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Abstract

Mark Musashi Hashimoto

This thesis presents an exclusive analysis of the mSUGRA coannihilation region di-
tau “golden” decay chain using Monte Carlo simulations of the ATLAS detector. The
aim of the analysis is to reconstruct the invariant mass distribution of the two taus
which arise from this chain, M, ;, and to estimate the distribution’s endpoint. The
determination of this endpoint is very important for ascertaining whether the mSUGRA
coannihilation region is the correct description of the universe, and then for determining
the model’s parameters. The first tau of this decay chain is relatively hard and it is
efficiently reconstructed by the standard ATLAS tau reconstruction algorithm. On the
other hand the second tau is very soft, and as such it is inefficiently reconstructed due to
the algorithms’ relatively high seed thresholds and stringent identification requirements.
We develop a new analysis specific method for reconstructing this soft tau which employs
a number of novel techniques, and which is optimised for the low energy region. We
find that by using the two algorithms to reconstruct the respective taus, we are able to
reconstruct the M, ; endpoint better than by simply using the ATLAS algorithm for
both of them. We obtain a final result of M, ; cnapoint = 58 = 16 (stat) £ 5 (sys) GeV
at the ATLAS coannihilation reference point with Ecys = 10TeV and an integrated
luminosity of 63 fb~1.
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Chapter 1

Theory and Motivation

For the few hundred years since the birth of Science scientists have striven for ever
deeper intuition and understanding of the mechanisms which give rise to the observed
dynamics of the universe, backed up by a rigorous and uncompromising demand for
experimental verification. The story of science, and in particular of the fundamental
studies of physics, has been a ever deepening probe in to the structure of the material

universe and the dimensions within which it manifests.

It has also been a story which may begin with the study of individual and seemingly
disparate phenomena, but always leads to a deeper and more general understanding
of the ways in which these seemingly unrelated phenomena , at their base, follow the
same patterns which arise from the same general laws. It is a story of descriptions
of very limited scope, being combined or generalised to a description of more general

applicability.

The standard model of particle physics as developed and rigorously tested in the latter
half of the twentieth century is the culmination of these efforts, and describes to an
extreme accuracy a great deal of the structures and dynamics of the universe. At the
same time it is widely agreed that this theory can not be a “final” description of the
universe. It’s most blaring emission is any mention of the force with which the whole
enterprise of physics began, gravity. Besides this though there are a number of other
unsatisfactory aspects to the theory which are signs that the path is wide open for
the next step in the development of particle physics. This new physics is expected
to manifest at the newest generation particle accelerator facility at CERN, the Large
Hadron Collider (LHC), thus it is widely predicted that the next tens of years will yield

a new paradigm for particle physics development.
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This chapter will begin with a general description of the standard model which will
culminate with a discussion of its deficiencies which are the motivation for the quest for
a new theory. This will lead on to the discussion of one of the most promising theoretical
candidates for beyond-the-standard-model physics, so-called “supersymmetry”. The
focus will be on the minimal gravity mediated version of the theory, and also only on a
particular region of its parameter space, the so-called coannihilation region. This will set
the context for the next chapter which is devoted to the discussion of the Large Hadron

Collider experiment, and one of it multi-purpose detectors, the ATLAS detector.

1.1 The Standard Model

1.1.1 Overview

The standard model (SM) of particle physics was developed in the 1970s and is a theory
which describes the structure and dynamics of the fundamental constituents of matter
by combining two of the most important breakthroughs of the early twentieth century,
namely special relativity and quantum mechanics. The result is a description of both
matter and the forces which govern them in terms of point like particles (matter) ex-
changing other point like particles (the forces). The theory predicts that these particles
possess an internal degree of freedom which exhibits many of the properties of angular
momentum, and thus is named “spin”. The amount of spin which the particle possesses
determines whether it is a matter particle, or “fermion” (half integer spin), or a force

particle, or “boson” (integer spin).

It is understood that in the present universe there are four distinct forces which mediate
all interactions of matter: The so-called strong and weak forces, which, due to their
extremely short range are unfamiliar to our everyday experience, and the electromagnetic
force and gravity. The SM is actually an internally consistent combination of two so-
called “gauge field theories”, quantum chromodynamics (QCD) which describes the
strong force, and quantum electroweak theory, which is a unified description of the
electromagnetic and weak forces. As mentioned above the SM does not describe the
gravitational force and its best description is still Einstein’s theory of general relativity,
which is laid out in a seemingly completely distinct formalism to its standard model

counterparts.

One subtlety of the SM is in its description of mass. Directly incorporating mass terms
in to the SM Lagrangian breaks its gauge invariance resulting in a theory with diverging
parameters which are not recoverable through renormalisation. It is obvious that parti-

cles indeed do have mass though and so a different mechanism is required to describe it
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‘ Generation 1 2 3 ‘ Charge ‘ Mass ‘
e 7 T -1 511keV, 105.7MeV, 1.78GeV
Leptons , ,
Ve vy v, 0 < 2eV

Quarks

u c £ +2/3 | 1.5 — 3.3MeV, 1.27GeV, 171.3GeV
a) \s) b ~1/3 | 3.5—6.0MeV, 105MeV, 4.20GeV

TABLE 1.1: The Standard Model particles listed by lepton/quark category, and by
generation, and grouped in to their doublets. The electric charge and the masses of the
particles are included. [1]

within the theory. The best candidate for this is the so-called Higgs mechanism whereby

particles gain mass through so-called “spontaneous symmetry breaking”.

The standard model has been extremely rigorously tested over the past few decades at
ever higher energy particle accelerators and other experiments, and the result of every

test has found to be consistent with it.

1.1.2 Matter and Forces

The fermions of the SM can be distinctly divided in to two categories: those which feel
the strong force (quarks) and those which don’t (leptons). These are further subdivided
in to three so-called generations with each successive generation having larger and larger
masses. The origin of this three generation structure is not understood and is one of a
number of unsatisfactory (though not invalidating) aspects of the SM. The second and
third generations are inherently unstable and decay very quickly to the first generation
meaning that virtually all of the matter in the universe is composed of the first gener-
ation fermions. The matter particles grouped by category and generation are shown in
Table 1.1

As alluded to above the standard model is a “gauge theory” of matter and forces. Forces
naturally arise out of the gauge formalism when the Lagrangian that describes the matter
field is required to be invariant under certain local transformations. The forms of these
transformations are not necessarily self-evident but have been motivated by experiment.

Here a local transformation means that the transformation is space-time dependent.

The simplest example to consider is the local U(1)g gauge transformation for the QED
electron field, where the ) denotes that the conserved quantity in the interaction is the
electric charge. The form of this transformation is ¥ — (@), where the = dependence
makes explicit the local nature of the transformation. This particular transformation
corresponds to a simple local rotation of the phase of the electron field. In order to

maintain the invariance of the Lagrangian under this rotation a term is added which



Chapter 1. Theory and Motivation 4

describes an interaction with a massless boson, a so-called “gauge boson”. This boson
turns out to be the photon which is the mediator of the electromagnetic interaction.
The interaction of matter and forces thus arises very naturally out of a symmetry of the

Lagrangian.

A similar procedure is followed for deriving the weak interaction, except that this time
the fermions are grouped in to so-called doublets (see Table 1.1). These doublets share a
similar behaviour under the weak interaction so that, for example, a charged lepton can
emit or absorb a W boson and convert in to the corresponding neutrino. The analogue
of electric charge for the weak interaction is the “weak isospin”, which is conserved in
the interaction. The gauge transformation for the weak interaction is SU(2), and the
result this time is three vector bosons. Of particular interest for the weak formalism is
the vector-axial form of the interaction, %(1 — 75), which only selects the left handed
components of the particles (right handed components of anti-particles) , thus violating

the parity symmetry.

The unification of the electromagnetic and weak interaction is achieved by requiring
invariance of the Lagrangian under the gauge group SU(2)r x U(1)y, where the sub-
script L makes explicit that only the left handed components of the particles transform
under SU(2) and the subscript Y indicates that the U(1) transformation of this unified
electroweak group is not the same as the QED group discussed above, and the conserved
quantity is the so-called “weak hypercharge” (Y). This procedure results in 4 massless
vector bosons, Wﬁ’2’3 coming from the SU(2); symmetry group and B, coming from

the U(1)y group.

The strong force only affects the quark sector of the SM particles and it conserves
so-called “colour” charge. Each quark (anti-quark) listed in Table 1.1 comes in three
varieties of this colour. Their interaction arises from imposing invariance under the
SU(3) symmetry group. From this arises the eight massless QCD gluons which mediate
the strong force between the quarks. Of particular interest is the non-observation of
free quarks or gluons which leads to the idea of “colour confinement”, the mechanism

by which quarks are bound in to colourless hadrons.

1.1.3 Mass and the Higgs mechanism

Up to this point we have only discussed gauge particle theory in terms of massless
fermions and bosons. Of course many of the fermions and bosons do have mass and
in particular, the masses of the vector bosons which mediate the weak force have been
shown through precise measurements at the Super Proton Synchrotron (SPS) collider

in the 1980s to be rather large. A naive approach for generating masses for the weak
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bosons would be to explicitly add mass term for them to the Lagrangian. Such mass
terms in the Lagrangian do not respect the SU(2) x U(1) gauge symmetry and lead to

a non-renormalisable theory.

A different approach is to generate mass through the so called “Higgs Mechanism”. The
basic idea of this approach is to introduce mass terms in to the Lagrangian byway of
introducing a new field, which is an SU(2) doublet (and as such has four degrees of

freedom). This field has a potential of the form

V(®) = —p2®I " + \(®] )2 (1.1)

(2, A > 0) which has a local maxima at ® = 0 and thus a non-zero vacuum expectation
value. Instead there are infinite degenerate minima of the potential at ®T® = %;ﬂ /A
This is the famous “Mexican hat” potential. “Spontaneous symmetry breaking” occurs
when we choose a particular minimum around which to perform the expansion of ®.
Reinserting this expansion in to the Lagrangian turns out to result in one of the degrees
of freedom of the Higgs field becoming a massive boson of mass My = v2u ' . The
remaining degrees of freedom mix with the massless electroweak vector bosons to result
in 3 massive weak vector bosons (W* and Z) and the massless electromagnetic boson

(the photon).

The masses of the W bosons are predicted to be
mw = gav/2 (1.2)

where g5 is the coupling strength of the bosons Wﬁ, and v = p/ VA. The mass of the Z
boson is related to myy via

myz = myy/ cos Oy (1.3)

where tan 6y = g1/g2 is the ratio of the coupling constants for the bosons B, and W,ﬁ
O, or the Weinberg angle, is a measure of the amount of mixing between B, and Wﬁ’
This ratio is one of the predictions of the Higgs theory which it has been possible to test
(though the Higgs boson itself is still elusive).

The generation of mass for the massive fermions is achieved by adding so-called Yukawa

terms to the Lagrangian of the form

‘Cyuk’awa = _Geééq)ieR + h.c. (14)

! 1 is a free parameter of the theory and as such the Higgs mass is not determined.
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where h.c. denotes the hermitian conjugate. This is an interaction between the left
handed electron doublet, the right handed electron and the scalar doublet ®;. G, is a
coupling constant which parameterises the strength of the interaction and is determined
by experiment. Substituting the expansion of the Higgs field in to the above equation
yields mass terms like —G.v/ /2 x ee where we can see that the mass of the fermion is
proportional to the Yukawa coupling G.. Thus we see that the strength of the Higgs
coupling for fermions is proportional to the mass of the fermions (square of masses for

vector bosons) which is a characteristic feature of the Higgs coupling.

1.1.4 The tau lepton

Of particular importance to this study is the SM tau lepton (symbol 7) so some details
of it follow. The tau is the 3rd generation equivalent of the electron and similarly has a
corresponding neutrino v-. The tau itself was discovered in 1975 by Martin Lewis Perl
et al. at the SPEAR electron-positron collider ring at SLAC using the LBL magnetic
detector [2]. The current combined experimental value of its mass is 1776.84 £0.17 MeV
while its mean lifetime is (290.6 & 1.0) x 1071 s (¢c7 = 87.11um) [1]. This appreciable
lifetime means that the decay length significance is expected to be appreciable at the
ATLAS detector, and measurements of it are expected to help to discriminate taus from

background objects (see Section 4.2.7.3).

The large mass of the tau means that it is the only lepton which can decay to hadrons,
and as such it has a rich spectrum of decay modes. The main decay modes are listed in
Table 1.2 but they can be succinctly summarised as follows. All tau decays are via the
weak interaction and in order to conserve lepton number a tau neutrino always results
which escapes detection. The tau goes to leptons about one third of the time (half
muon, half electron) while the remaining two thirds go to hadrons. As will be described
in Section 4.2.7.1 it is these hadronic modes which are the measured signal for most tau
measurements at ATLAS. Of these about 70% are so called “single prong” where the
tau decays to a single 7% plus some number of 7°, while 21% are “three prong” where
the tau decay to 3 7T plus some number of 7°. There are a small fraction of analogous
K* modes and some small fraction of higher odd number prong modes which are not

included in the table.

1.1.5 Problems with the Standard Model

We conclude this review of the SM with a description of the problems which it has.
These problems form the motivation for the development of SUSY, which is the subject

of the next section.
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| DECAY MODE | BRANCH |

ULy (17.36 + 0.05)%
e Velr (17.85 4+ 0.05)%
T Ur (10.91 £ 0.07)%
71, (25.51 & 0.09)%
720, (9.29 +£0.11)%
2wy, (9.32 +£0.07)%
2~ tnlu, (4.61 £+ 0.06)%

TABLE 1.2: The main tau decay modes and branches [1]. Modes are listed for 7, but
the exactly analogous modes exist for 7.

As mentioned before, prior to any internal problems with the SM, there is the “elephant
in the room” problem that it completely ignores the gravitational force. If one assumes
that all of the fundamental constituents of the universe are describable under one “theory
of everything”, then this problem alone is enough to lead one to believe that the SM is

incomplete.

Other features of the universe which the SM fails to address are the dark matter (23%
of the energy of the universe), and the dark energy (72% of the energy of the universe),

which are both experimentally observed phenomena.

Another “problem” with the SM, is not exactly a problem, but an issue of the displea-
sure that one feels at the seeming arbitrariness of such features as the number of free
parameters of the theory (19) and the 3 generation structure of the fermions. In anal-
ogy to the periodic table structure, one is drawn to believe that there is some deeper

underlying and more “simple” structure which is responsible for these features.

Finally the major internal feature of the theory which leads one to the “incomplete”
hypothesis is the so-called “hierarchy problem”. There are a number theoretical and
experimental arguments which place constraints on the Higgs mass. These suggest that
the mass should be somewhere in the range 130-190 GeV. Unfortunately for the SM a
fermion of mass m; and Yukawa coupling A; contributes to the square of the Higgs mass

via

P

AMf = =2

2
Apy +--+) (1.5)
where Ayy is the so-called “ultra-violet cut-off” and is the energy scale at which new
physics enters. Summing these contributions leads to quadratic divergences in M 1%1 and,
if we set Ayy to the Planck scale, a large Higgs mass results. The only way to avoid
this problem within the SM model requires a high level of fine-tuning which leads one

to seek other solutions to the problem.
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1.2 Supersymmetry

1.2.1 Overview

As mentioned in the previous section, there are a number of issues with the SM which
form the motivation for theoretical extensions to it. The most popular and promising

of these extensions is supersymmetry. [3]

We have seen in the formulation of the SM model the important role that symmetries
and their breaking mechanisms have played. Supersymmetry extends these ideas to en-
compass a new symmetry; It is posited that the universe respects a symmetry between
fermions and bosons. In terms of the theoretical formulation, this is equivalent to say-
ing that the theory is invariant under a operator which transforms fermionic states to
bosonic states ¢.e. an operator which changes half integer spin particles in to integer
spin particles, and vice versa. Thus in an unbroken supersymmetric model, every SM
fermion has a bosonic “superpartner” with the same mass and quantum numbers, and

vice versa.

One of the main reasons that it is expected that some form of supersymmetry will be
correct is that it solves the above-mentioned hierarchy problem in a natural way. It turns
out that the new superpartner states of the SM fermions can add radiative corrections
terms to the Higgs mass which cancel the terms coming from the SM fermions, thus

rendering the Higgs mass safe from such corrections.

Another attractive property of supersymmetry is that it allows the gauge coupling
strengths of the SM to become unified at the GUT scale. This comes about since
the running of the gauge coupling strengths from the electroweak to the GUT scale is
dependent on the particles which are manifest over that energy range. If SUSY exists
at the electroweak scale then these runnings are affected in such a way the three cou-
plings converge at the GUT scale. It is expected that in the Grand Unified Theory these
coupling constants should unify at the GUT scale. This is a very compelling piece of

theoretical evidence for weak scale supersymmetry.

Finally supersymmetric theories which respect R-parity (see Section 1.2.3). provide an
excellent candidate for dark matter. This is because the lightest supersymmetric particle
(LSP) is required to be stable, and, given that it has the correct properties, such as being
neutral, it can explain the observed excess in mass in the universe above that which is
visible. We will see in section Section 1.2.6 that requiring the LSP to be the dark matter

particle helps to constrain the phase space of supersymmetric models.
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‘ Particle ‘ Symbol ‘ Spin H Superpartner ‘ Symbol ‘ Spin ‘

Quark | g % Squark q 0
Lepton | [ % Slepton l 0
W w 1 Wino 14 Z
B B 1 Bino B %
Gluon | g 1 Gluino g %
Higgs | Hy,Hy | O Higgsino H, Hy |1

TABLE 1.3: The particle spectrum which results from the MSSM.

