⊕1% and σ/E = 50%/
√

E [GeV]⊕5% for em and hadronic
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calorimeters, respectively. The energy resolution at higher energies will be dominated by
the constant term.

7.2 Geometry

The whole electromagnetic barrel calorimeter is housed inside a cryostat, filled with liquid
argon, which also contains the solenoid. The em barrel calorimeter is divided into two
identical half-barrels, each consisting of 16 supermodules. A supermodule, which is actu-
ally made out of four smaller modules, is 6.65 m long, spanning 2π/16 in azimuth, and
has a radial depth of 53.4 cm. The modules are made of accordion-shaped lead absorbers
alternating with liquid argon gaps and read-out electrodes. The number of read-out chan-
nels for the em barrel calorimeter is about 130000. Radially it is divided into three layers
with different segmentation and thickness, see figure 25(a). The first layer is the strip
compartment with a thickness of 4.3X0 and a granularity of ∆η × ∆φ = 0.0031 × 0.1.
The middle layer is the thickest with 16X0 in depth and is built up by squares of ∆η×∆φ
= 0.025 × 0.0245. The third layer is 2X0 thick and has granularity of ∆η × ∆φ = 0.05
× 0.025. Four presampler sectors are placed in front of one supermodule, with a radial
thickness of about 1.1 cm and a granularity of ∆η ×∆φ = 0.025× 0.1. The function of
the presampler is to recover the energy lost in the material in front of the calorimeter.
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(a) View of the three em calorimeter layers,
showing the granularity and accordion struc-
ture.

(b) The hadronic calorimeter design,
showing the tile orientation and read-out.

Figure 25: Schematic of the em and hadronic calorimeter module design.

The hadronic barrel and the two extended barrel calorimeters are each subdivided into
64 independent sector modules. The hadronic barrel modules are 5.84 m long and the
extended barrel modules are 2.28 m long, each spanning 2π/64 in azimuth, with a radial
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depth of 1.95 m. The hadronic calorimeter uses plastic scintillator plates (tiles) which
are embedded in iron absorber plates. The tiles are placed in planes perpendicular to
the beam axis and staggered in depth, simplifying the mechanical construction and the
fiber routing. The tiles span the width of the module in the φ direction. Figure 25(b)
shows the principle of the hadronic calorimeter design. The number of read-out channels
for the hadronic barrel calorimeters is about 10000. Radially the modules are segmented
into three layers, approximately 1.4, 3.9, and 1.8 interaction length thick at η = 0. The
barrel and extended barrel modules have the same ∆η ×∆φ segmentation of 0.1× 0.1 in
the two first layers and 0.2× 0.1 in the last layer.

7.3 Read-out

The read-out and calibration signals for the em barrel are routed through cold-to-warm
feedthroughs located at each end of the cryostat. The front-end electronics are located on
each feedthrough, and provide electrical continuity of the ground so as to form a single
Faraday cage out of which come the digital signals.

The hadronic tiles are read out along their two open edges via wavelength-shifting
fibers to two separate Photo-Multiplier Tubes (PMTs). Read-out cells are defined by
grouping together a set of fibers into a PMT, to obtain a three dimensional segmentation.
The PMTs, the front-end electronics, and the low voltage power supplies are mounted in
so-called drawers. The drawers slide into the support girder at the back of each module.
Two drawers make up a super-drawer that serves a half-barrel or a single extended barrel.
The super-drawer for the barrel is equipped with 45 channels, and the super-drawer for
the extended barrel with 32 channels.

The front-end electronics handle the shaping and amplification of the output signals,
the digitalization and pipeline memory storage, the production of an analog signal for
the LVL1 system, and the calibration and control signals. The memory storage for the
hadronic system is digital, while the em system is analog.

The output and control signals from both the em and the hadronic front-end systems
are connected via special interface cards and optical fibers to respective Read-Out-Drivers
(RODs), the back-end electronics. The task of the RODs is to collect the digitized data,
perform some amount of preprocessing, include the bunch-crossing identification, and send
the data to the Read-Out Buffers (ROBs). From there the data is sent via the Read-Out
System (ROS) to the LVL2 trigger and the general Data AcQuisition (DAQ) system.

7.4 Calibration and monitoring

Each read-out channel of the em barrel calorimeter is calibrated independently by inject-
ing precise (with 0.2% accuracy) exponential current pulses that mimic the triangular
ionization signal. The pulses are sent to the mother boards situated on the back of the
modules, inside the cryostat, and distributed to the detector elements. This allows to
measure the gain and non-linearity of each channel.

The signal of the liquid argon calorimeter depends on the temperature through the
liquid density, with a sensitivity of about -0.5% per K, and the electron drift speed, with
a dependence of about -1.5% per K. The temperature will be monitored by a number of
probes.
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The purity of the liquid argon will also affect the signal response, although the fast
read-out diminishes the sensitivity to electronegative impurities. Nevertheless the purity
will be monitored, using a number of test cells (mini-calorimeters with a radioactive
source) in various places in the cryostat.

The hadronic barrel calorimeters have three systems for calibration and stability moni-
toring: Cesium, Laser, and Charge Injection (CIS).