1.2.2 The Minimal Supersymmetric Standard Model

The minimal supersymmetric standard model (MSSM) is the supersymmetric extension
to the standard model which results in the minimum number of extra particles. These
particles are listed next to their SM counterparts in Table 1.3. The names of the super-

partners of fermions are given by placing an “s” in front of the fermion name, while for

(4%

the bosons the name is suffixed with an “ino”. Superpartners are denoted symbolically

by placing a tilde over the corresponding particle symbol.

While the doubling of most of the SM particles is relatively simple, the Higgs requires
special attention. It turns out that a single Higgs is not sufficient in the MSSM to
explain the coupling between the Higgs and up and down type quarks. Instead it is
required that there are two complex SU(2)r doublets h, and hy; where the subscripts
u and d denote that each Higgs couples to up and down type quarks respectively. This
then results in eight degrees of freedom for the Higgs sector, and, when electroweak
symmetry breaking occurs within the MSSM framework, three of these mix with the W
and B bosons to give W*, Z while the remainder become Higgs scalar mass eigenstates
which are denoted h?, H, A® and H*.

Below is listed the ways in which all of the SUSY states listed in Table 1.3 mix to form
the physical eigenstates. Note that the subscripts L and R refer to the superpartner
of the respective chiral components of the SM fermions (the superpartners do not have
chiral components since they are spin zero). Also note that the mixing in the squark
and sfermion sectors is typically proportional to the mass of the associated SM fermion,

and thus it is large for the third generation.

HO, HY, HY, Hy — 1O, HO, A°, FT* (Higgs)
EL) ERa BLa BR - 517 2?27 517 62 (Stop/Sbottom)
T, TR — T1,72 (Staus)

BY WO, ﬁg,ﬁg — X9, %9, X3, X4 (Neutralinos)
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W* HFf, H; — X{. X5 (Charginos)

1.2.3 R-parity

R-parity is defined as

Pg = (—1)3(B-1)+2s (1.6)

where B is baryon number, L is lepton number and s is spin. It is introduced in to the
MSSM as a conserved multiplicative quantum number assigned to each particle in order
that such phenomena as the measured lower limit of the proton lifetime can be explained.
The SM particles acquire an R-parity of +1 while the SUSY particles acquire an R-parity
of -1. Conservation of R-parity has a number of consequences for the phenomenology of

SUSY events, of which the most important are listed below:

1. In accelerator collisions sparticles must be created in pairs
2. The LSP must be stable

3. All sparticles must decay to states with an odd number of sparticles (usually one)

1.2.4 SUSY breaking

If the supersymmetry were a perfect symmetry of nature, then the masses of the super-
partners would be exactly the same as those of their SM counterparts, and thus they
would have already been observed in collider experiments (no spin 1 particle has ever
been observed with the same mass as the electron). Thus, in order to remain viable, the
supersymmetry must be broken somehow, resulting in the masses of the superpartners
becoming large. This is analogous to the spontaneous symmetry breaking of electroweak
theory. In order to break the supersymmetry without spoiling the desired cancellations
to the radiative corrections of the Higgs mass, the mass differences between the SM and
SUSY particles must not be too large. Thus the breaking terms must be “soft”. It is
thus postulated that the breaking is mediated to the MSSM from a “hidden sector” of
particles where these particles have little or no direct coupling to the supersymmetric

particles. The SUSY Lagrangian can thus be written

L = Lsusy + Lsoft (1.7)
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where the Lsygy component is invariant under supersymmetry, while the £,,¢; com-
ponent breaks it by introducing mass terms for the sparticles. This soft component

introduces an unwieldy 105 new parameters to the theory.

Though supersymmetry is required to be broken in order to result in the large sparticle

masses, the exact mechanism of this breaking is open to speculation.

1.2.5 Minimal supergravity

One popular candidate for mediating supersymmetry breaking is so-called “supergrav-
ity”. Here we focus on the minimal supergravity model (mSUGRA) which is the SUSY
model studied in this thesis. In this scheme the breaking is mediated from the hidden
sector by the graviton. A number of constraints are placed on the MSSM which results

in the theory being parametrised in five variables. They are

e my: The universal scalar mass at the GUT scale.
e my/5: The universal gaugino mass at the GUT scale.

e Ag: The universal trilinear coupling strength of sfermions and Higgs at the GUT

scale.
e tan 3: [ is the ratio of the VEVs of H, and H,.

e sign(u) The sign of the Higgsino mass parameter.

One of the attractive features of the mSUGRA model, and the reason why it is the
focus of a large portion of SUSY phenomenological research, is its predictive power from
just these five variables. Furthermore a number of constraints can be placed on these
variables from existing experimental data. One of the important open areas of the phase
space is the so-called “coannihilation region”, which is the focus of this study, and which

is the subject of the next section.

1.2.6 The coannihilation region
1.2.6.1 Experimental constraints on mSUGRA phase space
As mentioned above the mSUGRA phase space can be constrained by existing exper-

imental data. The strongest of these constraints, given that the LSP is the source of

dark matter, is provided by the WMAP satellite which has measured the dark matter
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density to be Qcparh? = 0.1126f8:8%g% .[4] Given some input parameters to mSUGRA,
the density of the LSP arising from the processes in the early universe can be calculated,
and this is required to be consistent with the measured value. Other constraints on the
phase space include the lower limit placed on the mass of the lightest charged sparticle
provided by direct SUSY searches, the lower limit on the Higgs mass from direct Higgs

searches, and the measurement of b — sv decay.

Figure 1.1 show the allowed regions of the mSUGRA phase space under these constraints
where for this plot, tan § has been set to 10, sign(u) > 0 and Ag = 0. The thin strip
allowed right on the border where the LSP becomes charged (becomes the stau) is known
as the “coannihilation region”. In this border region the lightest neutralino becomes near
mass degenerate with the stau. It is for this reason that the region is allowed, since,
when the masses of these two particles are near degenerate, their coannihilation in the

early universe is efficient enough to account for the observed amount of dark matter.

100 200 300 400 500 600 700 800 900 1000

my, (GeV)

FiGUrRE 1.1: The constraints on the mSUGRA phase space provided by existing
experimental data. For this plot tan 8 = 10, 4 > 0 and Ag = 0. The dark blue regions
are the allowed regions from the WMAP measurement of the dark matter density (the
lighter blue is the region that was constrained by the data previous to WMAP). The
brown shaded areas are where the LSP is charged. Green regions are disallowed by
b — sv measurements. Pink regions are favoured by measurements of the anomalous
magnetic moment of the muon. Also included are the constraints provided by the lower
limits on the Higgs mass (114GeV) and the xi mass (104GeV). [5]
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‘ ‘ Mass[GeV] H ‘ Mass[GeV] ‘
g 829

iy 761 Up 736
dr, 765 dr 734
b1 702 bo 732
ty 565 to 756
I 252 lr 153
1 147 T 253
L 237 Uy 235
O 140 %) 262
O 462 el 480
b%i 262 o 479

TABLE 1.4: The ATLAS coannihilation region reference point mass spectrum (Isajet
7.79), where 4 ~ ¢, d ~ 3, é ~ i =1 and 7, ~ I, = V.

1.2.6.2 The coannihilation region reference point used for this analysis

For this study the following parameter point in the coannihilation region was used

e mo="70GeV

o my = 350GeV

e tanf =10 (1.8)
e A=0

o >0

This is the standard ATLAS coannihilation region reference point (known in ATLAS
parlance as “SU1”). It has a cross section of 2.58 pb at Ecpr = 10TeV, which is the
LHC collision energy used for this study (see Section 4.1).

Table 1.4 lists the resulting mass spectrum for this point while Table 1.5 lists the coan-
nihilation region decay branches which are most relevant for this analysis. In particular
we note the small mass difference between the 71 and the )Z? which, as discussed above,
allows for the efficient coannihilation of these two particles in the early universe. On the
other hand, from a collider experiment point of view, it means that a 71 produced in a
collision will decay to an extremely soft tau. It is the reconstruction of this very soft
tau, and the resulting reconstruction of the “golden decay” M spectrum endpoint,

which is the focus of this thesis (see Section 3.2.1).
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‘ ‘ Decay ‘ BR H Decay ‘ BR ‘
Gr,q | 19% | 4o — x9,q | 31-32%
Groq | 3% | Gr— X3.q | 3%
| by,b [ 16% || by — X9,0 | 23%
bo,b | 10% || by — X%,0 | 8%
t~1,t 18% t~1 — )zg,t 15%
to — )N(g,t 10%

‘ Decay ‘ BR ‘ Decay ‘ BR ‘

lr,l1 7% | g, 3%
X9 | 71,7 21% | 7o, T 3%
vr,v | 38% | ey vr | 23%

‘ Decay ‘ BR ‘
[ 7 — %0, 7 [ 100% |

TABLE 1.5: The relevant decay branches of the ATLAS coannihilation region reference
point (Isajet 7.79).



Chapter 2

The LHC and the ATLAS

detector

Since its inception in post-war 1950’s Europe, the European Organisation for Nuclear
Research (CERN) has been one of the main focus points for high energy frontier funda-
mental physics, and international scientific collaboration. Its experiments have pushed
the boundaries of our fundamental knowledge of the universe for the last fifty years with
a number of them resulting in Nobel Prizes. At the end of 2009 after a couple of tech-
nical hiccups the Large Hadron Collider (LHC), the latest of these great experiments
came online and was able to successfully circulate and collide beams at a world record
setting energy of 1.18 TeV per beam. The following chapter gives a brief outline of this
machine, followed by some technical details of one of its multipurpose detectors, the
ATLAS detector.

2.1 The LHC

The LHC is a high energy proton proton collider constructed in the old LEP experiment
tunnel which is 27km in circumference and approximately 100 metres below the Franco-
Swiss border. It has a design proton-proton collision energy of 14TeV with a peak

25! making it the worlds most powerful particle accelerator, by

luminosity of 1034cm™
a factor of seven in energy and 100 in luminosity. These beams will be collided at
the locations of the four main detector around the collider ring. Prior to the protons
being injected in to the LHC they are accelerated to an injection energy of 450GeV
in 3 stages: an initial linac and booster, the Proton Synchrotron (PS) and the Super

Proton Synchrotron (SPS). For some short periods the LHC will also be used as a heavy

15
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ion collider, colliding lead ions in order to study the postulated quark-gluon plasma.

Figure 2.1 shows the overall layout of the machine and its main detectors.

=5 Point 2

S
=

FIGURE 2.1: A map of the LHC with its four main detectors located around its ring.

[6]

The accelerator itself consist of two interleaved synchrotron rings which share the same
mechanical structure and cryostat. The circulating beams are bent with 1232 8.2T su-
perconducting NbTi dipole magnets, while focussing is achieved with 858 quadrupole
magnets. In addition there are over 6000 other magnets for correcting the beam dy-
namics. All of these magnets must operate at a super-fluid helium temperature of 1.9K
making the engineering requirements of the machine particularly challenging. Acceler-
ation is achieved with 8 RF cavities per beam with a maximum field strength of 5.5

MV /m. Figure 2.2 depicts an LHC dipole magnet with its various components visible.

Some of the other parameters of the machine are summarised in Table 2.1
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LHC DIPOLE

CROSS SECTION

ALIGNAENT TARGET

WA GUADRUFOLE BUS BARS
HEAT EXCHANGER PIPE
SUBERINSULATION
SUPRCONDUCTING COLS.
BIAMPEL

SHRNKING CYLINDER / HE LYESSEL
RN YORE

WACUUM VESSEL

THERMAL SHIELD

ALKILIARY BUS-BARS
AUSTENIIE STEEL COLLARS
BEAR SCREEN

IROR SERT
INSTRUBMENTATION WIRES.
FILLERPIECE

CHPOILE BU%5-BAHS

SUPPORT POST

CERM AC/DI/MM — 2001406

FIGURE 2.2: The photo on the top shows the first interconnection being made between
LHC cryomagnets. [7] The figure on the bottom shows the cross-section of the LHC

dipole magnet. [8]
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‘ Parameter H Value ‘ ‘
Beam collision energy 7 TeV
Beam injection energy 0.45 TeV
Machine circumference 26658.833 m
Design Luminosity 103 em =271
Protons per bunch 1.15 x 101
Bunch period 25ns
Bunches per beam 2835
Dipole field at 7TeV 8.33 T
Maximum RF Cavity strength || 5.5 MV /m
Power consumption 120 MW

TABLE 2.1: Some of the LHC parameters. Most parameters are for design luminosity.

2.2 The ATLAS detector

In the following a brief outline of the ATLAS detector will be given. Particular attention
will be paid to the subsystems which are most relevant to this thesis, which are the inner
detector tracker and the EM calorimetry system. For further details the reader is referred
to [9].

2.2.1 Physics goals and detector overview

The ATLAS detector (A Toroidal Lhc ApparatuS) is the largest of the LHC detectors

and is one of its two multipurpose detectors. Its main physics goals are

The search for the Higgs boson, or some other mechanism for electroweak symme-

try breaking

e The search for physics beyond the SM (SUSY, extra dimensions etc.)

The search for the source of the large CP violation

Further precision measurements of known SM phenomena

The small cross sections for many of the interesting events (~ 1 — 100 pb) against the
backdrop of a large proton proton inelastic cross section (~ 10 mb) places very high
demands on the performance of the ATLAS detector. Not only will ATLAS have to
trigger on interesting events out of 10? inelastic events/s, it will have to do so in pile up
conditions where an average of 23 inelastic events will arise in each bunch crossing at
design luminosity. Precision measurements of the resulting particles of interesting events

is also a high priority. The various subsystems of the detector have been designed in
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order to achieve these exacting standards and each plays a different role in the accurate
measurement and identification of particles. The inner detector tracker and the solenoid
magnet provide precise momentum, direction and vertexing information for the charged
particles in an event, as well as electron identification. The EM and hadronic calorime-
ters provide energy and direction measurements of photons, electrons, taus and jets, and
also identification information for objects from their energy deposit shapes. Finally the
muon and the outer toroidal magnet systems provide information on the event’s muons.
Figure 2.3 show the general layout of the ATLAS detector, with a cutaway showing
where each of the above components is located within it. Each of these components will

be further discussed in coming sections.

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

FI1GURE 2.3: A cutaway overview of the ATLAS detector showing the locations of its
various components. [9]

The coordinate system for the ATLAS detector is defined with respect to the interaction
point with the z-axis pointing in the direction of the beam, the x-axis toward the centre
of the LHC and the y-axis upwards. In polar coordinates, # is the angle made with the z-
axis while the azimuthal angle ¢ is measured around the beam axis. Instead of the polar
angle the more useful pseudorapidity, n = —Intan6/2, is usually used. The distance
AR in 1, ¢ space is defined as AR = \/m Generally speaking, the ATLAS
detector is constructed in three “sections”. The “barrel” section components cover the
regions of small ||, and are constructed in barrel shapes which are concentric with the
beam. The “endcap” section components cover larger |n| regions and are constructed
in wheels which are coaxial with the beam and placed some distance in z from the

interaction point. The “forward” components (consisting of the forward calorimeters)
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are for measurements at very large |n|, and are constructed similarly to the “endcap”
components. 7 coverage for each component depends on its radial distance from the

beam.

2.2.2 The magnet systems

The ATLAS detector is fitted with two distinct magnet system. The first is the inner
detector NbTi superconducting solenoid which provides standard bending of charge par-
ticles in the inner detector for momentum measurements and charge discrimination. It
is 5 tonnes, 5.3m in length, 2.4 m in diameter and provides a 2 T field along the beam
line, enough to provide an accurate measurement of particles up to a momentum of 100
GeV. All of this is achieved with a thickness of only 45 mm (0.66 radiation lengths).
A thin solenoid magnet is essential in order to minimise the amount of dead material

before the calorimeters.

The second magnet system is rather peculiar to the ATLAS detector and comprises the
outer toroidal magnets which are designed to provide bending to muons for the muon
system. There are 3 such toroids, the barrel toroid and two endcap toroids, providing
fields of 1 T and 0.5 T respectively. The fields for each toroid are provided by 8 NbTi
superconducting “racetrack” shape coils assembled radially and symmetrically around
the beam axis. The barrel toroid is 25.3 m in length and 20.1 m in diameter, while the
endcap toroids are a more modest 5 m in length and are inserted in to the ends of the
barrel toroid to provide overlap in the “transition” region. The bending provided by the
toroids is essentially in the R — 7 plane. The toroid system provides for measurements

of muons of up to a momentum of ~ 6TeV.

The relative layout of the components of the magnet systems is illustrated in Figure 2.4

2.2.3 The ATLAS inner detector

The accurate measurement of charged particle momentum and charge is achieved in
ATLAS with its three component inner detector system in combination with the solenoid
magnetic field. This system provides measurements of charged particles up to |n| < 2.5

and down to a py of = 0.5 GeV.

The extreme density of particles close to the interaction point means that high granu-
larity is required in the inner layers of the tracker in order to discriminate individual
particles. High granularity is also a prerequisite for achieving the precise momentum
and vertex measurements which will enable the aforementioned physics goals to be met.

The pixel and microstrip layers (SCT) of the inner detector enable ATLAS to achieve
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FIGURE 2.4: The ATLAS magnet system layout. The magnet systems are highlighted
in red. The central solenoid is located inside the calorimeter volumes. The large barrel
toroid is visible with the smaller endcap toroids inserted in to the spaces at its end.[9]

these goals. The transition radiation detector exterior to these silicon based systems
supplements these measurements, and also offers the benefit of electron discrimination
capabilities. Figure 2.5 shows a plan view of one of the quadrants of the inner detector,

showing the dimensions and coverage of each of its components.

Figure 2.6 shows 3-D images depicting charged tracks traversing the barrel inner detector

and the endcap inner detector.

2.2.3.1 The pixel and SCT detectors

Precision tracking is performed by the two inner most silicon semiconductor based sys-

tems.

The highest granularity pixel layers are the closest to the interaction point and consist
of three layers in the barrel region concentric around the beampipe, and three layers in
each of the endcap regions, placed in disks perpendicular to the beam pipe. Typically
three layers are crossed by each particle. The layers are constructed from 1744 modules
each containing 46080 effective pixels of a minimum size in R — ¢ X z(R) in the barrel
(endcap) of 50 x 400pum? (90% of pixels). In each module pixel arrays are bump bonded
to 16 front end integrated read out circuits, each of which serve 18 x 160 pixel diodes.
The result is a total of 80.4 million read out channels. The intrinsic accuracies per
module are 10pm(R — ¢) and 115um(z) in the barrel and 10pm(R — ¢) and 115um(R)

in the endcaps. The measurement of the inner most pixel layer mostly determines the
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F1GURE 2.5: Plan view of a quadrant of the ATLAS inner detector showing the
dimensions and coverage of each of its components.[9]

accuracy of secondary vertex measurements, which are important for tau discrimination

due to the taus finite decay length. This first layer is known as the “B” layer.

As the distance from the beam pipe increases the density of traversing particles decreases
meaning that the discrimination of individual particles is less sensitive to the granularity
of the tracker. As such the SCT layers of the inner detector are composed of modules
containing silicon strips of 63.6 mm length and 80um pitch. Wafers containing these
strips are placed back to back giving an effective strip length of 123.2 mm. In the
barrel the SCT contains four layers, with each layer composed of two sets of wafers.
One set in each layer has the strips running parallel to the beam such that the R — ¢
direction is accurately measured. The other set is placed at a stereo angle of 40 mrad
with respect to the other which allows a z-direction measurement of ~ 2mm resolution.
The endcap set ups are similar but this time the wafers are placed in 9 disks with the
R — ¢ measurement performed by wafers placed with tapered strips running radially.
The intrinsic accuracies per module are 17um(R — ¢) and 580um(z) in the barrel and
17pm(R — ¢) and 580um(R) in the endcaps. The total number of readout channels in
the SCT is 6.3 million.
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FI1GURE 2.6: 3D view of charged particles traversing the inner detector elements. The

top figure depicts a 10 GeV pp charged track propagating at n = 0.3. The bottom

figure depicts two 10 GeV pr charged tracks propagating at n = 1.4 and n = 2.2. Note
that the TRT only extends to n = 2.[9]
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2.2.3.2 The transition radiation tracker

The transition radiation tracker is a drift tube tracking system which allows tracks to
be followed out to about a radial distance of a metre in the barrel. It was devised
as a cheap alternative to silicon systems for the outer track measurements but still
provides a high number of relatively accurate measurements in the R — ¢ direction.
The basic components of the system are 4 mm diameter “straw” drift tubes which have
31pm diameter gold-plated tungsten wire running down their centre acting as the anode,
and aluminium plated inner walls which act as the cathode. Straws are layered in the
direction of the beam axis in the barrel region while in the endcaps they are directed
in the radial direction. In the barrel the wires are electrically split in the middle near
1n = 0. The straws are filled with a mixture of Xe CO9 and Os. Amplification of ionised
particles is ~ 2.5 x 10% and this charge is read out at each end of the straw, thus only

information in R — ¢ is obtained. The accuracy is expected to be 170um per straw.

A vparticularly interesting feature of the TRT is its electron discrimination capability
which is achieved by stimulating “transition radiation” between the straws. Transition
radiation is a phenomenon whereby relativistic charged particles crossing the boundary
between materials of different dielectric constants emit photons. This phenomenon can
be thought of as the charged particle “shaking off” the difference in its electric field as
it crosses such a boundary. The energy loss on a transition is dependant on the Lorentz
factor of the particle, E/mc?, and as such, for a given energy, lighter charged particles
such as electrons will emit much more transition radiation than, for example, hadrons.
In order to stimulate significant transition radiation, the space between the straws is
filled with a polypropylene/polyethylene fibre. The photons thus emitted by electrons
are in the x-ray region, and the Xe within the straws present a high interaction cross
section to these. Thus a number of “high” threshold hits in the TRT is characteristic of
an electron traversing it. Electron identification with this method alone is expected to be
90% for a pion rejection of ~ 100. Such measurements will be used in tau identification
methods of this study in order to avoid considering the electrons arising from 7° y-ray

conversion when determining the isolation of tau single prong modes (Section 5.1.1).

2.2.4 Calorimeters

The ATLAS calorimeters are situated outside of the solenoid and the inner detector.
They can be generally divided in to two components: The EM calorimeters and the
hadronic calorimeters. The EM calorimeters’ primary purpose is to measure electron
and photon energy while the hadronic calorimeters are designed to measure the energy

of the hadronic components of jets. All combined they provide coverage up to |n| < 4.9.
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All of the ATLAS calorimeters are so-called “sampling” calorimeters, meaning that
inactive layers of the calorimeters stimulate showering while active layers measure a
fraction of this shower energy. It should also be noted that all ATLAS calorimeters are
non-compensating, so that correction of hadronic energy deposits must be done at the

software level. Figure 2.7 shows the layout of the entire calorimetry system.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic o,
end-cap (EMEC)

LAr electromagnetic
barrel
LAr forward (FCal)

FIGURE 2.7: A cutaway view of the ATLAS calorimetry system.[9]

2.2.4.1 The EM calorimeters

The ATLAS EM calorimeter covers a range up to |n| < 3.2 and is divided in to a
barrel component (|n| < 1.475) and two endcap components (1.375 < |n| < 3.2). The
barrel component of the calorimeter is indeed a “barrel” shape concentric with the
beam pipe, while the two endcaps are each composed of two coaxial wheels. The region

where these two components meet is known as the “crack”

region, and has a degraded
performance due to the presence of considerable dead material (=~ 7 radiation lengths)
from services. This has a significant effect on physics analyses in this region, as will be

shown throughout this study.

The EM calorimeters are lead-liquid argon (LAr) sampling calorimeters with a character-
istic accordion shape which enables complete ¢ coverage with no gaps. In the precision
physics region of || < 2.5 the calorimeter is segmented longitudinally into successively

coarser grained (laterally) layers: the “strip” layer, “middle” layer and “third” layer.
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This geometry is shown in Figure 2.8. Combined, the EM calorimeter presents ~ 22 —24

radiation lengths to particles entering it.
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FIGURE 2.8: A sketch of a section of the barrel EM calorimeter. We can see the fine
granularity in the first or “strip” layer. The granularity becomes increasingly coarser
in the middle and third layers.[9]

The fine granularity of the EM calorimeter allows for good separation of clusters arising
from close by particles (see for example the description of the topological clustering
algorithm of Section 4.2.2), and also good discrimination of, for example, photons and
hadrons, based on shower shape. Such shower shape information will be utilised in the
tau identification algorithm of Section 5.1.2 in order to identify 7% clusters arising from

tau decay.

2.2.4.2 The hadronic calorimeters

The hadronic calorimeters can be divided in to three subsystems, the tile calorimeters,

the hadronic endcap calorimeters and the forward calorimeters.

The tile calorimeter is located directly exterior to the barrel EM calorimeter. Its barrel
covers the range |n| < 1.0 while the “extended” barrels cover the range 0.8 < |n| < 1.7.
It too is divided longitudinally and laterally to provide for jet shape measurements.

Steel absorbers are used while scintillating tiles providing the active medium.
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The hadronic endcap calorimeters cover the region 1.5 < |n| < 3.2 and are located
behind the EM endcaps. Like the EM calorimeters they are LAr calorimeters but of a

simpler plate design using copper as as the absorption medium.

The forward calorimeters cover 3.1 < || < 4.9 and ensure a high coverage of the 7
range. For accurate measurement of the missing transverse energy, an important signal
for SUSY events, this high coverage is very important. The calorimeter is a high density

copper and tungsten + LAr construction ensuring a high level of forward jet containment.

2.2.5 The muon spectrometer

There are two essential function of the ATLAS muon system. The first is the precision
measurement of charged particles which exit the calorimetry system. This is performed
by the Monitored drift tubes (MDTs) and the Cathode strip chambers (CSCs). The
second role is to provide a fast trigger for the ATLAS experiment in the event of such
particles, and this is achieved with Resistive plate chambers (RPCs) and Thin gap
chambers (TGCs). The layout of the entire muon system is depicted in Figure 2.9. We
can see that as with the rest of the detector, the low |n| barrel systems are arranged
concentrically around the beam pipe, in three layers. The high |n| endcap systems are
arranged in to four coaxial wheels.

Thin-gap chambers (TGC)
k ] Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

FIGURE 2.9: A cutaway view of the ATLAS muon system.[9]
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2.2.6 The trigger and DAQ system

The design luminosity bunch crossing rate for the LHC is 40 MHz. Present storage and
data handling capabilities require this rate to be reduced to around 200 Hz. This is
achieved in ATLAS with a 3 stage trigger. The first is hardware based and combines
reduced granularity signals from a number of the detector components. It looks for
such things as the presence of high pp jets, electrons, photons, taus, muons and large
E}”iss , which are all signs of interesting physics events. The trigger decision must be
made within 2.5us during which time the data is stored in “pipe line” memory close to
the detector. Good events and their “regions of interest” are then passed to the level
two trigger which analyses these regions exploiting the full granularity of the detector.
Finally the level three trigger performs a full reconstruction of the event and from
this decides which events are to be committed to memory for later physics analysis.

Figure 2.10 depicts the basic logical flow of this process.

Interaction rate
~1 GHz CALO MUON TRACKING

Bunch crossing
rate 40 MHz
Pipeline

LEVEL 1 memories
TRIGGER

< 75(100) kHz

Derandomizers
| Readout drivers

Regions of Interest | | [ [ |

(RODs)
LEVEL 2 Readout buffers
TRIGGER (ROBs)

~ 1 kHz

[ Event builder [

EVENT FILTER FuII-eventd buffers
an
~ 100 Hz processor sub-farms

Data recording

FIGURE 2.10: The logical flow of the ATLAS trigger system. [10]



Chapter 3

Phenomenology of mSUGRA
Scenarios and the Coannihilation

Region

In Chapter 1 the theoretical basis for mSUGRA and in particular the coannihilation
region were presented. In this chapter the general phenomenology of mSUGRA events
and the experimental methods for discriminating such events from the SM background
will be described. Also a focussed discussion of the phenomenology of coannihilation
region mSUGRA will be given, and the particular details of the kinematics of the so-
called “golden decay” chain presented. It is the reconstruction of two of the taus arising

from this decay chain which is the basis of this thesis.

Here we should make a note of the distinction between a general “inclusive” analysis
of mSUGRA, and an “exclusive” one. Near the beginning of the LHC running the
focus for mSUGRA analysis will be on establishing whether or not it actually exists.
The strategy for this will be to search for excesses of certain quantities over the entire
event sample which are consistent with mSUGRA expectations. These quantities are
described in the next section and, if weak scale supersymmetry exists, excesses above
SM expectations should be visible at the LHC with only a few fb~! of data. This will

constitute “discovery” of supersymmetry. Such an analysis is “inclusive”.

On the other hand in order to understand the details of the correct mSUGRA model,
for example the sparticle masses and decay widths, more focussed analyses of particular
decay chains will be necessary. These are the so-called “exclusive” analyses. Because
the scope of the event sample is necessarily narrowed with such analyses, they require

much higher statistics than inclusive ones. As such they will be the focus of analyses

29
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at the LHC after mSUGRA discovery, and only once ~ 10’s of fb™! of data have been
collected. The golden decay chain analysis of this study is an exclusive one, and the

details will be give in Section 3.2.1.

3.1 General phenomenology of mSUGRA events

3.1.1 Production processes and decay cascades

Being a hadron collider means, given that mSUGRA is the correct model for describing
beyond-the-standard-model physics, that the SUSY production particles at the LHC
will be coloured, i.e. the LHC will be a “squark and gluino factory”. Figure 3.1 shows
the main production processes for these sparticles in the proton-proton collisions at the
LHC.

g9 g q q
7 g

g g q q

g q g g
q g

g9 q q q

FiGURE 3.1: The main SUSY production processes at the LHC.

At the LHC energy scale these coloured particles are in general relatively heavy compared
to the other sparticles which leads to their cascade decay to the LSP via the various other
squarks, gauginos and the sleptons. The requirement of the conservation of R-parity
means that sparticles must be created in pairs in LHC collisions. It also means that the
decay of a sparticle must result in a state with an odd number of sparticles (where in
practice this is usually one). The decay of these sparticles is analogous to the decay of
their SM counterparts: Gluinos can decay via the analogous process to gluon splitting
(for the case mg > my), to a squark-quark pair, or squarks may decay via the analogous
process to gluon emission to a gluino and a quark (for the case mg > my). For this latter
case, if the gluino is lighter than all of the squarks, it will go to a 3-body decay via an
off-shell squark to a two quark + gaugino final state. Any resulting squarks can then
decay via the analogous charged or neutral current processes to quarks and gauginos.
Finally any resulting gauginos (except the LSP) will decay in analogous processes to the

SM gauge bosons resulting in SM leptons, SM gauge bosons or a Higgs particle, plus the
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LSP. The kinematic constraints of the particular point in the mSUGRA parameter space

will determine the allowed cascades which the SUSY production particles will take.

Combining all of this, a typical mSUGRA production and decay process is illustrated
in Figure 3.2. The generally large mass difference between the squarks/gluino and the
electroweak gauginos means that squark/gluino decay will result in a number of very
energetic quarks which will be observed in the detector as a number of characteristic
very hard jets. Then, if the decay goes via leptons there is the possibility of a number
of hard leptons !. Finally the conservation of R-parity means that the two final LSPs
will be stable thus will traverse the detector. In order for the LSP to be a candidate for
dark matter it is required to be neutral and weakly interacting. Since the LSP will also
be massive the result is a so-called Weakly Interacting Massive Particle (WIMP). In the
case of the mSUGRA model this will be a neutralino. These two massive neutralinos
will thus escape the detector undetected resulting in the final characteristic SUSY signal

of an imbalance in the sum of the transverse momentum measured in the detector.

)

g X5

FIGURE 3.2: A typical topology for an mSUGRA event.

In the case of the coannihilation region, one of the leptons can be very soft, but this is a rather
unique signature.
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3.1.2 Parameter definitions for SUSY analysis

Below are listed some of the parameters used to distinguish SUSY events. As mentioned
above, it is the excesses in a number of these quantities which will constitute SUSY
discovery. For this exclusive study cuts on these quantities will be used to isolate a pure

sample of coannihilation region events. These cuts will be described in Chapter 7.

1. Hard jets

A typical SUSY selection will require some number of hard jets in the event. The
justification of this was described above. For this analysis the requirement will be

for two hard jets, as will be described in Section 6.2.

2. Missing transverse energy

Missing transverse energy, E:’}”SS, is the imbalance in the vectorial sum of the
measured Ep. This arises from particles such as neutralinos and neutrinos escaping
the detector. For the case of mSUGRA events, large Ej’?’iss will arise from the

escape of the two LSPs.

3. Effective mass

For this analysis, the effective mass, M.y, is defined as
Mgy = Pp" + PI™ + B (3.1)

which is a measure of the total activity in the detector. For mSUGRA this quantity
is highly correlated with the SUSY mass scale.

4. Distance between missing transverse energy and jets

For the copious QCD di-jet background in LHC collisions, EYWSS will typically be
in the direction of the jets, since E{}”SS from these events will largely arise from
either neutrinos arising from weak processes within the jet, or from jet energy mis-
measurement. For SUSY events there is no such correlation between the direction
of the jets and the escaping LSP. Thus a cut on the minimum distance between

jets and E}m’ss, A@jeti MET, is effective at reducing QCD background.

5. Transverse mass

The transverse mass, M, is defined as
M3 = m? + m? + 2(BFE™® — pf. - pj™) (3.2)

where

Bp = ()2 +m2, B = /(i) +m3,
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mr, and p7 are the mass and transverse momentum of the hardest reconstructed
tau in the detector, and p?iss is the missing transverse momentum vector. m, is
the mass of the escaping particle which is the source of the E}”iss, and is usually
assumed to be zero. The distribution of My for W — 7,v decays exhibits a
Jacobian peak at the W mass, thus a cut on this quantity is effective at reducing

this background.