The cesium system uses a small amount of 137Cs contained in small capsules, which
can be moved orthogonal through the iron and scintillating tiles. The 137Cs has a half
life of 30.2 year and a well defined γ radiation peak at 0.66 MeV. This provides a way
for a stable monitoring of the optical response and its uniformity over a long time. The
response of all read-out cells can be equalized, by adjusting the HV of the PMTs. A
cell-to-cell energy calibration at a precision better than 0.5% can be maintained.

All PMTs are connected to a laser via optical fibers. The laser sends a train of pulses
of increasing amplitude to the PMTs. To reach the whole dynamic range of the PMTs
a set of remotely controlled filters will be installed on the laser light path. Amplitude
monitoring and timing measurements are made upstreams of these filters. The laser light
is monitored by three photodiods which are calibrated by a 214Am α source. The main
purpose of the laser system is to monitor the response of the PMTs on any desired time
scale, from the very shortest to the duration of ATLAS. It is planned to obtain the PMT
gain to a relative precision of 0.5% by measuring the laser light intensity pulse by pulse.
This system will also be useful to check the pulse electronics following the PMTs.

The Charge Injection System can test the behavior of the read-out electronics for each
channel. This permits to find any read-out faults and to study cross-talk effects. The CIS
uses a 1% precision capacitor to inject a known and variable charge pulse into the shaper.
Looking at the reconstructed charge in ADC counts versus the injected charge in pC, one
can perform a linear fit and extract the factor ADC counts to pC. The conversion factor
from pC to GeV (at the em scale) is measured in beam tests.
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8 The ATLAS combined testbeam

In the summer and autumn of 2004 the ATLAS combined testbeam (CTB) took place
at CERN using the H8 beamline. The testbeam setup, which can be seen in figure 26,
resembled the geometry and setup of the full ATLAS detector as much as technically
possible. In the CTB a full barrel slice of the ATLAS experiment was tested. The inner
detector was represented by three layers of two pixel modules each and four layers of
two SCT modules each, which were situated inside a magnetic field, and by two wedges
of the barrel TRT placed just after the magnet. The em barrel calorimeter prototype
module (abbreviated LAr) was housed inside a cryostat filled with liquid Argon. For the
hadron tile calorimeter (TileCal) three barrel, and three extended barrel (EB) modules
were used. All of the TileCal modules except the barrel module at the bottom were
production modules. When running with extended barrel modules, a small extra em
calorimeter was placed in front of the EB modules, to extend the coverage. A couple of
meters behind the table a part of the barrel muon spectrometer, an MDT so-called BOS
chamber, was placed, and four more barrel MDT stations (seven chambers) were placed
further downstream. One end-cap CSC, six end-cap MDT chambers at three stations, one
end-cap TGC triplet, and two TGC doublets were also placed further downstream. There
was also a muon trigger consisting of two 10x10 cm scintillators, two trigger stations of
barrel RPCs, and two magnets installed.

This was the first testbeam with the participation of all the sub-detectors, and and
a unique opportunity to evaluate the full potential of ATLAS. A level one trigger “a la
ATLAS” and the DAQ system were also tested in realistic conditions. Many of these
systems were also final ”production” versions. The main purposes and motivations for
the CTB are summarized below:

• Integratation of the DAQ system and the detectors, and also the level 1 trigger
in the 25 ns run. This can be seen as a pre-commissioning, which will give better
understanding of the barrel sub-detectors for a quicker start up of the commissioning
in the pit.

• Combined reconstruction of muons, electrons and pions using the information from
the ID, the combined calorimetry and the muon spectrometer.

• Test of the reconstruction and simulation software, tuning of the Monte Carlo sim-
ulation to the testbeam data.

• Classical studies as:

– Energy and position resolutions, efficiencies and noise.

– ID: global system performance and data handling, pixel spatial resolution, and
efficiency vs beam intensity.

– Calorimeters: energy calibration and sharing, e/h measurements, linearity and
uniformity versus energy and η, shower containment and profiles, studies of
energy losses in passive material (cryostat walls), and jet reconstruction.

– Muon spectrometer: general stability and uniformity studies of the MDT cham-
bers, test of the barrel and end-cap trigger and alignment systems, muon mo-
mentum measurements in the end-cap stands.
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Figure 26: Schematic of the testbeam table setup. The beam particles first hit the pixel
and SCT modules, and then continue towards the TRT, calorimeters, and muon modules. In
the coordinate system used, the beam travels in the positive x direction, y points upwards,
and z points out of the paper, which also is the positive η direction. The table containing
the calorimeters can be translated and rotated to simulate that the particles come from the
interaction point at different η values.

8.1 The beam

The H8 beamline provided hadrons, electrons or muons with energies from 1 up to 350
GeV for the ATLAS CTB. The H8 beam is created by extracting an up to 400 GeV proton
beam from the Super Proton Synchrotron towards the North Area, where the beam is
directed onto a primary target. Typical intensities of this primary beam are a few 1012

protons per burst. The spill lengths at 400 GeV are 4.8 s and there is a spill every 16.8
s. From the primary target (beryllium, up to 300 mm) the secondary beam will have
energies from 10 to 350 GeV. A secondary filter target, 8 or 16 mm of lead or 1000 mm
polyethylene, plus an absorber, air or lead, can be placed in the beam to produce tertiary
beams of “pure” electrons (lead plus air) or pions (polyethylene plus lead). The beam
can also be diverted onto an additional secondary target further downstream, close to the
experiment, to provide energies from 1 to 9 GeV.