3.2 Phenomenology of coannihilation region golden decay

events

Once a pure SUSY sample is isolated using cuts on the above parameters one can perform
a more focussed exclusive analysis. Below we define the exclusive analysis which is the

subject of this study.

3.2.1 The golden decay chain and the analysis of this study

The escape of the two LSPs from the detector means that the direct measurement of
sparticle masses via the formation of invariant mass quantities is impossible. Instead
SUSY exclusive analyses focus on the measurement of invariant mass endpoints. [11] [12]
[13] In particular the cascade decay § — qig — qll~ — qllf(? is kinematically constrained,
and the relationships between the endpoints of the invariant mass distributions of the

visible products can be solved to give the masses of the sparticles in the cascade.

For this thesis we consider the following decay chain

qg— qf(g — qTT — q7'7'>~((1) (3.4)

This is the so-called “golden decay”. Though the analysis of this particular chain is
complicated by the further loss of energy from the tau neutrino, it is important since it
contains the information of the mass of the 7;. Also, in some parts of the coannihilation
region, the branching of XJ via taus can be as high as 90% meaning that this may be

the only viable option for obtaining information about the x9.
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In order to calculate the sparticle masses, the endpoints of M, ,,, M, 4, M, , and
M, r, 4 can be measured. These endpoints can be shown to have the following rela-

tionships [14]

My = M2y — M2)(MZ — M2)/MZ

Mz = JOME = MZ)(MZ, — ME)/ME,

My =\ J(MZ = ME)(MZ = M2)/(2M2 — M2) (3.5)
M = \/(Mq? = M2 (M — M2)/M2,

As will be shown in the next section the most challenging measurement in the coanni-
hilation region is that of the second tau of the decay chain. It will be shown that this

tau is extremely soft.

The focus of this study is exclusively on the reconstruction of this very soft tau, with
the goal being the efficient reconstruction of the M, ; distribution. This will allow for
an accurate-as-possible determination of the M, . endpoint which can then be used,
along with analyses of the tau-jet endpoints, to determine the masses of the decay chain

sparticles via the relations 3.5.

3.2.2 Golden decay kinematics

Before embarking in to the details of the method used for the soft tau reconstruction,
we first give the details of the kinematics of the golden decay. The distributions for this
section are made from the generator level information of the Monte Carlo samples which
will be outlined in the next chapter. We note here that the fraction of the coannihilation

region event sample containing the two-tau Y9 — 77 — 77X} chain is 7%.

Figure 3.3 shows the pr yis, Nvis and ¢y distributions of the two taus coming from the
above decay chain, where henceforth vis denotes the visible component of the taus. Also,
from here the first tau of the decay chain is referred to as the “signal hard tau”, while
the second tau is referred to as the “signal soft tau”. Indeed, we can see that the “hard”
tau is relatively very hard due to the large mass difference between the Y and the 7 of
the decay chain, while the “soft” tau is relatively very soft due to the near degeneracy
of the 7 and the )2(1). The means of their pr ;s are 79GeV and 9.3GeV respectively.
We note that the softness of this signal soft tau makes its identification in the ATLAS
detector difficult, and thus the reconstruction of the final M, ; distribution particularly

challenging.
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FIGURE 3.3: The truth level distributions of pj!S;, (top left), n}/E (top right) and
MC

iy (bottom) for the coannihilation region signal hard and soft taus.
Figure 3.4 shows the distribution of the distance between the two taus, where again only
the visible information is taken into account. We can see that there is a tendency for
the soft tau to be rather close to the hard tau. This is due to their mutual boost which
is provided by their parent )28. In Section 5.1 we will use this containment to help to

reduce the background to our final reconstruction.
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FIGURE 3.4: The truth level distribution of the distance between the coannihilation
region signal hard and soft taus. Only the visible components are considered.
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Finally Figure 3.5 shows the truth level M, . distributions. The blue line show the
distribution taking all of the tau energies in to account. We see that there is a nice
sharp edge to the distribution, which is similar to those which can arise in the electron
and muon channels. The red line shows the distribution taking only the visible tau
energy into account. We see that the loss of the neutrino energies smears the distribution
backwards, resulting in a very gradual tail towards the endpoint. As we will discuss in
Section 7.4 the gradual nature of this endpoint makes the correct determination of it all

the more challenging.
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FIGURE 3.5: The truth level M, ; distribution of the coannihilation region signal hard
and soft taus. The blue line shows the distribution using the full tau energies, while
the red line shows the distribution using only the visible components of the energies.



Chapter 4

Monte Carlo Simulation and the
ATLAS Reconstruction
Algorithms

We begin this Chapter with a brief summary of the Monte Carlo simulation programs and
samples used for this analysis. We then move quickly on to a description of the physics
object reconstruction algorithms used in ATLAS. As emphasised in the previous chapter
the most important reconstruction particle for this analysis is the tau lepton. Thus while
the descriptions of most of the reconstruction algorithms will be brief, considerable space
will be devoted to the description of the ATLAS tau reconstruction algorithm and its
performance. The details of this algorithm will set the context for the next chapter
which is devoted to the description of the novel soft tau tagging algorithm which has

been developed.

4.1 Monte Carlo Simulation

Monte Carlo simulations of LHC physics processes and the subsequent traversal of par-
ticles through the ATLAS detector allow for studies of the detector before actual data
taking begins. Such things as the optimisation of trigger menus, the optimisation of
particle reconstruction algorithms and studies of the discovery potential of the detector

can be performed, to a certain extent, before the LHC comes online.

At ATLAS the Monte Carlo simulations and their analyses are performed within the
Athena framework [15]. The simulation consists of several steps which are briefly out-

lined below:
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Event Generation

At this step the actual physics processes of the proton-proton collisions of the LHC are
simulated. For this study the simulation is done at Ecjy; = 10TeV since it was expected
that the collision energy would be at this level for some time due to problems with the
LHC magnets. A number of Monte Carlo generators are used in Athena providing event
simulation of a wide variety of processes. Collision simulation is based on the parton
model of the proton where the partons share the proton momentum according to given

PDFs. For this study we use Athena version 14.2.20.1 for event generation.

The signal SUSY events for this thesis were generated with a combination of programs.
Isajet was used to calculate the weak scale phenomenology of mSUGRA which result
from given mSUGRA parameters. These are then used as input to Jimmy and Herwig
which together generate the entire underlying event including parton showering and

hadronisation.

tt events are generated using the MC@NLO package which calculates the matrix elements
to next to leading order. These are used as input to Jimmy-+Herwig which generate the

underlying event.

For W and Z boson processes the Alpgen package was used which creates the parton
level interaction. This is then used as input to Jimmy + Herwig which again create the

entire underlying event.

Finally QCD processes were simulated using Pythia which is capable of describing the
entire hard QCD event.

The Tauola package is used within Athena to describe the decay of tau leptons.

The samples used for this thesis are outlined in Table 4.1. In order to gain enough
statistics for this analysis, some private tf and Z — v, v samples were created with an
event filter of E:’}”SS > 140GeV, P%eﬂ > 110GeV and P%et? > 60GeV. These filters
were sufficiently below the analysis cuts such that the various distributions of non-filter
samples matched the filtered samples’ distributions well after the analysis cuts were
made. Besides the event filter the events were created in exactly the same way as the
official ATLAS samples. Further justification of the SM background samples used will

be given in Section 6.4.

It should also be noted that, samples which were found to be negligible when cuts were
applied to AOD samples were not downloaded /generated at ESD level. These include,

for example Z — v, v with 0, 1 or 2 partons and W — 7, v with 0 or 1 parton .

!These become negligible due to the requirement of 2 jets and a tau for this analysis.
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| Process | Generator | o [pb] | Corresponding Lum [fb '] |
SUSY Signal Herwig 2.58 62.8
tt, not fully hadronic | MCQNLO | 374 21.8
W — 1,v + jets Alpgen 948 1.1
Z — T,T + jets Alpgen 308 3
Z — v,V + jets Alpgen 165 7
QCD J4 Pythia 152000 | 0.0033
QCD J5 Pythia 5129 0.078
QCD J6 Pythia 112 2.90
QCD J7 Pythia 1.08 370
QCD J8 Pythia 0.0011 | 349k

TABLE 4.1: The Monte Carlo samples used for this analysis.

Detector Simulation and Digitisation

The traversal of the final state particles from the event generation stage through the
detector is simulated using the GEANT4 package. A very detailed geometry of the
entire detector is used in the simulation, along with empirical magnetic field maps and
the results of various subdetector beam tests. The energy deposits of this detector
simulation are then converted into digital signals via a digitisation simulation. The
output of this is the Raw Data Object (RDO). This is the point at which the simulation
data and real data will converge. For this study we use Athena version 14.2.10.1 for the

detector simulation and Athena version 14.2.25.8 for the digitisation.
Reconstruction

At this point the RDO needs to be converted in to a form that is meaningful to the
end user. This is the job of the reconstruction software. The digital signals of the RDO
are reconstructed in to physics objects which can be used for physics analysis. The
output of this stage is the Event Summary Data (ESD) or the Analysis Object Data
(AOD). The latter is a rarefied and smaller version of the former, and should be the form
that most end users analyse. For this study the more detailed ESD was required, since
detailed cell-level information of the calorimeter was used. More detailed information of
the various reconstruction algorithms is given in the following chapters. For this study

we use Athena version 14.2.25.8 for the reconstruction.
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4.2 Physics Object Reconstruction

4.2.1 Tracks

As the copious charged particles produced in a collision pass through the inner detector
they produce hits in its various components as outlined in Section 2.2.3. These basic data
form the basis for track reconstruction which in turn forms the basis for a number of the
other reconstruction algorithms, most notably for this analysis the tau reconstruction
algorithm. The default track finding algorithm uses the pixel and first SCT layers’ hits
to identify track candidates which originate from near the interaction point. After a first
fitting stage in which fake tracks are rejected the candidate track is propagated through
the remaining layers of the inner detectors to find other associated hits. If the track
candidate is within the range of the TRT (|| < 2) the fit using only the silicon layers is
compared to the fit using the both silicon layers and the TRT, and the better of the two
is used for the final track reconstruction. All tracks reconstructed as originating from

the interaction point are then used in interpolating the primary vertex.

The reconstruction of tau vertices/impact parameters is of particular interest to this
study since such information is used to help to identify taus. Also of interest to this study
is not only the intrinsic tracking efficiency of pions, but also the charge identification

efficiency. These details will be discussed further in Chapters 5 and 6.

4.2.2 Clusters

Clusters are the energy conglomerations which arise when particles enter the electro-
magnetic and hadronic calorimeters. As with reconstructed tracks, clusters form an

important basis for many of the other reconstruction algorithms.

There are two main types of clustering algorithms used in ATLAS. The first type is the
so-called “sliding window” algorithm, [16][17] while the second is the so-called “topolog-
ical clustering” algorithm.[16][18]

While the sliding window algorithm is used by the default electron/photon reconstruc-
tion, the newer-to-ATLAS topological clustering algorithm has many exciting possibili-
ties for physics objects with more than one final state particle. Topological clusters are
used for the standard ATLAS tau reconstruction algorithms, for the jet reconstruction
algorithm used for this analysis and for for the EYTC”'SS calculation. They will also be
used for soft tau identification in the soft tau tagging algorithm which will be described
in Chapter 5. Thus for this cluster reconstruction review the main focus will be on the

topological clustering algorithm.
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Sliding Window Clustering

The basic idea of the sliding window clustering algorithm is to create clusters by col-
lecting cells within a given sized cone, and forming a cluster if they collectively pass a
certain threshold. This is done in practice by “sliding” a cone of a certain size over the
entire calorimeter. If the sum of the energy in the cells passes a certain threshold then
the cluster is added to a container. If two clusters are found to overlap within a certain

distance then the smaller of the two is discarded.

In ATLAS there are two sliding window algorithms. The first creates EM clusters where
only cells from the EM calorimeter are used as input. The second creates hadronic
clusters where cells from all of the calorimeters are used. Various particle/jet recon-
struction algorithms can use the different sliding window clusters as input, e.g. the

default electron/photon reconstruction algorithm uses the EM clusters as input.
Topological Clustering

The philosophy employed for the topological clustering algorithm is very different from
that of the sliding window algorithm. Its aim is to define the borders of “blobs” of energy
in the calorimeter by successively adding neighbouring cells of a given pre-cluster to the
pre-cluster if the neighbour has energy over a certain threshold. Three thresholds are
defined for the algorithm. In the following F denotes the energy of a cell and o denotes

its noise level.

e Seed Threshold Pre-clusters are seeded by cells which have |E|/o above the
“seed threshold” (4 for the standard algorithm).

e Neighbour Threshold Cells in the pre-cluster which have |E|/o above the
“neighbour threshold” are asked for their neighbour cells (2 for the standard algo-
rithm).

e Cell Threshold Only cells with |E|/o above the “cell threshold” are added to
the pre-cluster (0 for the standard algorithm).

Cells with negative values but for which the absolute value is greater than the thresholds
are included in order to avoid a bias from noise.

It can be the case that clusters arising from 2 different particles get merged in to one
pre-cluster by this algorithm. Thus a cluster splitting algorithm is employed to split

pre-clusters around their maxima. By default maxima are defined as cells with:

e E>500MeV
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e Neighbour cells that all have energy less than it

e At least 4 neighbours

A similar procedure is followed to the original topological clustering procedure but now
the above defined maxima are used as seeds. Cells at the border of split clusters are
shared by each bordering cluster with a weight which is dependant on the distance from
each cluster and the energy of each cluster. Only cells that are members of the original

topocluster are used.

The power of the topological clustering method is its ability to, for example, separate two
clusters which arise from two different particles in the calorimeter when these particles
are close together. This is a particular advantage for calorimeters as fine grained as the
ATLAS calorimeters. Furthermore noise can be suppressed with judicious choices in the

various threshold parameters of the algorithm.[19]
Calibration of clusters

Once calorimeter clusters have been identified the difficult next step is to calibrate
them. Calibration though depends on what kind of physics object caused the cluster.
The various particle and jet reconstruction algorithms which make use of the clusters

have their own calibration schemes and so each do their own calibrations.

The interesting point about the topological clustering though is that, in a region of the
calorimeter through which many particles have traversed, individual clusters for each
particle can be isolated. Thus for physics objects with more than one final state particle
(jets, taus) it is possible to a certain extent to analyse its individual components. In-
dividual components can be identified as EM or hadronic, calibrated accordingly, then
have their 4-vectors summed to give the final product. Although this calibration proce-
dure (so-called “Local Hadronic Calibration”) is not yet used as the default procedure
for any of the particle reconstruction algorithms, its use is being investigated for jet
algorithms with topological clusters as inputs and also for Egi”“ reconstruction. It is
also used by the soft tau tagging algorithm of Chapter 5 as a tool for identifying EM

clusters in a tau jet. The calibration proceeds as follows: [19][20]

1. Classify the cluster as EM or hadronic by analysing the shape of the cluster - the

various so-called “cluster moments” (see Section 5.1.2.3 for more details)

2. If the cluster is hadronic apply a position and energy dependant e/m weight. If the

cluster is EM apply a position and energy dependant detector response correction.

3. Make corrections for upstream and lateral energy losses
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The correction factors are derived from single electron and pion MC simulations.

4.2.3 Jets

Being a hadron collider means that the LHC will produce copious QCD jets. Also, as
described in Chapter 3, a large jet multiplicity is a characteristic of SUSY events which
means that accurate reconstruction of them is important. Furthermore the precise re-
construction of EZ¥** is of vital importance to SUSY event discrimination, and accurate

jet reconstruction is one of the most critical components of E7"**® reconstruction.

There are a number of jet algorithms employed by the collaboration and each can be sup-
plied with different parameterisations, different inputs and different split/merge mech-
anisms [21]. For reconstruction of jets in this thesis only the so-called “seeded cone
algorithm” was used with a cone size of 0.4 and topological clusters as input (Athena
container name:Cone4H1TopoJets, henceforth TopoJets). This algorithm takes high Erp
topological clusters as seeds and adds the 4 momentum of the clusters in a cone of 0.4
around its 7, ¢ direction. It then calculates a new 7, ¢ direction from this 4 momentum
sum and iterates this procedure until the difference between the initial and final direc-
tions falls below a certain threshold i.e. a stable jet is found. After all of the seeds have
been used it may be the case that some jets overlap. If this is the case then the following
split/merge procedure is followed: If the two overlapping jets share more than 50% of
the Er of the lower Er jet, then the 2 jets are merged. If it is less than 50% then each
overlapping cell is associated to the jet to which it is the closest in direction. Only jets

with pr > 7.5GeV are finally stored.

For this algorithm the so called “H1” global calibration scheme is employed which is
the default for ATLAS jet calibration. The basic idea of this method is that energy
depositions from EM particles should have a relatively high density compared to those
from hadrons. Thus each cell in a jet is weighted by a factor which is a function of
its energy density, and to correct for position dependence, its position. These functions
have been determined by minimising the resolution of jets in Monte Carlo simulations
with respect to the Monte Carlo truth particles. Residual non-linearities in p7 and 7

are further corrected with an additional calibration function of these variables.