8.2 Beamline instrumentation

The beamline instrumentation used by the CTB consisted of scintillators, beam chambers,
and Cherenkov detectors. These detectors were used for the trigger, to get the beam
position, and for particle identification. The beamline instrumentation can be seen in
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figure 27, including the last beam magnets.
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Figure 27: Schematic outline of the beamline instrumentation, and also of the ATLAS sub-
detector elements. The beam instruments starting with an S (like SMV and S0) are scintillators,
the ones starting with a B (BC0, BC-1,...) are beam chambers, and CHRV2, HE and VLE, are
Cherenkov detectors.

The following scintillators were in the beamline. The SMV was put into the high energy
line when running in Very Low Energy (VLE) mode, to tag unwanted muons coming from
the High Energy (HE) line. S0 was placed on the VLE line, and was used for checking
the beam intensity and quality, and also for the Time-Of-Flight (TOF). S1, S2 and S3
scintillators were used for the beam trigger, checking the beam intensity and quality, and
for the TOF. The SMH was used for tagging halo muons and other particles. The SC
was placed between the cryostat and the TileCal modules, and is used to tag pions that
did not shower before the TileCal modules, and to study the effect of early showering and
energy loss in the material in front of TileCal. The SC was 44 cm wide, and was movable
and kept centered on the beam, with a maximal η coverage of up to about 0.9. The Muon
Wall was placed about 1.5 m after the TileCal modules, and is used to study longitudinal
leakage from high energy hadronic showers. The Muon Wall consisted of 12 scintillators
covering an area of about 120x80 cm2m, and was movable by a motor that could be
remotely controlled and was also kept centered on the beam spot. Maximal η position
of the center of the Muon Wall was 0.45. A description of the setup and performance of
the Muon Wall in 1998 and 1999 TileCal testbeams is found in ref. [40]. The SMT was
placed further downstream after the first beamdump, and is used as muon tag.

On the beamline there were five beam chambers BC0, BC-2, BC-1, BC0, BC1 and BC2.
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The beam chambers were used to define the beam profile. The beam chamber type which
was used is the Delay Wire Chamber (DWC), developed at the beam instrumentation
group at CERN [41]. It works similar to any other multiwire proportional chamber.

CHRV2, HE and VLE, were two 2 m long Cherenkovs, one placed on the high energy
line, and the other on the VLE line. They are used for particle identification purposes.
The Cherenkovs operate as threshold counters, thus only providing a signal whenever
the velocity of a particle is above the threshold. The threshold is defined by the gas
composition and pressure. Another Cherenkov of the same type was placed much further
upstream (named CHRV1).

8.3 Testing and calibration

The scintillators and PMTs used were tested in a test-bench, using cosmic radiation. The
first step was a high voltage (HV) scan to find the working point of the PMTs. The rate
from cosmic radiation was measured during a fixed time for several HV values. This will
give a curve as seen in figure 28 for the SMT scintillator, and the working point was taken
in the middle of the “plateau”, the proportional region. The rate at the working point
was compared to the calculated expected rate from cosmic radiation. Too high a rate
could mean that the threshold was set too low giving a lot of noise or that there was a
light-leak somewhere that had to be found and fixed.
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Figure 28: HV scan of the SMT scintillator. The working point for this scintillator was set to
1850 V.

The second step is to measure the efficiencies of the scintillators. This was done using
cosmic radiation and a test-bench that can be seen in figure 29. It consisted of two
coincidence scintillators (CS1 and CS2), three discriminators, two AND gates using NIM
logic, and two scalers. The scintillator to be tested (TS) was placed between the two
coincidence scintillators. The efficiency of TS is then given by:

Eff =
CS1× CS2× TS

CS1× CS2
(31)



8.4 Data taking preparations 57

The efficiencies of the scintillators were measured at different positions, lengths from
the PMTs, to assure that there was no drastic change in efficiency due to attenuation
problems. The efficiencies measured “far away” from the PMTs ranged from about 94%
to almost 100%. S2 and S3 were exchanged to completely new and tested scintillators
and PMTs early on in the running, and S0 and S1 were fixed beamline scintillators which
were tested with beam particles to be working properly.
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Figure 29: The schematics of the scintillator test-bench.

The output from the beam chambers consisted of four cathode signals, Left, Right, Up,
and Down, which were used as stop signals. The time delays were measured by TDCs
which used the master trigger signal as a common start signal. The absolute position of
the particle was calculated from the following formulas:

X-position = (timeRight−timeLeft) × horizontalSlope + horizontalOffset
Y-position = (timeUp−timeDown) × verticalSlope + verticalOffset

The slope is given by the delay line and is approximately 0.2 mm/ns. The constant offset
is mostly determined by the propagation delay in cables and the properties of the chamber
electronics. The slope and offset was determined by sending a test signal to the inbuilt
calibration system in the chambers. This simulated spills of particles at three different
positions in the chambers, −30 mm, the centre, and +30 mm, see figure 30. The values
for the slope and offset were taken from the best linear fit to the response of these signals.
The active area of the chambers are 100x100 mm2.