4.2.4 Electrons

Although, along with muons, electrons are of secondary importance to this analysis,

they still must be reconstructed efficiently since a lepton veto will be applied[21].
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Standard electron reconstruction is seeded by EM sliding window clusters. Various
corrections for position dependant responses and upstream losses are applied. A match
to a reconstructed track with £/p < 10 is attempted and if one is found that has not
been flagged as a conversion track then the cluster track pair are electron candidates.
Stringent rejection of up to 10° against jets faking electrons is required by many analyses
and so various cut regimes are in place to achieve rejection up to this level. They comprise
cuts on various parameters derived from both the inner detector and the calorimeters.
Typical efficiencies for electrons with Ep > 17GeV with “medium” cuts are 77% for a

rejection factor of about 2000.

4.2.5 Muons

Muons are one of the easier SM particles to identify in the ATLAS detector due to the
fact that they are the only SM charged particle which will reach past the calorimeters
with any great efficiency. Many interesting physics events contain high pp isolated
muons which originate from the interaction point while non-interesting events do not so
much. The ability to select such muonic events purely thus makes them a good flag for
some interesting events. On the other hand, for this analysis they will be used to veto

SUSY-like background events which contain muons.

The standard muon reconstruction algorithm in ATLAS begins by reconstructing track
segments within each of the three stations of the muon system. These are then linked
together to form muon tracks. These are then extrapolated through to the interaction
point, taking in to account both energy losses and multiple scattering in the calorimeter.
A matching track from the inner detector track reconstruction is then found and a com-
bined fit is performed. The quality of this entire fit determines whether the pair is kept
as a “good” muon candidate. Standard background to “good” muons are both actual
muons which come from 7 and K decays (which do not originate from the interaction
point), and also low energy photons and neutrons coming from cavern background. Cav-
ern background depends strongly on beam luminosity. Typical efficiencies for “good”
muons in a J/1 sample are at the level of 76% with a fake rate of ~ 1 per 1000 events
when a pr > 10GeV cut is made. Most of the inefficiency arises from areas in n with

bad coverage from the muon system.

4.2.6 Missing Transverse Energy

As mentioned previously a precise E}”iss measurement is of vital important for not
only SUSY searches but for most new physics searches. True E{}”SS is the imbalance in

the vectorial sum of E7 which arises from particles such as neutralinos and neutrinos
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escaping the detector. E}”iss is measured by the default algorithm by summing the
Er of Hl-calibrated calorimeter topoclusters and reconstructed muons. Muon energy
deposited in the calorimeter is then corrected for. Furthermore calibration of cells asso-
ciated to high pp physics objects (electrons, taus etc.) are refined using the calibration
schemes of the respective reconstruction algorithms. Finally energy loss arising in the

cryostat between the EM and hadronic calorimeters is corrected for.

Fake E:’}”SS can arise in the detector from a number of sources which all degrade the

E}”iss resolution. These include:

e High energy particles escaping down the very forward regions of the detector.

e Poor reconstruction of particles passing through other bad-coverage areas of the

detector (e.g. crack region).

e Poor resolution of deposited energy in regions with large amounts of dead material

before the calorimeter.
e Dead regions of the detector.
e Inefficiencies in muon detection and fake muons.
e Noise arising from intrinsic calorimeter noise.

e Noise arising from pile-up conditions.

The ATLAS detector is designed to avoid as much as possible energy loss in the forward
regions as described in Chapter 2. Nevertheless some very forward particles will be able

to escape down the beam pipe and such losses are unavoidable.

As much as possible corrections for energy losses in poorly instrumented areas of the
detector and regions with large amounts of dead material are corrected using factors

derived from Monte Carlo simulation.

Instrumental noise is difficult to study with Monte Carlo simulation but it is expected
that refined analyses taking in to account such effects will be developed as the under-

standing of the detector is improved with run-time.

Most fake Ej’?’iss arising from muons comes from missed real muons rather than from
fake muons. These muons are missed, as mentioned above, predominantly in the regions
of bad coverage by the muon system. These contribute significantly to non-gaussian tails
in the E}”iss resolution. Work is underway to recover such lost muons with algorithms

using inner detector tracks and calorimeter deposits as seeds.
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Intrinsic calorimeter noise from the =200k calorimeter channels alone contributes a
constant factor of around 13GeV to the EM** resolution. Compared to a simple E/o
cut on calorimeter cells, using cells from the standard topocluster algorithm suppresses

both intrinsic calorimeter noise and soft pile-up noise significantly.

4.2.7 Standard Tau Reconstruction with tauRec

The final and most pertinent reconstruction for this analysis is for tau leptons. Taus play
an important role in many analyses at the LHC. For the case that the mass of the Higgs
is only slightly above the present exclusion region the decay to taus becomes important.
Also, for many regions of the mSUGRA phase space including the co-annihilation region,
the 7 Yukawa coupling becomes large and 77 becomes lighter than its first and second

generation counterparts meaning that )28 decaying to 7 becomes predominant.[11]

4.2.7.1 Tau Decay Topology

As outlined in Section 1.1.4 tau decays can be generally divided in to two types; hadronic
modes and leptonic modes. The leptonic mode visible products (electron 17.8% and
muon 17.4%) are too difficult to distinguish from primary leptons of the event and
so tau reconstruction at ATLAS focusses on the hadronic modes only. These can be
further divided in to single prong (1 7%, 70% of hadronic) and three prong (3 7%,
21% of hadronic) modes, each of which can also have some number of 7% associated
to it (refer to Table 1.2). There are a small number of modes containing 5 7% but
it is believed that attempting to identify these would lead to an unacceptable level of
QCD background. Also a small fraction of analogous K * modes exist but these will be
identified along with their 7% counterpart decay modes and so not special attention to

them is necessary.

There are a number of challenges when it comes to tau reconstruction. The first and
most obvious is the fact that taus have a tau neutrino as a final state particle meaning
that a substantial fraction of the tau energy is lost from the detector. Tau reconstruction

then focuses only on the visible information of the tau.

A second challenge for hadronic tau reconstruction, especially at a hadron collider, is
the rejection of copious QCD jets. Compared to a QCD jet a tau-jet is rather well
collimated since the opening angle of its decay products will be limited to m,/E..
In the inner detector the tau system will appear as an isolated low track multiplicity
collimated system with none of the tracks having any characteristics of an electron (e.g.

high threshold TRT hits) or a muon (little energy deposition in the calorimeters). There
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should be 1 or 3 “good ” tracks ? , the invariant mass of the tracks should be less than
the tau mass and the absolute value of the sum of their charges should be equal to
unity. Furthermore the tau has a finite decay length which can result in a significance
in the size of the impact parameter which can be used to identify them as a tau. In the
calorimeter the energy should be well collimated and isolated with possibly a large EM
component for the case of decays to m’s. On average about 55% of the energy of taus is

carried by 70 decay products.

4.2.7.2 The tauRec algorithm reconstruction

There are two distinct approaches to tau reconstruction used in ATLAS and each ap-
proach is seeded by one of the two different manifestations in the detector of the tau
decay described above.[22][23]

e The calorimeter seeded approach is seeded by the TopoJets.

e The track seeded algorithm is seeded by a small number of “good” tracks.

The two approaches have their own individual merits but their combined performance is
better than either one individually. We will outline the two algorithms below and how
they have recently been combined in to a single algorithm( tauRec)? in order to optimise
overall tau reconstruction performance. Further ahead in Section 4.3 I will discuss their

combined performance in the mSUGRA co-annihilation point of this analysis.

The track seeded approach begins with “good” tracks as defined in the second column
of Table 4.2. The main thrust of these cuts is to make sure that fake tracks as well
as secondary tracks arising from hadronic interaction in the inner detector are rejected.
Tracks of somewhat less stringent quality are then associated to the seed track if they
are within a cone of AR < 0.2. The quality cuts for these tracks are defined in the
third column of Table 4.2. A lower pp cut for these tracks is offset by a requirement
of a B layer hit in the tracker. Also the B-layer hit and the cut on the ratio of high to
low threshold hits in the TRT aims to reduce contamination from conversion electrons
coming from 7° decay photons. In the case that the candidate has a total of two tracks,
a third track is searched for by dropping the x? and N%{I%FT /N%ET requirements. This
track is only added to the seed if it makes | > Q| = 1.

24Good” track will be defined below but it suffices to say for now that it means a track that comes
from very close to the interaction point, and not from photon conversion.

3 Historically the calorimeter seeded algorithm was known as tauRec while the track seeded algorithm
was known as taulp3p. Since Athena version 14 these two algorithms have been combined in to a single
tau reconstruction algorithm named tauRec.
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Track criteria Seed Associated | Loose
track | track track

pr [GeV] 6 1 1

Il < 2.5 2.5 2.5
Impact parameter do[mm] < 1 1 1.5
Silicon Hits Ny > 8 8 6
TRT hits Nrrr > (when |n| < 1.9) 10 no cut no cut
Normalised x? < 1.7 1.7 3.5
Pixel Hits Npizer > no cut | 1 1
B-layer hits Nyqy > no cut | 1 no cut
High/Low threshold hit ratio NJ2./NEL . < | no cut | 0.2 no cut

TABLE 4.2: Track quality criteria for the track seeded algorithm (Seed track and
Associated track) and for the calorimeter seeded algorithm (Loose track) of tauRec.

The calorimeter seeded approach begins with H1 calibrated TopoJets. Only TopoJets
with Ep > 10GeV and |n| < 2.5 are used. Tracks which pass certain quality cuts are
associated to the seed if they are within a cone of radius AR < 0.3 of the TopolJet.

These track quality cuts are shown in the fourth column of Table 4.2.

Now for the case that a track seeded tau is matched to within AR < 0.2 of a calorimeter
seeded tau, only one candidate is built. Thus candidates can be calorimeter seeded,
track seeded or they can have both seeds. For the case that they have both seeds (most
candidates have both seeds) the best parts of the original two algorithms have been used
to optimise the reconstruction. The following will describe the methods used for energy
and direction calculations, and the method for tau discrimination, for each of the three

cases.
Energy calculation

Firstly if the candidate has a calorimeter seed its energy is calculated entirely from
calorimeter information. This is the approach of the original calorimeter based algorithm
and in general has superior performance compared to the track based method. The H1
calibration scheme used for QCD jets (Section 4.2.3) is initially used to correct the
TopoJet to the hadronic scale. This calibration scheme though has been optimised for
QCD jets which have a significantly different EM component from taus, thus an extra
correction for the tau energy level has been derived as a function of Er,  and the number
of tracks associated to the tau candidate, by comparing Monte Carlo information with

the reconstructed taus.

For the case that the candidate is only track seeded a so-called energy flow approach

is used. This was originally contrived as a means of improving the energy resolution of
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low pr taus by using the track information as well as the calorimeter information. First

the different components of the tau energy in the calorimeters are separated as follows:

e The pure EM energy, E‘%md, which is seeded by an isolated EM cluster

e The charged EM and hadronic energies, E%MQEM and E:cpthHAD seeded by the

impact point of the track(s) is each layer of the calorimeter

e The neutral EM energy, EZ“, seeded by the vertex direction of the tau seed track.

Only cells not used for the collection of the above two contributions are used.

Note that only cells within AR < 0.2 of the leading track are used in the following:
The general idea is to first remove the contribution of the 7% from the calorimeter and

0

then add up the rest of the energy assuming that it comes from 7°s. In practice this

is done by removing the energy in a cone of AR < 0.0375 around the track(s) in the

EM calorimeter (ES" 97

), and in a cone of AR < 0.2 in the hadronic calorimeter, and
then replacing this with the pp of the track(s). The cone used for the EM calorimeter is
small in order to avoid removing 7° energy as much as possible. This of course is not a
consideration for the energy in the hadronic calorimeter. Following this step isolated EM
clusters are searched for (E:?md ). These are required to have little hadronic leakage and
must be outside the AR < 0.0375 cone described above. These correspond to 7° which
are well separated from their charged counterparts in the calorimeter. It is not always
the case that 7+ and 70 are well separated in the calorimeter though, so any cells that
have not been used in the previous two steps, and which are in a cone of AR < 0.2 of
the position of the track at the verter, are added up at the EM scale in order to account
for non-isolated 7¥ contributions. Also some factors accounting for 7% energy leakage
in to the 7% cone, and for 7% energy leaking outside of the cone are corrected for with
factors zresE;hrgEM and > resEReUEM - These are calculated by comparing p4ack
with E%hrgEM to check for leakage of hadronic energy outside the small collection cone,
and also comparing ptT’"aCk with E:’F“tEM to check for whether neutral energy is large

enough to assume that a substantial amount has leaked in to the collection cone.[24]

Thus the energy is summed as:

E;flOw _ E%mcl + E¥eut + Z pgrack + Z reSE;thEM + Z resE%eutEM (4‘1)

Direction calculation and charge/number-of-tracks reconstruction

For the direction calculation the track seeded approach is given precedence. For candi-

dates with a track-seed the direction of the tau candidates is calculated from the direction
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of the track at its vertex for single track candidates, and the pp-weighted barycentre
for the case of multi-track candidates. For candidates with only a calorimeter seed,
the direction is calculated as the Ep-weighted barycentre of the calorimeter cells of the
TopoJets. The charge of the candidate is calculated as the simple sum of its associated

tracks, where again the tracks from the track seed are given precedence.

4.2.7.3 The tauRec algorithm discrimination

Identification of taus in tauRec is performed by calculating a number of variables. These
variables are designed to exploit the tau characteristics and they focus on such factors
as the narrowness of the tau-jet, the isolation of the tau track system and the finite path

length of the tau before decay. The variables are listed below:

DISCRIMINATION VARIABLES FOR CALORIMETER SEEDED
CANDIDATES

e The electromagnetic radius R.,,:

The electromagnetic radius R, is defined as

R Z?:l ET,Z'\/(TIZ' - naxis)2 + (¢2 - gba.xis)2
o Z;L:l ETvl ’

where ¢ runs over all cells associated to the tau within a cone of AR < 0.4 of the

(4.2)

tau axis. It can be thought of as an energy weighted width of the tau in the EM

calorimeter.

e The Hadronic radius Rj.g:

The hadronic radius Ry, is defined as

Z?:l ET,Z’\/(TIZ' - na.xis)2 + (¢2 - ¢axis)2
> i1 B ’

where 7 runs over all cells associated to the tau within a cone of AR < 0.4 of

Ryaq = (4.3)

the tau axis. It can be thought of as an energy weighted width of the tau in the

hadronic calorimeter.

e Er over pr of the leading track: Er/pitl .

The ratio of the E7 of the tau to the pr of the leading track. The leading track

of a tau decay carries a relatively large fraction of the tau energy.
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e Number of hits in the 7 strip layer:

The number of hits in the finely segmented first layer of the EM calorimeter with
E>200MeV and within AR < 0.4 of the tau axis are counted. Only tau decays
with 70 are expected to deposit significantly in this layer and even these should

have a small number of hits compared to a QCD jet.

e Lifetime signed pseudo impact parameter significance:

The transverse impact parameter is defined as the distance of closest approach of
the leading track to the beam axis, in the plane perpendicular to the beam axis.
This distance is divided by the impact parameter resolution which is calculated
from all primary tracks. This gives a significance of the parameter. Also, if the
vector defined as being perpendicular from the beam axis, and pointing in the
direction of the point of closest approach of the track, “faces away” from the track
direction, then the sign of this quantity is made negative, otherwise positive. A
tau’s leading track is expected to “face” the same way as the direction in which
the pre-decay tau moved (and thus the lifetime signed pseudo impact parameter

should be positive for a tau).

e Isolation fraction in the calorimeter, I:

The isolation fraction is defined as

EO.1<AR<0.2
- z ] E:%R<0‘4 ’ :
J 5]

where the ¢ and j run over all EM calorimeter cells in a cone around the tau axis
with 0.1 < AR < 0.2 and AR < 0.4, respectively, and E7 ; and E7 ; denote the
cell Ep. Taus are expected to have a small isolation fraction.

e Transverse energy width in the 7 strip layer, An:

The transverse energy width A7 is defined as

Sty By (i~ Maxis)”
S B

An = (4.5)
where the sum runs over all strip cells in a cone with AR < 0.4 around the tau axis
and E;t: P is the corresponding strip transverse energy. This is another quantity
measuring energy narrowness, but using only the finely-segmented-in-n strip layer

of the EM calorimeter, and only in the n direction.

e Transverse flight path significance, L,,/0r.,:
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For candidates with more than one track associated to them, the tracks’ vertex is
reconstructed. The transverse flight path significance is defined as the transverse
distance of this vertex from the primary vertex L,,, divided by its uncertainty

O Lay-
e Centrality fraction in the calorimeter, Cy,,:

The centrality fraction is defined as

Zz’ ET,i

S (4.6)

Ofrac =
where the ¢ and j run over all EM calorimeter cells in a cone around the tau axis
with AR < 0.1 and AR < 0.4, respectively, and E7 ; and E7 ; denote the cell Er.

This is another isolation parameter.