8.4 Data taking preparations

Before any data taking could start a number of things had to be in place. The particles
arrived randomly within the spills without any timing (clock) from the accelerator, and
therefore a beam trigger had to be constructed. The beam trigger for the CTB consisted
of three scintillators, S1, S2 and S3, with a possibility to add other scintillators. The
trigger scheme can be seen in figure 31.

The analog signals from the scintillators were timed together using delay cables, and
converted to digital NIM pulses which were used to construct the trigger logic. A trigger
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Figure 30: Beam chamber calibration principle.
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Figure 31: A simplified schematic of the trigger logic. The Central Trigger Processor (CTP) is
emulated, except for the 25 ns run periods.

signal was generated when a beam particle traveled through and gave a signal in all the
trigger scintillators. This gave rise to a master trigger, and a Level 1 Accept (L1A), if
there was no busy signal. A busy signal meant that some part of the system was busy,
for example a detector ROD (Read-Out Driver) or one of the ADC/TDCs used to read
out the beamline instrumentation. A busy signal leads to a Level 1 Reject (L1R). The
master trigger was sent to the two VME crates, the common and the TileCal auxiliary
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crate, which contained the DAQ hardware for the beamline instrumentation, the small
extra em calorimeter and the TileCal LASER/LED system. The master trigger started
the TDCs, which worked in a common start mode, and opened up a gate for reading out
the ADCs.

In a few short periods the level 1 trigger was tested during special run conditions. The
SPS then provided a bunch structure “a la LHC” with a 40 MHz clock. Of course most
of the bunches didn’t contain any particles. During these run periods the beam trigger
was not used.

The L1A was broadcasted, via a Local Trigger Processor (LTP), to the different de-
tector RODs. The RODs then read out the information from the different detectors via
optical cables. The information from the the two VME crates were read out by a ROD
emulator. The data was sent from the RODs, via fast Gigabit Ethernet, to the ROS
(Read-Out System), which were PCs. From there the data was sent to the Event Filter
(EF) machine via a SubFarm Input (SFI) machine. At the EF level the different ROD
fragments were put together to an event, and then sent to storage via a SFI machine.
The read-out of all the detectors were controlled by a Data Flow Manager (DFM). The
data could be monitored online at different levels in the DAQ system by a special moni-
toring system running on a dedicated monitoring PC [42]. The DAQ system is shown in
figure 32.

DAQ Setup

ROD
emulator
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DATA
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Figure 32: The DAQ system at the testbeam.
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8.5 Beam quality

During running the signals from the beamline instrumentation as well as information
from the detectors could be sampled and presented in histograms with the monitoring
system. This provided a way to find any problems with the data taking. The rates from
the scintillators, the main trigger, L1A, and L1R could be seen during data taking on a
scaler. This provided an alternative and easy way of checking the trigger rates and beam
composition.

After a run was completed a full event reconstruction was performed on a sub-sample
of the data to check the quality. The variables looked at were for example, the total
energy in the calorimeters, and the LAr energy versus TileCal energy. From this one
could get a good idea about the number of electrons, pions and muons in the run. This
extra control made it possible to spot any problem and if possible rerun with the correct
beam settings.

Figures 33(a) and 33(b) show some examples of data with bad quality. Figure 33(a)
shows data from a run which was supposed to be pions, but is a mixture of muons, pions,
and electrons. The most likely explanation for the contamination of electrons was that
the target and absorber were setup incorrectly. Figure 33(b) shows data from a pion run,
which contains mostly muons. Muons will to some extent always be present in the data,
and the fraction of muons depends mainly on the beam energy, but also on the beam
settings. The muon content will be large if the collimators in the beam line are setup
incorrectly. If a muon beam is requested it can be achieved by selecting the appropriate
target/absorber and asymmetrically closing a pair of collimators.
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Figure 33: Examples of runs containing data with bad quality. The figures show the total
energy in the calorimeters.

Nevertheless the quality of the saved data varied a lot. Figure 34(a) shows the total
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energy distribution in the combined calorimeter for a pion run at 150 GeV which has a
large low energy tail, and figure 34(b) shows the total energy for the same run after an
applied muon cut. If the pions interact in some way in the beamline, they may loose
energy and give rise to the low energy tail seen. Figure 34(c) shows the S3 scintillator
signal after the muon cut, and it has a large tail implying that there was more than one
particle passing through S3 for those events. The events in the tail could come from pions
undergoing for example inelastic scattering. Figure 34(d) shows the total energy after
muon and quality cuts, and the low energy tail is almost gone. The quality cuts were
made on the beam scintillators and beam chambers (S1, S2, S3, SMH, and BC-1 to BC2).

Figures 35(a) and 35(b) show the total energy distributions, before and after muon
and quality cuts for a pion run with a good data quality. Figures 35(c) and 35(d) show
the x and y positions of the beam measured with beam chambers BC0 and BC2. The
beam profile measured by the beam chambers is good, the size of the beam is of the order
of 10 × 10 mm2. Beam chamber BC2 shows that there is a beam halo, but it contains
few particles and the size of the halo is also quite small. The quality cuts applied on the
beam chambers are simple rectangular cuts on the x and y coordinates, and also cuts on
BC2X(Y) – BC1X(Y) and BC0X(Y) – BC-1X(Y). These cuts remove events far from the
center of the beam and tracks with large angles to the beamline.

The beamline instrumentation can not only be used to select good quality data, but
also to identify particles. An example of how the signal in Cherenkov 2, on the very low
energy line, looks like is shown in figure 36(a). This is a very low energy run at 9 GeV,
which will contain a mix of all particles (muon, pions and electrons). The electrons
and pions can to some extent be separated using this Cherenkov. Figure 36(b) shows
the total energy in the calorimeters for all particles, and the particles selected using the
Cherenkov. The muons in the beam come from different sources, muons with the right
beam momentum selected in the VLE line, muons from the high energy beam line, and
muons from decaying pions. The SMV scintillator placed on the high energy line can be
used to remove some of the high energy muons, but unfortunately the efficiency of the
scintillator was not good enough to remove these muons. The muons can also be removed
using cuts on the different calorimeter layers, but at lower energies the muons start to
look like pions and electrons. The separation of the particles can be improved using TRT
information, when it is available. The muon spectrometer information might also be used
to remove high energy muons.
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Figure 34: An example of a run containing data with a quality problem.
(Run 2100274, η = 0.45, Ebeam = 150 GeV)
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Figure 36: An example of a Cherenkov signal. (Run 2101049, η = 0.35, Ebeam = 9 GeV)
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9 TileCal standalone performance

As a first step towards a combined calorimeter analysis, the performance of the Hadron
calorimeter in ”standalone” mode in the CTB has been investigated. The calorimeter
setup consisted of the electromagnetic calorimeter prototype module, and three hadron
barrel modules and three Extended Barrel (EB) modules. All the TileCal modules except
the barrel module at the bottom were production modules. When running with hadronic
extended barrel modules the distance from the barrel modules to the EB modules was
larger than the distance in ATLAS, 97 cm instead of 72 cm, see figure 37.
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Figure 37: Layout of TileCal during the extended barrel run periods.

9.1 Data sample

For the barrel run periods the following η values were covered: 0.2, 0.25, 0.35, 0.45, 0.55
and 0.65. At each η value pions of the following energies were analysed: 20, 50, 100,
150, 180, 200, 250, 320, 350 GeV. For the extended barrel run periods the following η
values were covered: 1.1 and 1.2. At each η value pions of the following energies were
analysed: 50, 100, 150, 180, 200, 250 GeV. The barrel runs were taken during different
run conditions. The runs at energies of 200 and 250 GeVwere taken during the combined
calorimeter run period. The runs at energies of 20, 50, 100, 320, and 350 GeV were from
the fully combined run period (including all the detectors). At 150 and 180 GeV data
were taken during both periods. The data was reconstructed using Athena release 9.1.2
with an incorrect pC/GeV factor of 1.1, and a correction was therefore applied to achieve
the correct factor of 1.05.
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9.2 The analysis

The response of TileCal to pions in a ”standalone” mode was studied in the following
way:

• Select good physics events, i.e. particles that are well collimated and have not
undergone any interactions in the beamline before reaching the calorimeters. This
was done using the beamline scintillators, S1, S2, S3 and SMH, and the four beam
chambers on the high energy line.

• Select pions that start to shower in TileCal. This was done by requiring that the
energy deposited in LAr and the cryostat scintillator (SC) was compatible with that
of a minimum ionizing particle (mip). For the extended barrel runs the scintillator,
called TileGap, situated on the EB modules (E1 and E2 in figure 37), was used
instead of SC.

• Remove the muons using the scintillator (SMT) situated after the table and the
beam-dump.

• The resolutions (µ/σ) was calculated for each point. At each η value the resolutions
are fitted as a function of energy to the the standard expression, σ/E = a/

√
E ⊕ b.

• The longitudinal shower profile was studied.

• The linearity and e/h ratio were investigated.

The pions will lose energy in the material, LAr plus cryostat, in front of TileCal. This
energy loss has been estimated and corrections to the obtained mean energies were applied.
However, the estimated energy loss is only a rough estimate, assuming that a pion at its
minimum of ionization behaves like a muon, and that the energy lost is independent of
the energy. The estimated energy loss is about 500 MeV at the lower η values in the
barrel, and about 700 MeV for the extended barrel points.

The energy in TileCal was defined as the sum of the energy in all cells with η > 0
for the resolution, and for the linearity and e/h studies there was an additional threshold
cut on each cell to reduce any noise effects. The mean and sigma were obtained in the
following TileCal standard way. The energy distribution was fitted with a Gaussian. Then
a second Gaussian fit is done ±2 sigma around the mean to obtain the final values. Two
examples of the energy distribution and the Gaussian fit are shown in figure 38.