Figures showing examples of the distributions of these variables for the process W — 7, v,

and for background J2 samples can be found in Appendix A.
DISCRIMINATION VARIABLES FOR TRACK SEEDED CANDIDATES

e Ratio of the hadronic energy to the sum of the tracks’ transverse mo-

menta, E:CFMQHAD /> pgfk:

Ratio of the energy in the hadronic calorimeter (EM scale) in AR < 0.2 of the tau

direction to the sum of the tracks’ pr

e The electromagnetic radius, EMradius:

Similar to Re,, for the calorimeter seed except calculated with respect to the track

derived direction .
Zi:l AR, Er X

ZZL:I ET7 i ’

where ¢ runs over all cells associated to the tau within a cone of AR < 0.4 of the

EMradius = (4.7)

track derived tau axis.

e Isolation fraction in the isolation region, EtlsolFrac:

The isolation fraction in the isolation region is defined as

N
EtlsolFrac = M, (4.8)

Zj Er,
where the ¢ and j run over all EM calorimeter cells in a cone around the tau axis
with 0.2 < AR < 0.4 and AR < 0.4, respectively, and Er ; and Er ; denote the
cell Ep. This is similar to Cpqc, but the inverse quantity, with slightly different

cone size.
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e The invariant visible mass , M;nyariant:

M;pvariant 1S defined as the invariant mass calculated with the tracks, and the

4-momentum of ES™! (which should correspond to 7°).

e Fraction of transverse energy in the isolation region, IsolationFraction

IsolationFraction is defined as

Zi Eri
Zj ET,j’

IsolatinFraction = (4.9)
where the ¢ and j run over all both EM and hadronic calorimeter cells in a cone
around the tau axis with 0.1 < AR < 0.2 and AR < 0.2, respectively, and Er ;
and Er ; denote the cell Ep. This quantity is similar to the calorimeter seed
quantity I, except that cells from both EM and hadronic calorimeter are used and

the cone sizes differ.

e Number of tracks, N9

The number of tracks associated to the tau within a cone of AR < 0.2 of the tau.

e Associated tracks in isolation region, Nt’fl‘jl

The number of tracks associated to the tau within the region 0.2 < AR < 0.4 of
the tau.

. s hits .
e Number of calorimeter strips, N77 strip -

The same quantity as “Number of hits in the 7 strip layer” defined for the calorime-

ter seed above, except calculated with respect to the track derived direction.

e Width of the energy in strips, (An)?

Similar to the “transverse energy width in n strip layer” defined for the calorimeter
seeded tau above, except that the width is now defined as the variance in the 7

coordinate, weighted by the transverse energy in a given strip.

ZZ . EStrlp( naXiS)Q (ZZ ) Estrlp( ’I’]axis))Q
Zi:l E;:D’irlp (ZZ 1 EStnp)

where the sum runs over all strip cells in a cone with AR < 0.4 around the tau

(An)? = (4.10)

strlp

axis and Ep; " is the corresponding strip transverse energy.

e The invariant mass of the tracks, M;,:

M,k is defined as the invariant mass of the tracks associated to the tau (for

candidates with more than one track).
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e Transverse flight path significance, L,,/0r.:
Exactly the same as for the calorimeter seed, except that tracks come from the
track seeded algorithm.

e Width of tracks, TrackWidth:

TrackWidth is defined as the variance in the 1 coordinate over the tracks, weighted

by the pr of the tracks (for candidates with more than one track)

n trk (o, \2 n trk (. )2
TrackWidth — 2=i=1P75 Ul trk”am) _ i pr (”’trk za"”’)) (4.11)
=17 iz P77

where the sum runs over all tracks associated to the tau.

Figures comparing these variables for the ATLAS Tau Working Group benchmark pro-
cess W — 7, v, and for background QCD jets, can be found in Appendix A.

There are a number of ways to use these variables for discrimination. A so-called “safe”
cut based method will be used during early running stages of the experiment but as
understanding of the detector is improved a better performing multi-variate method will
be used. Probability density functions (PDFs) for tau signal and QCD background have
been created by the ATLAS Tau Working Group with high statistics from Z — 7,7
Monte Carlo simulations, and from QCD simulations respectively. These PDFs were
binned in pr s in order to take account of the change in their shape in the different
energy regions. Then when a tau candidate is reconstructed by tauRec, these PDFs are

used to create a likelihood variable for the candidate as described below.

In tauRec the following variable is constructed for each tau candidate:

k=nVars pf(ka)
d= log (4.12)
kzzl P (1)

where the sum is over the discrimination variables described above, zj is the value of
the variable k for the candidate, and pf (z) and pB(zy) are the probability density at
the value x;, for the signal PDF and for the background PDF respectively. It is easy to
see that, when the probability density returned from the signal PDF is higher than that
from the background PDF for some variable, the contribution to the summation will be
positive. Otherwise it will be negative. Thus the variable d gets pushed in the positive
direction when the value for a variable is more tau-like, and in the negative direction

when the value for a variable is background-like.

Because this likelihood method has been trained for rejecting QCD jets, on its own, it

does not perform well for electron rejection. For this purpose there has been a separate
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electron veto developed. The electron veto is a similar likelihood algorithm which is
applied only when the tau candidate is a single track candidate. The algorithm per-
forms better than a simple electron-tau overlap removal procedure, yielding an electron
efficiency of 5% for a tau efficiency of 95% for taus arising from Z — 77 decay. For
muon rejection a simple requirement of F > 5GeV in the calorimeter around the leading

track is required.

4.3 tauRec performance in the mSUGRA coannihilation

region

The following section outlines studies undertaken on the performance of the tauRec
algorithm in the mSUGRA coannihilation region. It will begin with giving the quality
of the kinematic reconstruction of the taus, and finish with the algorithm’s rejection
power. We will see that while tauRec performs well for reconstructing and identifying
taus with Pr,;; > 20GeV, its performance in the low energy region is poor. As was
outlined in Chapter 3, for this analysis, reconstruction and identification of low energy
taus is vital. A number of lessons were learnt from the performance of tauRec in the
low energy region which formed the basis for the development of a soft tau tagging

algorithm. This algorithm is the subject of the next chapter.

In the following tauRec reconstruction of true taus in the coannihilation region, and
fake taus in QCD di-jet samples are compared. The following matching conditions are

used.

e True taus are considered as reconstructed by tauRec if the truth level visible

component is matched to a tauRec object within AR < 0.2.

e Fake taus are considered as reconstructed by tauRec if the truth level jets are

matched to tauRec objects within AR < 0.4

Furthermore, comparison is made between soft object reconstruction and hard object
reconstruction. For this purpose a soft object is defined as an object with pr s <

20GeV, while a hard object is defined as an object with pr ;s > 20GeV.

4.3.1 Prong multiplicity and charge reconstruction

Correct reconstruction of the charge of tau candidates is important for this analysis.

Subtracting same sign pairs of tau candidates from opposite sign pairs of tau candidates
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helps to reduce the background from the M ; distribution, as will described in Chapter
6.

Figure 4.1 shows the distribution of the number of tracks associated to tauRec objects
for true taus and fake taus, separately for soft objects (pr < 20GeV), and hard objects
(pr > 20GeV). The ratio of 3-prong candidates to 1-prong candidates for true taus is
expected to be 30%. The reconstructed ratio is 15.0 +0.2% for soft candidates matched
to true taus, and 31.9 & 0.2% for hard candidates matched to true taus. Thus we can
see that while the track multiplicity ratio is reconstructed quite well for harder taus, it
is about half of what it should be for soft taus, due to inefficiencies in reconstructing
the soft tracks of 3 prong taus. The QCD spectrum is smooth with peaks at 1 for soft
jets and at 3 for hard jets.
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0_5f — Background é 0_5: — Background =
0.4F g 0.4F ]
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0.2F = 0.2F ____L =
0.1 = 1 0.1F Lo = 1
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Number of tracks Number of tracks

FIGURE 4.1: The track multiplicity of tauRec objects. The left hand plot shows the
multiplicity of objects with reconstructed pr < 20GeV, while the right hand plot shows
the multiplicity for objects with py > 20GeV. The multiplicities for fake taus (from a
J2 QCD sample) and real taus (from a coannihilation sample) are shown superimposed.

As mentioned above, tauRec reconstructs the charge of the tau candidate simply as the
sum of the charges of the associated tracks. Table 4.3 shows the migration of 1 and
3 prong true taus in to other track multiplicity categories. Results for soft taus and
hard taus are shown separately. For hard taus, 1 prong taus are reconstructed with 1
track 83.6% of the time, while 3 prong taus are reconstructed with 3 tracks 71.4% of
the time. For soft taus, 1 prong taus are reconstructed with 1 track 74.7% of the time,
while 3 prong taus are reconstructed with 3 tracks 41.0% of the time. Again we see
the inefficiency of track reconstruction for soft taus significantly reducing the number of

correctly reconstructed 3-prong candidates.

Complimentary to Table 4.3 is Table 4.4 which shows the charge misidentification for
true taus which have been reconstructed with 1 or 3 tracks. We focus only on taus
reconstructed with 1 or 3 tracks since this is a standard identification cut for taus for re-
ducing background and charge misidentification. Results for soft taus and hard taus are

shown separately. We can see that for hard taus, the rate of charge misidentification is
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Reconstructed | Reconstructed | Reconstructed | Reconstructed
as 1-track as 2-track as 3-track as 3-track>
TAUS WITH pj’{}, < 20GeV
one-prong 74.7% 8.6% 2.9% 3.8%
three-prong || 13.2% 36.1% 41.0% 9.0%
TAUS WITH py'{}, > 20GeV
one-prong 83.6% 6.8% 3.8% 2.1%
three-prong || 10.8% 11.4% 71.4% 6.3%

TABLE 4.3: Migration of true one and three prong taus from a coannihilation region
sample into other prong categories with tauRec. Statistics are shown for taus with
Pl < 20GeV and pi!S. > 20GeV separately.

Reconstructed | Reconstructed
as 1-track as 3-track
TAUS WITH py/(}, < 20GeV
Correct Q 95.7% 85.5%
Incorrect Q | 4.3% 14.5%
TAUS WITH p7'§], > 20GeV
Correct Q 96.5% 92.9%
Incorrect Q | 3.5% 7.1%

TABLE 4.4: Charge misidentification for tauRec objects reconstructed with 1 or 3
tracks and matched to true taus from a coannihilation region sample. Statistics are
shown for taus with pMC < 20GeV and pC > 20GeV separately.

T,vis T, vis

3.5% for taus reconstructed with 1 track and 7.1% for taus reconstructed with 3 tracks.
For soft taus this increases to 4.3% for taus reconstructed with 1 track, and 14.5% for
taus reconstructed with 3 tracks. Charge misidentification arises from a combination of
effects. Single prong tau charge misidentification may arises from 7% decay gamma ray
conversion electrons being associated to the tau, or from track contamination from the
underlying event. On the other hand 3 prong tau charge misidentification may arise from
inefficient reconstruction of softer tracks combined with conversion electrons being asso-
ciated to the tau and also from event contamination. Inherent charge misidentification

of individual tracks also plays a role.

From Figure 4.1 it is obvious that requiring that hard tauRec objects have exactly one
or three associated tracks will significantly reduce the QCD background. Requiring an
odd number of tracks is also necessary for obtaining a meaningful charge for the tau.
The requirement of 1 or 3 tracks will be used as one of the identification cuts for the
coannihilation region signal hard tau further ahead. For softer taus we can see that
allowing only 1 prong candidates to pass can reduce the QCD background significantly.

Allowing 3 prong candidates is likely to introduce much more background from jets.
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4.3.2 Energy reconstruction

Figure 4.2 shows plots of the pr resolution for the two different algorithms of tauRec,
with the resolutions of true soft taus and true hard taus superimposed. Since the energy
reconstruction of the calorimeter seeded algorithm takes precedence over that of the
track seeded algorithm, the track seeded resolution is for candidates which only have a

track seed.

We can see that the calorimeter seeded algorithm resolution peak is shifted by a few
percent to the positive for both hard and soft taus. This is due to the quite large energy
collection area (0.4 cone) used. For the busy environment of a SUSY event this tends to
be contaminated with other energy. Further evidence of this is the high end tail which
is present. On the other hand we see that the track seeded algorithm, which is more
selective about the energy it uses, has a well placed peak for hard taus but a slightly
positive shifted peak for soft taus. The positive shifted peak for soft taus is likely to
arise from energy double counting in its energy flow method. High end tails still exist
for the track seed method. For the calorimeter seeds, a gaussian fit of the peaks yields
os of 18% and 7% for soft and hard taus respectively, while for the track seeds these are
15% and 8%.
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FIGURE 4.2: The pp resolutions for the true taus reconstructed by the tauRec algo-

rithm in a SUSY coannihilation region sample. The left hand plot shows the resolution

for the calorimeter seeded algorithm while the right hand plot shows the resolution for

the track seeded algorithm. The red lines are taus with pr ;s < 20GeV while the blue
lines are taus with pr s > 20GeV.

Figure 4.3 shows the pp linearity of the tauRec reconstruction as functions of pT Vi)
nMC and ¢MC for all true taus (no separation of hard and soft taus). The linearity is
shown separately for the calorimeter seeded algorithm and the track seeded algorithm.
We can see, as shown also by the resolution plot of Figure 4.2, that the calorimeter
seeded algorithm suffers from a positive shift in the reconstructed pp. It becomes worse
at lower pr when contamination from the rest of the event may become relatively more

significant. The track seeded algorithm also significantly overestimates pp in the lower
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pr region, most probably from problems with double counting and contamination, while
at higher pr it underestimates the energy, likely due to 7© energy being subtracted

along with 7% energy in the 7% energy subtraction step. The linearity as a function of

nMC shows distortions in the crack regions of the calorimeter, while in ¢ it is fairly
uniform.
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FIGURE 4.3: pheee /pMC ~as a function of pMC  (top-left), n™E (top-right) and ¢M¢
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(bottom) for true taus reconstructed by tauRec in a SUSY coannihilation region sample.

The blue line shows the linearity for the calorimeter seeded algorithm, while the red
line shows the linearity for the track seeded algorithm.

4.3.3 Direction reconstruction

Figure 4.4 shows the n and ¢ resolutions of both the calorimeter and track seeded algo-
rithms. Since the direction reconstruction of the track seed algorithm takes precedence
over that for the calorimeter seed, the calorimeter seeded resolution is for candidates
which only have a calorimeter seed. Resolutions for soft and hard taus are shown su-
perimposed. We can see that, overall, the direction reconstruction of the track seeded
algorithm is better than that of the calorimeter seed, as expected. Furthermore the
direction reconstruction of harder taus is better for the track seeded algorithm, likely
due to a smaller chance of interaction in the tracking material for more energetic tracks.

The direction reconstruction of the calorimeter seeded algorithm is also better for hard
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taus due to the narrower deposition area of hard taus in the calorimeter. This nar-
rower area arises from narrower showers from more boosted taus and from opposite sign
particles diverging less in the detector magnetic field. The effect of opposite sign par-
ticle divergence is particularly apparent in the calorimeter seeded ¢ resolution for soft
taus, where we can see that the 3-prong taus’ track divergence significantly degrades ¢

reconstruction performance.
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FIGURE 4.4: The direction resolutions of the tauRec algorithm, for true taus in a
SUSY coannihilation region sample. The plots on the left show resolutions for the
calorimeter seeded algorithm while those on the right show resolutions for the track
seeded algorithm. The plots on the top show the direction resolution in 7 while those

on the bottom show the resolution in ¢. Resolutions for taus with p¥< > 20GeV (red)
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and with p < 20GeV (blue) are shown superimposed.

4.3.4 Discrimination performance

After the reconstruction step it is then necessary to apply identification cuts to the
tauRec objects in order to reject background. This is done with a cut on the likelihood
variable discussed above. Figure 4.5 compares this likelihood curve for true taus from
a coannihilation sample, and for jets from a J2 sample. It shows the curves for hard
objects and soft objects superimposed. It is obvious that discrimination is much easier
for harder objects than softer objects. As taus become softer their signals become more

and more similar to those of soft jets.
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F1GURE 4.5: Comparison of the tauRec likelihood for true taus and QCD jets. Plots
for soft objects (pr < 20GeV) and hard objects (pr > 20GeV) are shown superimposed.

In addition to a cut on the likelihood, we also apply some other cuts for “identification”
in order to reduce background further. These are the electron and muon vetoes, the
requirement that the object has exactly one or three associated tracks, and the require-
ment that || = 1 for the object. Furthermore, we only consider objects in the region
|n < 2.5| which is the kinematic region within which tauRec attempts reconstruction.

We thus we define tau efficiency in the coannihilation region

number matched tauRec with 1,3 tracks, u, e veto, |Q| == 1,LLH > LLH®“
number of MC taus within |n| < 2.5

6sz'gnal —

(4.13)

Similarly the fake rate is defined as

number matched tauRec with 1,3 tracks, u, e veto, |Q| == 1,LLH > LLH®“

jet _
‘ number of MC jets within |n| < 2.5

(4.14)

The denominator used for /¢ is simply the number of MC jets in the kinematic region
(with no requirement on number of associated tracks). Figure 4.6 shows the performance
of the likelihood variable as curves in the €/, €597 plane. As the likelihood variable cut
is loosened the signal efficiency increases but at the same time so does the jet efficiency.
Curves are shown for different regions of the pr spectrum and for one and three prong

candidates separately.
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FIGURE 4.6: Fake rate vs. efficiency for tauRec. The left hand plot shows the
performance for single prong taus while the right hand plots shows the performance for
three prong taus. Definitions of fake rate and efficiency are given in the text.

7«

In tauRec there are pre-defined cuts in the likelihood variable named “loose” “medium”

and “tight” They are designed to roughly correspond to signal efficiencies of 70%, 50%
MC

signal
vis

and 30% respectively. Figure 4.7 show the dependency of € on pé‘flg o 7]%80 and ¢

for the medium cut. Curves for one and three prong candidates are shown separately.
MC and ¢M C

Note that the efficiency plots as functions of 7, »is  have an extra requirement on

them that p%\p/{gs > 20GeV. Also shown for reference are curves for the “reconstruction”

efficiency. This is simply the efficiency that tauRec reconstructs the object (before the
identification cuts of Equation 4.13).

We can see clearly that that the “reconstruction” efficiency is very low for the low pr ;s
region for both one and three prong cases. This is a result of the Ep > 10GeV re-
quirement for the calorimeter seeded algorithm, and the pr > 6GeV requirement for the
track seeded algorithm. Also, the likelihood cut is rather harsh on the “identification”
efficiency all the way up to pzj‘{gs 40GeV. This is in order to contain the large QCD

statistics in the lower pr regions.

We now summarise the implications of the performance of tauRec in the low energy

region for the reconstruction of soft taus.

e In order to reduce jet background it is best to focus only on reconstructing single

prong taus.

e Energy reconstruction of low energy taus is very difficult, and it tends to be over-

estimated
e Using the tracks of the taus results in a better direction reconstruction.

e It is necessary to reduce the seed threshold in order to efficiently reconstruct very

soft taus.



Chapter 4. Monte Carlo Simulation and the ATLAS Reconstruction Algorithms 63

1 ———— R . R T
? E um““""”"‘wm 3 ‘E‘ E m""ww* e * Mz:q
© 0.9F orot® , © 0.9F gt ,
s F oo 5 s F * 5
5 ().8E e | 5 ().8E i |
0.7F - | 0.7F & :
0.6 | 0.6 + 1
0.5 d 0.5F |
o.4§ o.4§ -
03" : 0.3F ]
0.2¢ | 020 :
0_1; *_" —8— 1D effciency ; 0_1; ;
fo) e L R S .. Oeet: ol PR R BN <
0 20 40 60 80 Joo 0 20 40 60 80 Joo
PT,vis PT,vis
- T 77777 > T e eTeTeteleTetel o o TeTel o Fel T e T
§ 0.9 e manans U STUUI SOOI o L L NS § o+ has s NS
= Y 1 o U.9 T 1
ke + o
b 0.8 : b 0.8
0.7 : 0.7
06 ] 06
05 : PP Mgt P o i 05 +.
1 g e e ] -+ By
0.4 -rr g - | | 0.4 i o 3}
03 | 034
0.2 . i oot ]
0.1 —m— 1D effciency i 0.1 —m— 1D effciency :
e e e b by A Ll e e b by A
033 2 34 0 1 2 3 033 2 34 0 1 2 3
nV\S nV\S
> g7 7 7T g > 1 IO S T TP TP P 7 B P A R Y )
§ 09F Pl Tiai e e ne ey 18 S0 i%le, pi0lgieiiee®y, ] § oF S - o e E
s F -t E
b 0.8E 3 b 0.8E 3
0.7F 3 E 3
i - i . -
0.5¢ FTP A T o T LT e Y e E ¥ ks TT;. i ]
o s A O T g ity T E
03 - i -
o2k o Rt - ] o Rty -
0_1§ —m— 1D efciency i 0_1§ —m— 1D effciency i
Eeoo v v b v b b v b by iy A P RSN RRUN N NI AR AU SR R
R S B 1 2 o L Z - ”
ol Puis
FIGURE 4.7:

Reconstruction and identification efficiencies for the tauRec algorithm as functions of
p%vcis (top), nME (middle), and ¢ (bottom). The left hand plots show the efficiencies
for single prong taus while the right hand plots show the efficiencies for three prong taus.
The curves for reconstruction efficiency and identification efficiency are superimposed.
The cut used for identification is the “medium” likelihood cut. Note that the plots of

efficiency as functions of M and ¢ have a requirement that p%‘p/{ﬁs > 20GeV.






Chapter 5

Soft Tau Reconstruction

In chapter 3 the importance of efficiently reconstructing taus with p7 s < 10GeV for
the reconstruction of the M, ; edge was shown. In the previous chapter, the perfor-
mance of tauRec in the low pr region was shown to be poor, and thus its capability
for reconstructing the M ; edge can be inferred to be also poor. This chapter describes
the development of an entirely new method for tagging the coannihilation region golden
decay soft tau in the ATLAS detector. It should be emphasised that there are techniques
employed in this method which are analysis specific, so that rather than being a general
soft tau reconstruction algorithm, it is an algorithm for tagging a soft tau when it is
in the vicinity of some other easier-to-reconstruct object. This was deemed a necessary
requirement in light of the fact that there is such an overwhelming background arising

from low pr QCD jets.

The section begins with studies of reconstruction of the signal soft tau 7 tracks and 7°
clusters. The development of a likelihood method for discrimination is then described

followed by studies of its performance compared to tauRec.

5.1 The soft tau tagging and reconstruction algorithm

A number of methods were used in order to contain the large jet background to the low

pr tau search. They can be summarised as follows:

e Confine the search to single prong taus

e Contain the search to events with well reconstructed hard tauRec and also confine

the search to the geometrical vicinity of this object.

e Use a likelihood method to discriminate the soft tau

65
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As was described in Section 4.3.1 the background to the M, , spectrum can be signifi-
cantly reduced in the low pp region if we focus only on tagging the single prong modes
of the soft tau i.e. if we search for isolated tracks. Although this requirement effectively
cuts out 21% of the hadronic mode tau signal, it is deemed judicious in order to reduce

the overwhelming QCD background in the low pr region.

As was described in Section 3.2.2 (refer Figure 3.4) the signal soft tau is often fairly
close to the signal hard tau due to the underlying boost provided by their mutual
parent )28. Thus we can reduce the background by confining the search for the signal
soft tau to the vicinity of a well reconstructed tauRec object. Furthermore a final
discrimination against jets can be made with a likelihood method along the lines of the
tauRec likelihood method, but optimised for the low pp region. Thus the algorithm can
be succinctly summarised as “a search for a low pr, isolated, tau-like track in

the vicinity of a hard tauRec object”. Figure 5.1 illustrates this approach.

A Hard Tau

Soft Tau
track

Tracks from
QCD BG

FIGURE 5.1: The single prong soft tau ¥ track is searched for within a cone of AR < 2
around the candidate hard tau.

In concrete terms the algorithm proceeds as follows:
e Select signal hard tau candidates with pr ;s > 15GeV using tauRec (cuts for this
selection will be outlined in Section 6.1).

e Select soft tau candidates by collecting tracks within a cone of AR < 2 of the hard

tau candidate and apply to these certain quality and isolation requirements.
e Search for 7° candidate clusters around the soft tau candidate track.

e Use the ¥ candidate clusters and other information to create a likelihood vari-
able for determining the tau-likeness of the soft tau candidates. Dispose of the

candidates which are not sufficiently tau-like.
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o Of the soft tau candidates which remain select the most tau-like of the candidates.

This approach differs from the traditional approaches of reconstructing the M ; end-
point which tend to focus on selecting events with two well reconstructed taus.[21] [11]
[25] [26] Instead the focus here is on “searching out” the softer tau around the hard
tau. The problem with the requirement of two well reconstructed taus is that the signal
soft taus are so soft and thus so difficult to identify that traditional tau reconstruction
algorithms will often miss them, either through stringent cuts on seed energy, or through
stringent cuts on identification cuts. Here, rather, the approach is to select hard taus in
SUSY like events, and then select tracks around it which are “sufficiently” tau-like. If

there is more than one soft tau candidate then the most tau-like one is chosen.

The following two subsections describe studies of the reconstruction and identification

of the signal soft tau single prong mode 7+ tracks and 7° clusters.

5.1.1 The soft tau 7* reconstruction and selection

The quality of the information coming from the tracking measurements in the inner
detector is of superior quality relative to that coming from the calorimeters for isolated
charged objects in the low pr region. Thus the decision was made to use tracks around
the reconstructed hard taus as seeds for the soft tau tagging algorithm. This motivation
is similar to that for the development of the track seeded algorithm in tauRec, which
is designed for tau reconstruction in the lower pp region, albeit with a limit of p7 4is 2
10GeV .

We saw in the study of tauRec that reconstruction of the tau energy is rather difficult
and so for this study only the single prong track energy is used for the final M ;
distribution. 7% information is used only for tau discrimination. This point is further
discussed in Section 7.5.2. We also saw that reconstructing the tau direction from track
information results in a better quality direction reconstruction. Using the seed track for

the soft tau direction reconstruction will guarantee a good direction reconstruction.

5.1.1.1 Truth level study

Figure 5.2 shows the truth level distributions of the 7 for the three single prong modes
of the signal soft tau. pr, n and ¢ are shown, with distribution for the 0-7%, 1-7° and 2-
79 modes superimposed. We can see that, as expected, the lower 70 multiplicity modes’
7+ have higher py than the higher multiplicity modes since they get a larger share of
the tau energy. The mean values of the pr for the 0,1 and 2-7° mode 7% tracks are 9.2

GeV, 4.6 GeV and 3.9 GeV respectively.
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FIGURE 5.2: The truth level kinematic distributions for the 7% of the hadronic single

prong signal soft tau of the coannihilation region. The top left plots show pr, the top

right 1, and the bottom ¢. Separate plots for the 3 single prong modes are shown
superimposed. The 0 — ¥ distributions are normalized to unity.

5.1.1.2 Reconstruction

Figure 5.3 shows the distance between the truth level 7% and the closest reconstructed
track, where all single prong modes have been combined. pr > 2GeV and |n| < 2.5 (the
extent of the inner tracker) cuts are imposed at the truth level. Unless otherwise speci-
fied, from here, all plots involving the 7% tracks will have these cuts imposed. In light
of the ARy reco distribution we set the track matching condition to AR ¢ reco < 0.01
and use this condition for the definition of “r¥ is reconstructed”. With this definition

the misidentification of the reconstructed 7% tracks is only 0.04%.

Figure 5.4 shows the pr, n, and ¢ resolutions for the reconstructed track of the matched

n¥s. The gaussian fit of the pr resolution yields a width of ¢ = 1.69%.

Figure 5.5 shows the reconstruction efficiency of the signal soft tau single prong =+

tracks, as a function of pr and 1, where the ARy/¢ reco < 0.01 condition is used. The
efficiencies for the 3 single prong modes are combined in these plots. The ppr > 2GeV cut
is not imposed on the efficiency vs. pp plot, so as to illustrate the efficiency dependence in
the low pr region. We can see that the reconstruction efficiency levels off to around 90%

for pp 2 2GeV and falls dramatically for pr < 700MeV which is around the expected
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lower limit for the performance of the tracking detectors [21]. Inefficiencies of tracking
of 7+ at low pr arise because of the large material effects in this region. We can also
see that the efficiency falls of with increasing |n| which is again a result of increased
probability for interactions as the amount of material traversed by the 7% increases. A
small dip at n = 0 can be seen where there is an increase in the traversed material in
the SCT and TRT detectors.
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FIGURE 5.5: Track reconstruction efficiencies of the hadronic single prong signal soft
tau 7 as functions of pr and 7. The pr > 2GeV cut is not imposed on the truth level
for the efficiency vs. pr plot.

5.1.1.3 Selection

Now in order to seed the soft tau tagging algorithm the quality cuts of the tracks needed
to be decided. The quantities used for the track seeded algorithm of tauRec were checked
and ultimately it was decided that the same quality requirements would be used for this
algorithm. The only exception was the reduction of the pr cut from 6 GeV to 2 GeV. As
discussed in Section 4.3.4, it is necessary to reduce the seed threshold in order to increase
the soft tau reconstruction efficiency. The 2 GeV cut is a preliminary cut for choosing
the soft tau candidates and studies for optimising it for the M, ; analysis will be outlined
in Section 6.3. Figure 5.6 shows the distributions of the track quality quantities for the
single prong signal soft tau 7% tracks, and for the background to these tracks which
are the other reconstructed tracks in the region AR < 2 of the reconstructed hard tau.
These comprise both real tracks (mainly from jets) and fake tracks. The pr > 2GeV
cut, and a standard y?/d.o.f < 1.7 cut is applied to both signal and background tracks
for these plots. The track quality cuts for the soft tau tagging algorithm seed are shown

in the second column of Table 5.1.

Since it was decided that only single prong modes would be considered fairly stringent
isolation requirements can be made on the algorithm seed track. Seed tracks are con-

sidered as isolated if no tracks of a given quality are reconstructed within AR < 0.2 of



Chapter 5. Soft Tau Reconstruction

71

2z 0g— ‘ 3 > 10°E ‘ 3
c E — Signal n* 3 = E — Signal n* 3
=} N B =} r *
L 1E — Background 5 L 10§ J—\_\_‘ — Background 3
9 E = 9 C =
2 E /\ E 2 1; — \_L ]
T 101k T f
£ / \ E S0t [--1 = 5 :
< [ ] < E 3
Tg 10~ WW«W“"‘ AR o ] Tg £ I_L l—L‘ 3
S k 3 51072 o] 1 3
n r T n E 3
1073 E af I_LI ]
E E 107 BE|
10k | : £ ]
SO 11 {1 11 Rl e
2 45 -1 05 0 05 1 15 2 0 5 10 15 20
d, [mm] Silicon Hits
> 10%g ‘ —
c E — Signal n*
S
2 10 E — Background E
s f
2 e
g 0 waﬁ o
g 107k =
0 R et R L
21072 £
"ol L
Nl L7
1074
10 20 30 a0 80
TRT Hits
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tracks within the search area around the signal hard tau. The signal distributions are
normalised to unity. The soft tau search algorithm seed track cuts are |dp| < lmm,
number of silicon hits > 8, and TRT hits > 10 (when |n¢rack| < 1.9).

‘ Track criteria

H Seed track ‘ Isolation track

pr [GeV] 2 1

nl < 2.5 2.5
Impact parameter do[mm] < 1 1
Silicon Hits Ng; > 8 8
TRT hits Nrrr > (when || < 1.9) 10 no cut
x2/d.of < 1.7 1.7
Pixel Hits Npizer > no cut 1
B-layer hits Nyjqy > no cut 1
High/Low threshold hit ratio N21./NEL . < || no cut 0.2

TABLE 5.1:

isolation track.

Track quality criteria for the soft tau tagging algorithm seed track and
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“Isolation tracks” are shown in the third column

it. The quality requirements for the
of Table 5.1. The same requirements as those for the “associated tracks” of the tauRec
track seeded algorithm were used. These have been optimised to be stringent enough to

0

exclude tracks arising from conversion electrons coming from 7° — +,7 decay, and so

are ideal for checking the isolation of the 7% coming from taus with 70 decay products.

The left hand plot of Figure 5.7 shows the distribution for the distance from the seed
track to the closest “isolation track”. The distribution for the signal 7% tracks and for
the background to these tracks are shown superimposed, where again the background
are the seed tracks in the region AR < 2 of the reconstructed hard tau which do not
come from the signal soft tau. We can see that a track isolation cut of AR < 0.2 removes
a lot of the background which mainly comes from jet activity. The right hand plot of
Figure 5.7 shows the pp distributions of the signal and background. For this plot the
track cut has been reduced to pr > 1GeV in order to illustrate the rise in the background
below the 2GeV cut. As mentioned before, a tentative cut of pp > 2GeV was made on

the seed track but this will be optimised in the full background analysis of Section 6.3.
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F1GURE 5.7: The left hand plot shows the distance between the seed quality track,
and the closest “isolation quality” track, for both signal and background seed tracks.
The right hand plot compares the pr of the signal and background seed quality tracks.

5.1.1.4 Performance

Table 5.2 shows the cut flow for the 3 single prong modes when the seed track quality
cuts are made. It also shows how the mean number of background tracks within the soft
tau search area changes with the cuts. We can see that around quarter of the signal is
lost by confining the search area to AR < 2 around the signal hard tau. We can also
see that the pr > 2GeV cut biases the remaining soft tau signal towards the lower 7°
multiplicity modes, since the higher 70 multiplicity modes have softer 7% tracks. After

all of the seed track requirements an average of 1.3 tracks besides the signal 7% track
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0-7° mode | 1-7% mode | 2-7° mode | mean no. BG
[/fb~1] [/fb™1] [/fb™1] in search area

No cut 8.2 18.9 6.7

In| < 2.5 7.9 18.3 6.5

Reconstructed 7.1 14.1 5.0

Within AR < 2 of hard tau || 5.1 10.4 3.7 30.1

|do| < Imm 5.1 10.3 3.7 16.5

Si hits> 8 5.0 10.3 3.6 15.1

TRT hits> 10 4.6 9.4 3.3 13.5

X2 < 1.7 4.4 8.9 3.1 12.0

pr > 2GeV 4.1 6.3 2.1 7.9

Isolated 3.8 5.9 2.0 1.3

TABLE 5.2: Cut flow for coannihilation single prong signal soft tau 7% with the soft tau
search algorithm seed track selection cuts. Cut flows for each of the 3 considered decay
modes are shown separately. The fifth column shows the mean number of background
tracks which remain in the soft tau search area as the cuts are made on the seed tracks.

remain in the search area around the signal hard tau. Thus, on average, the likelihood

method will need to select the signal soft tau 7% track from out of 2.3 tracks.