9.3 Results

The resolution, σ/µ, is calculated for all points, and then at each η value the resolutions
are fitted as a function of the energy to the standard expression:

σ/E = a/
√
E ⊕ b (32)

where a represents the statistical fluctuations in the shower development, b is the constant
term which is dominated by the different response to em and hadronic shower components.
A third term, c, is often also added which represents the noise. However, the noise in
TileCal is low, due to a small number of large cells with low noise. Resolution fits with
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Figure 38: Examples of the pion energy distribution and the Gaussian fits to obtain σ and µ.

the c term was also performed to compare with results from older standalone testbeams
in 1997 [43] and 1998 [44]. In the 1997 testbeam EB runs at η values of 1.1 and 1.2 were
studied, and in the 1998 testbeam barrel runs at η values from 0.25 to 0.55 were studied.
In previous analyses c was fixed to 0.06 GeV, due to a strong correlation between the
a and c parameters. However, adding this term did not change the obtained resolution
parameters from the fit. The resolution fits are shown in figures 39 and 40. Only data
from the fully combined run period was used, but the parameters would not change very
much if one included the points from the combined calorimeter period in the fit. The
errors in the resolution fits include both statistical uncertainties and uncertainties on the
nominal beam energies. A change of ±50 MeV on the energy loss values will have very
small effect on the obtained resolutions, <∼ 0.3% of the obtained values for the 20 GeV
points and negligible for higher energies. The obtained resolution parameters together
with older results are summed up in table 4. The obtained values are in agreement with
the older testbeam results.

The longitudinal development of the pion showers was investigated by looking at
the mean energy deposited in each sampling layer. The same selection cuts as for the
resolution were applied. A cut was also applied on the total energy in the event to remove
empty or pedestal-like events, and reduce the impact of any very low energy tails. The
mean energy deposited in the layers change with increasing η value, in layer 3 it gets
lower and in layers 1 and 2 it gets higher. This is expected since at higher η values the
path length through the layers become longer, and the showers are also more contained.
The relative mean energy deposited in the layers for some different energy and η values
is shown in figure 41. The energy deposited in the last layer gives a hint to how large
the longitudinal energy leakage is. At η = 0.25 and 20 GeV about 5% of the total energy
is deposited in the last layer, and from 150 GeV the relative energy deposit in the last
layer stays at around 10%. At η = 0.65 the behaviour is the same, but the relative energy
deposit in the last layer goes from about 3% at 20 GeV to about 7% from 150 GeV.

Figures 42 and 43 show the obtained linearities together with results from the older
standalone testbeams. Only data from the fully combined run period are shown. The
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Figure 39: The energy resolution obtained at η = 0.2, 0.25, 0.35, 0.45.

obtained linearity values are generally good, and in reasonable agreement with the older
values, within 3% of each other. However, there are some discrepancies. The points at
20 and 50 GeV seem to be systematically to high and the 320 and 350 GeV values to
low. The logarithmic increase expected with energy due to the increasing em component
(π0’s) in the shower is therefore not so visible. The too high values at 20 and 50 GeV
might indicate that there are still noise effects, and one improvement would be to use
cluster energies instead. The values for the EB points are greatly effected by the very low
number of pions. The energy lost before TileCal was fixed for each η value. However, for
a muon there is a slight increase in the ionization loss with energy, although this effect
should be very small. A more detailed study using Monte Carlo simulations might be
performed to understand not only the energy loss in the LAr and cryostat, but also in
the other material upstreams of the calorimeters. However, any changes of the energy
lost before TileCal should be small, and mostly affect the low energy points. A change of
±50 MeV on the energy loss values would move the 20 GeV points with ±0.25% of the
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Figure 40: The energy resolution obtained at η = 0.55, 0.65, 1.1, 1.2.

obtained linearities.
During the combined testbeam it was not possible to get the electron response, since

the LAr calorimeter is in front. Nevertheless to obtain the e/h ratio we can try to fit the
values of E/Ebeam to this expression:

Emeas/Ebeam = c× (1 + (e/h− 1)0.11 ln(Ebeam) (33)

However, this expression is in principle only valid if the showers of the particles are fully
contained in the calorimeter. This is not the case, and the showers with a large hadronic
component will be less contained than those with a large em fraction. Containment
cuts could for example be done using the fraction of energy in the first layer, or using
the Muon Wall situated behind TileCal. Any containment cuts will of course affect the
obtained e/h value. For example using the Muon Wall to remove events with longitudinal
energy leakage will increase the measured mean energies, with a larger increase for higher
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η a [%] GeV 1/2 b [%] a [%] GeV 1/2 b [%]
0.2 55.2 ± 2.6 6.8 ± 0.2 – –
0.25 51.2 ± 1.9 5.8 ± 0.1 59.1 5.4
0.35 54.6 ± 1.8 5.6 ± 0.2 56.3 6.9
0.45 52.4 ± 1.7 5.4 ± 0.2 56.5 5.4
0.55 51.2 ± 1.6 5.2 ± 0.2 55.2 5.1
0.65 52.3 ± 2.0 5.1 ± 0.4 – –
1.1 57.7 ± 6.7 3.3 ± 0.9 46.7 5.3
1.1 51.7 5.1
1.2 38.0 ± 9.9 6.2 ± 0.5 43.7 4.8
1.2 49.9 6.0

Table 4: The first columns shows the obtained resolution at all η values. The left columns
show the results for the older standalone testbeams. At η = 1.1 and 1.2 two different prototype
modules were tested. When comparing the results with the older values one should consider
the different setups used, and the number of pions used to obtain the values. Especially at η =
1.1 and 1.2, where the number of events that are left after the selection is small and the longer
distance between the barrel and EB modules changes the η position to actually lower values.

energies, and thus increase the e/h value. However, this will change the fraction of pions
decaying electromagnetically since more events with a large hadronic component, which
have longer showers, will be removed than events with a large em component. There
is probably no correct way to obtain the e/h ratio. To compare with the older results
presented in this paper no containment cuts have been applied. The e/h fits for some η
values are shown in figure 44. The obtained e/h values are 1.13, 1.05, 1.13, and 1.14 for
η values 0.25, 0.35, 0.65, and 1.1, respectively. For the other η points the fits are worse
and the e/h values are around 1.05. The obtained values are lower than those from the
older test beams, which are 1.61, 1.39, 1.41, 1.38 and 1.48 for η values 0.35, 0.45, 0.55,
1.1, and 1.2, respectively.

The obtained e/h values and the comparison with the older values should be viewed
with some caution, as the beam energy was used instead of the electron response, and the
setup in the older testbeams, as modules and electronics, was different. The systematically
too high values at the low energy points as well as the too low values at the high energy
points will of course affect the e/h fit. Another concern is that TileCal have a more
complicated structure and e/π is a function not only of the energy but also θ and z. A
study that could be performed is to do the same analysis on data from the 2002 and 2003
standalone testbeams, since the TileCal setup during these years was more like the one in
2004. Unfortunately there were less number of η and energy points covered during those
testbeams. However, TileCal seems to be working fine, and the next step would be to
study the combined calorimeter performance to pions. LAr has in fact an even larger e/h
ratio than TileCal, but the effect of the non-linearity should not be overrated as offline
techniques, as the H1 weighting method [45] has proven to be efficient in reducing this
effect.
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Figure 41: Shower profiles at energies of 20, 100, 180 and 350 GeV, for η = 0.25, 0.45, and 0.65.
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Figure 42: The linearity obtained at η = 0.20, 0.25, 0.35, and 0.45. The filled triangles are
results from the new data, and the open rings are results from old data. All the points are
normalized to the 100 GeVpoint.
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Figure 43: The linearity obtained at η = 0.55, 0.65, 1.1, and 1.2. The filled triangles are results
from the new data, and the open rings are results from old data. For η values 1.1 and 1.2 the
open rings and squares refer to the two different modules tested. All the points are normalized
to the 100 GeVpoint.
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Figure 44: The e/h ratio obtained at η = 0.25, 0.65, 1.1, and 1.2. Parameter p0 is the e/h
value, and p1 is the constant c.
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The year 2000 was the last year of running the LEP collider and thus also the last year of
data taking for the DELPHI detector. That year LEP reached its highest centre-of-mass
energy of almost 209 GeV. Searches for supersymmetry were performed using all the data
taken in the last years of DELPHI operation. No signal was found in any of the searches
and the results were interpreted in terms of model independent limits on the production
cross-sections of various sparticles, as a function of their masses. The obtained upper
limits on the cross-section for χ̃0

1χ̃
0
2 production, when χ̃0

2 → Z∗χ̃0
1, vary with masses of the

neutralinos involved and typically range between 0.05 and 0.8 pb. The obtained upper
limits on the cross-section for χ̃0

i χ̃
0
j production (i = 1, 2, j = 3, 4), when χ̃0

j → χ̃0
2qq̄ and

χ̃0
2 decays to χ̃0

1qq̄ or χ̃0
1γ, vary with the masses of the neutralinos involved and typically

range between 0.1 and 10 pb or 0.05 and 0.2 pb for χ̃0
2 → χ̃0

1qq̄ and χ̃0
2 → χ̃0

1γ, respectively.
A large part of the accessible parameter space in the CMSSM-SUGRA and minimal

AMSB scenarios has been excluded, and lower limits on the sparticle masses have been
set. In a CMSSM-SUGRA scenario with gaugino and sfermion mass unification at the
GUT scale the lower mass limit for the LSP (χ̃0

1) is 45.5 GeV/c2 for any m0, tanβ ≤ 40
with Aτ=Ab=At=0. In the minimal AMSB scenario, the lower mass limit for the LSP
(χ̃0

1, which is nearly mass degenerate with the χ̃±
1 ) is 68 GeV/c2.

The ATLAS combined testbeam stopped taking data in November 2004. About 90 million
events were taken, with various configurations, particles and energies. The data taking was
in itself a test and a great success. A small summary of the accomplishment follows. The
integration of all detectors in a common read-out, using ”final” electronics and RODs.
The full DAQ chain, Detector Control System and configurations database were used.
Level 1 trigger studies were performed during the 25 ns run period. Offline reconstruction
and simulation programs are being improved, and of course the analysis of the data is well
under way, and will continue for a long time. The analyses will hopefully verify detector
performances, in standalone and combined modes, and alignment and calibration studies
will be performed.

The data from the combined testbeam were used to investigate the performance of the
hadronic calorimeter in a ”standalone” mode for pions at various pseudorapidities and
energies. The energy resolutions and linearities obtained were found to be comparable
with results from earlier hadronic standalone testbeams. The obtained resolutions were
about σ/E = 52%/

√

E [GeV]⊕5%. The next step would be to do a combined calorimeter
analysis, and compare the results with Monte Carlo simulations. Techniques to compen-
sate for leakage and lost energy in the cryostat should be applied. More advanced energy
reconstruction techniques should be used and investigated.
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A Limit setting in searches for new particles

For new particle searches the observed number of events, n, is the sum of the desired
signal events and the number of background events, nb [46].

n = nb + ns (34)

Both nb and ns are regarded as Poisson variables with mean µb, which is assumed to
be known, and µs. n is the sum of two Poisson variables and is therefore itself a Poisson
variable with the probability function:

f(n;µs, µb) =
(µs + µb)

n

n!
e−(µs+µb) (35)

The Maximum Likelihood estimator for µs is then:

µ̂s = n− µb (36)

Using a classical confidence interval an upper limit µup
s at a confidence level of 1 − α is

obtained from:

α = P (µ̂s ≤ µ̂obs
s ;µup

s ) =
∑

n≤nobs

(µup
s + µb)

n

n!
e−(µup

s +µb) (37)

However, a problem occurs when the number of observed events, nobs, is small compared
to the expected number of events. Then, only negative solutions for µup

s exist. To avoid
this problem a Bayesian method may be used to set upper limits. In this approach the
likelihood function is given by the probability function 35, and regarded as a function of
µs.

L(nobs;µs) =
(µs + µb)

nobs

nobs!
e−(µs+µb) (38)

The Bayesian method is based on Bayes’s theorem, which relates the conditional proba-
bilities P (A|B) and P (B|A), where A and B are subsets in a sample space S.

P (A|B) =
P (B|A)P (A)

P (B)
(39)

The denominator is determined by the “law of total probability”:

P (B) =
∑

all A

P (B|A)P (A) (40)

Using Bayesian statistics one relates the pre-data knowledge of the parameters (the prior
probabilities) to the post-data knowledge of the parameters (the posterior probabilities).
The posterior probability density function, PDF, for µs, obtained using Bayes’s theorem
is then:

P (µs|nobs) =
L(nobs|µs)π(µs)

∫∞
−∞ L(nobs|µ′

s)π(µ′
s)dµ

′
s

(41)
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Now, Bayesian statistics does not supply any fundamental rule for determining the prior
probability density, π(µs), which reflects the experimenter’s subjective degree of belief
about µs before the measurement was carried out. π(µs) is usually taken to be:

π(µs) =
0 µs < 0
1 µs > 0

(42)

An upper limit µup
s at confidence level 1− α can then be obtained by requiring:

1− α =

∫ µup
s

0

P (µs|nobs)dµs =

∫ µup
s

0
L(nobs|µs)π(µs)dµs

∫∞
0
L(nobs|µ′

s)π(µ′
s)dµ

′
s

(43)

where the lower limit on integration is zero because of the cut-off in π(µs). The Bayesian
limit is always is positive, and is always greater than the classical limit. The Bayesian
and classical limits rapidly approach each other when nobs becomes large.

Now consider the case of making contour plots of the upper limits on the production
cross-sections, σup, in the neutralino massplane (Mχ̃0

1
Mχ̃0

2
). For each contour (i.e. σup

considered) the number of expected signal events, µsexp
, in a point in the massplane is

calculated from the luminosity and the signal efficiency in that point (µsexp
= σupεsL).

Then using equation 43, replacing µup
s with µsexp

, the minimum confidence level (CL) at
which this point is excluded can be calculated.

CL =

∫ µsexp

0
e−µs(µs + µb)

nobsdµs
∫∞
0
e−µs(µs + µb)nobsdµs

(44)

Tracing out the contours where 1 − α = 0.95 gives the boundary of the region excluded
at 95% confidence level.

In the general case when there are many independent channels (different energies,
search topologies or ∆M regions) equation 38 has to be extended to [32]:

L(nobsi
|µsi

) =
∏

all i

(µsi
+ µbi

)nobsi

nobsi
!

e−(µsi
+µbi

) = e−(µs+µb)
∏

all i

(µsi
+ µbi

)nobsi

nobsi
!

(45)

where i runs over all channels. Equation 44 then generalizes to:

CL =

∫ µstot

0
e−µs

∏

i(µs · pi + µbi
)nobsidµs

∫∞
0
e−µs

∏

i(µs · pi + µbi
)nobsidµs

(46)

where µstot
is the total number of expected signal events, pi is the fraction of signal events

in channel i, µbi
and nobsi

are the expected number of background events and number of
observed events, respectively, in channel i. SUSY points with CL>0.95 are excluded at
95% confidence level.
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