5.1.2 The soft tau 7° reconstruction and selection

The fact the signal soft taus are not very boosted means that any 7 coming from
their decay can be relatively separated from the 7% in the calorimeter. It is possible
to exploit this fact to help to discriminate these taus from background. The following
section outlines the algorithm developed for selecting any 7% clusters coming from the

soft tau decay.

5.1.2.1 Truth level study

Figure 5.8 shows the truth level energy distributions of the 70 coming from the 1-7° and
2-1% modes for the signal soft tau. We can can see that, as expected, the 2-7° mode 7°
are less energetic than the 1-7% mode 7° due to the tau energy being shared amongst
more decay products. The mean energy of the 70 from the 1-7° mode decay is 7.33GeV
while the mean energies of the 7% coming from the 2-7° mode decay are 6.94GeV and
3.01GeV. Particularly for the 2-7% mode, the reconstruction of such low energy clusters

in the calorimeter is extremely challenging due to material in front of the calorimeter.

Figure 5.9 shows the truth level correlation of the distance between the 7%+ and the
70(s) at the interaction point, AR+ ro, and the pr of the 7, pr.a+, for both 1 and

2-1% modes. If the tau is less boosted then the pr of the 7+ will be lower. As can be
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FIGURE 5.8: Truth level energy distributions for the 7% coming from the 1-7° and
2-79 signal soft tau single prong mode decays.

seen, as the pr of the 7+ becomes smaller, the distance between the 7% and the 7°
grows larger due to this smaller boost. Thus we can see that we can size the search
area for 79 clusters around the vertex direction of the 7* track according to pr .
The pr .+ dependant search area that is used for the 79 selection algorithm is shown
superimposed on the figure. It is a cone of 0.4 for 2GeV < pr.+ < 5GeV, 0.2 for
5GeV < pr.+ < 10GeV, and 0.1 for 20GeV > pr 4. This is an improvement on the
tauRec track seeded algorithm method of searching for 70 clusters which employs only

a fixed cone size (AR < 0.2).
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FIGURE 5.9: The truth level correlation between AR+ -0 and pr .+ for the signal

soft tau 1 and 2-7° modes. The correlation for the 1-7° is shown on the left, while the

correlation for the 2-7° mode is shown on the right. For the 2-7° mode the histograms
for each 7° are added together.



Chapter 5. Soft Tau Reconstruction 75

5.1.2.2 Excluding the 7* cluster

The basic procedure for the 7° cluster search algorithm is as follows.

e The seed track is propagated to the middle layer of the calorimeter and the primary
cluster of the track is searched for. This cluster is excluded from the search for

the 79 clusters.

e Clusters are then searched for in a search cone around the vertex direction of the

seed track. The size of this search cone is pr r+ dependant as described above.

0

e Only clusters which pass certain EM-like criteria are accepted as m" candidate

clusters.

For the purpose of excluding the 7+ cluster from the search, and for attempting to
resolve up to two 7° clusters (from the single prong 2-7° mode), the topological clustering
algorithm of Section 4.2.2 was used. This clustering algorithm performs better than a

fixed cone algorithm for resolving clusters which are close together in the calorimeter.

In order to exclude the 7 cluster from the 7° search we find the closest cluster to the
7+ position in the middle layer of the calorimeter. The matched cluster is required to
have E > 1GeV when it is calibrated to the hadronic scale ' . Figure 5.10 shows the
distribution of the distance between the track position in the middle calorimeter and the
matched cluster, ARyqck cluster, for the signal 7%, For this section of the study, only the
0-7% mode is used to avoid contamination from any 7°. Also, only soft taus which are
AR > 0.8 from the signal hard tau are used to avoid contamination from the signal hard
tau. It is obvious that at such low energy the match between the 7% track and cluster
is not always good (ARityrack cluster can be rather large). This is because of significant

multiple scattering before the calorimeter.

At low energy the shower arising from the 7% is also wider and may result in a num-
ber of secondary clusters in the calorimeter. We can observe this affect by looking at
ET cluster /DT track for the matched cluster. This is shown in the left hand plot of Fig-
ure 5.11. Note that these clusters are corrected for energy loss before the calorimeter.
Obviously not all of the 7% energy is contained in this cluster. The right hand plot of
the same figure shows Er/pp again, but now with the sum of the E7 of all of the clusters
in a cone of 0.2 around the 7%. We can see that the energy is mostly fully recovered.
Figure 5.12 shows the number of clusters which are collected in this cone. We can see
that for most of these low energy 7* the energy in the calorimeter is dispersed amongst

greater than one clusters.
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Now the best that we can do to remove the primary 7% cluster from 70 candidacy is to
remove it only if is close to the impact of the 77 in the calorimeter. Otherwise there is
a risk of removing 7° clusters as well. Thus we only remove the 7+ matched cluster if
it is within AR < 0.04 of the 7% track at the middle layer of the calorimeter. For the
case that the match is not good, 7° clusters will be discriminated using only cuts on
energy and shower shape, as will be described below. Note that this 79 discrimination
will potentially be against a number of low energy secondary 7+ clusters, and thus will

be quite challenging.

5.1.2.3 Selecting 7° clusters with

EMFracClusterClassificationTool

The next step is to select EM-like 7% candidates from the remaining clusters. This
“EM-likeness” is determined with a package within Athena named

EMFracClusterClassificationTool. The algorithm in this package is the default algo-
rithm used for classifying topological clusters in Athena as EM or hadronic. Its algorithm
works by classifying a cluster as EM or hadronic by comparing it with the phase space
population predicted by single 7% and single 7° Monte Carlo simulations in Athena.[19]
A 4-dimensional phase space in |9, Ecuster, 10810 Acentre and logiq (p) is used, where
Acenter 1S the distance of the shower centre from the front face of the calorimeter along

the shower axis, and (p) is the first moment in energy density

<p> = El X Z Eiﬂh Enorm = Z Ez (51)

noTm B3>0 i|E;>0

For the above formula, F; and p; are the energy and energy density of the ith cell
respectively. The sum is over the cells in the cluster. This phase space is populated
with equal numbers of 7% and 7°, with an energy range of 200MeV - 2TeV. Assuming a
probability ratio of 7% to 7° production of 2:1, a weight is then calculated for each bin

¢ in the phase space

0
nT
EM fraction = ———*+——— 5.2

f n?o + 271;ri (52)

where n?o is the fraction of 7 in the bin and n?i is the fraction of 7*. By default if
a candidate cluster falls in to a bin which has EM fraction > 0.5, then the cluster is
classified as EM, though this setting can be altered if desired.

!Calibration for clusters matched to seed tracks for this algorithm is done using Local Hadronic
Calibration, as described in Section 4.2.2.
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0 as a function of (p) of

Figure 5.13 shows the probability that a cluster comes from a 7
the cluster, and A.epnter Of the cluster, when the above mentioned Monte Carlo procedure
is followed. 1 and FEj,ster are fixed for these plots. The hot areas of the plots are the
bins which are highly populated with 70, while the cold areas are the bins which are
highly populated with 7. Green areas are those regions of the phase space where there
is a lot of overlap between 7+ and 7°. The left hand plot is for 1GeV< Euster <2GeV
clusters, while the right hand plot is for 8GeV< E jyster <16GeV clusters. We can see
that 7° clusters tend to populate areas of lower Acenter, and higher (p) as we would
expect for EM clusters. We can also see that there are a lot more areas of green for
the low energy plot. This means that the phase spaces of 7 and 7% overlap. This is

because the showers of 7+ and 7° look more and more similar as their energies becomes

smaller. This makes it more difficult to distinguish the two at low energy.
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FIGURE 5.13: Probability that a cluster comes from a 7° as a function of (p) of the

cluster and Acenter of the cluster. Both plots are for the region 0.2 < |n| < 0.4, but the

left hand plot is for clusters with 1GeV< E jyster <2GeV, while the right hand plot is
for clusters with 8GeV< Ejyster <16GeV. [19]

While the classification efficiency with the default boundary of EMfraction=0.5 for 7°
clusters with E > 50GeV is rather good at 80 - 85%, this efficiency falls off to 50% at
5GeV and 23% at 1GeV. This is due to the substantial overlap in the phase space of
7% and 70 at low energy, i.e. low energy 7+ clusters look very similar to low energy m°

clusters.

In order to optimise the classification efficiency of our signal 7 clusters, and thus to
optimise the decay mode classification efficiency of our signal tau, this EM fraction

setting was changed.

The EMfraction setting was optimised using the following procedure. Monte Carlo

7% from the 1-7° mode signal tau were matched to topoclusters. Only events with
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E.o > 1GeV and where the 79 were within the 7° search cone around the 7% were
considered. The cluster was considered matched if it was not the same as the 7+ cluster
(i.e. the 7° did not overlap with the 7% in the calorimeter), and the distance between the

0 were considered as “findable”.

truth level 7% and the cluster was less than 0.1. These 7
Then the EM fraction setting was varied to try to find the setting at which this m°

cluster was the only EM-like cluster within the 7° search cone.

Figure 5.14 shows the efficiency of EM-like classification as the EM fraction setting is
varied, both for the 70 cluster, and for reference, the 7% cluster, of the 1-7° mode. We

see that as the EM fraction setting is increased the efficiencies drop off, as expected.

80.92F E g 04p ]
g 09: [ 3 g C [ J
= £ ¢ E 50.35: ]
o.88F e mw ]
0.86F ¢ ] 0.3f ¢ ]
0.84F ] r ¢ ]
0.82 E 0.25F ]
0.8 ? B 025 ¢ ]
078 : i ]
076 E 0.15F ! |
0.74F ] F ¢
O e S B s B O e e s e e s s S S B
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
EM fraction EM fraction

FIGURE 5.14: The change in the EM-like classification efficiency of the signal 1-7°
mode 7 cluster (left), and 7% cluster (right), as EM fraction is varied.

The left hand plot of Figure 5.15 shows, for the 1-7% mode, the number of clusters in
the 70 search cone which are classified as EM-like, after the primary m* cluster was
removed, as discussed above. The plots from varying the EM fraction setting from 0.1
- 0.5 are shown superimposed. Mostly only the 7° cluster is classified as EM-like, thus
the peak at 1. We can see though that, as the EM fraction setting is decreased, the
number of clusters classified as EM-like increases. This is because many of the secondary
7% clusters are also classified as EM-like. Events with greater than one EM-like cluster

can also arise from the two 7° gamma rays actually forming two separate clusters.

Finally the right hand plot of Figure 5.15 shows the fraction of the selected events for
which the ¥ cluster is the only EM-like cluster found, as EM fraction is varied. The

0 search algorithm,

maximum is for a setting of 0.2. That is to say that, with the above w
the maximum number of 1-7° events will be correctly classified when EM fraction is

set to 0.2. We thus use this setting for selecting 7° clusters from around the 7% track.
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FIGURE 5.15: The left hand plot shows the number of clusters around the signal 7+

which are classified as EM-like, as EM fraction is varied. The right hand plot show the

fraction of events for which the signal 7° cluster is the only cluster which is classified

as EM-like, as EM fraction is varied. Only the 1-7° mode is used, and the primary
7¥ cluster is removed as described in the text.

This algorithm || 0 EM clusters | 1 EM clusters | 2 EM clusters | > 2 EM clusters
(tauRec)
[ 0-7° mode | 54%(74%) | 30%(19%) | 10%(2%) | 7%(0)
1-7% mode 32%(33%) 36%(15%) 19%(3%) 13%(1%)
2-10 mode 19%(14%) 33%(10%) 25%(2%) 23%(1%)
J2 jets 41%(13%) 30%(3%) 18%(0) 11%(0)

TABLE 5.3: Single prong tau decay mode classification efficiency of the soft tau search

algorithm. For comparison the classification efficiency of tauRec is shown in brackets.

For a fairer comparison, only taus with 5GeV < pr s < 10GeV are considered here.

tauRec classifications do not add up to 100% because only the track seed algorithm

has a 70 search algorithm. For reference the classification for QCD jets in a J2 sample
is also shown.

5.1.2.4 Performance

Table 5.3 show the classification performance of this algorithm for the single prong
mode signal taus which have been reconstructed. For comparison the classification per-
formance for tauRec is also shown, for those signal tau which tauRec has reconstructed.
The pr range for the taus is limited to 5GeV < p7 ;s < 10GeV. It should be noted
that the classifications of tauRec do not add up to 100% because only the track seeded

0 search algorithm. It is obvious that the classification performance of

objects have a m
this algorithm is better than that for tauRec, but mainly due to the fact that most of the
1 and 2-70 signal tau which are reconstructed by tauRec are done so by the calorimeter
seeded algorithm. This is because the low pp tracks of these modes do not pass the
track seed pr threshold, while the clusters (which include the 7° energy) do pass the

calorimeter seed threshold.
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There are a number of sources of classification inefficiency for the soft tau search algo-
rithm. One of the main sources for decay modes with 70 is from the Eyster > 1GeV
requirement for the 7° search algorithm. Also, as mentioned above, the misclassification
of secondary 7% clusters as EM-like, and 70 clusters as non-EM-like is significant in
the low energy region. There are also some classification inefficiencies from losses of 7°

clusters outside the 79 search cone.

Finally Figure 5.16 shows plots of the quality of the 7¥ reconstruction for this algorithm.
Energy resolution plots are shown in the top row. The bottom row shows the quality of
the reconstruction of the 7%, 70 system invariant mass. Only signal from 1-7° and 2-7°

modes which have been correctly classified are shown. We can see that

The gaussian fit of the energy resolution of the 1-7% mode 70 yields ¢ = 9.5%. It is
14.2% for the first 7% of the 2-7° mode. The reconstruction for the second 7% of the
2-1% mode is poor and so the resolution has not been fit. Recall that this 7° has a mean
energy of only 3GeV. It is also in the vicinity of another, more energetic 7, and also

aﬂ'i

, making reconstruction very difficult. Nevertheless it seems that a cluster which
corresponds to the second 7° has been found, since the resolution plot is centered around

zZero.

The invariant mass of the 1-79 tau is reconstructed quite well, as can be seen from the
comparison with the truth level distribution. The 2-7° reconstruction is not as good,
due to the difficulty of reconstructing the 2nd 7. Both of these distributions, among
others, will be used in the discrimination of the signal soft taus from the background.

This is the subject of the next section.

5.2 The soft tau likelihood method

Now that the information about soft tau candidate m* tracks, and soft tau candi-
date 7V clusters is obtained, it is now necessary to further discriminate these isolated
track+cluster systems from QCD jets. For this purpose a likelihood method was devel-
oped. The inspiration for the method was taken from the tauRec likelihood method, but
with some modifications which are specific to the low energy region, and some modifica-
tions which are specific to this analysis. The likelihood method will be described below
with an emphasis on its differences from the tauRec method. Then the performance of

the method will be shown, with a comparison against tauRec.
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FIGURE 5.16: Plots showing the quality of the 70 reconstruction in the soft tau search

algorithm. The top row shows the energy resolution of the 7°s while the bottom row

shows the invariant mass of the 7%, 70 system. In the left column are the plots for

the 1-7% mode, while the in the right column are the plots for the 2-7% mode. The

invariant mass distributions are compared with the truth level distributions. Only
correctly classified signal is shown.

5.2.1 Description

The majority of the discrimination variables employed by tauRec focus on discriminat-
ing taus by the relative narrowness of their overall structure. For very soft taus the
discrimination power of these “narrowness” variables becomes worse. The advantage we
have with soft taus though is that, while the opening angle of the decay products be-
comes larger and hence the tau jet becomes wider, at the same time the decay products
become more distinguishable in the calorimeters. Thus rather than looking at the overall
narrowness of the tau jet, it was decided to attempt to look at the narrowness of only
the 7% energy depositions, and to consider the 7° components completely separately.
This approach means that, effectively, we are only measuring the narrowness of a single
7F in the calorimeter. We thus take advantage of the quite different topology of soft

taus in the calorimeters.

Thus the basic thrust of the likelihood method is to

o Identify the EM-like depositions in the calorimeter that are likely to come from 7°

(as outlined in Section 5.1.2)
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e Remove these depositions from the calorimeter and then calculate the “narrow-

ness” likelihood variables.

e Use both 7% and 7% components to form other likelihood variables (such as invari-

ant masses).

Below are listed separately the variables which are calculated with the EM-like clusters
removed, and the variables which are calculated using the EM-like cluster information,
along with variables which only use track information. Some of the variables are very
similar to those used in tauRec (with some differences, for example, in the calorimeter
cells which contribute), but are listed along with the other variables for completeness

(refer to Appendix B for PDF's of these variables).

DISCRIMINATION VARIABLES USING CALORIMETER AND
TRACK INFORMATION, EXCLUDING EM-LIKE CLUSTERS

e The electromagnetic radius, R.p,:

The electromagnetic radius R, is defined as

R 2ie1 ET,i\/(nz‘ — Naxis)” + (95 — Gaxis)?
- Z;L:l ETvl ’

(5.3)
where 4 runs over non-EM-like cells within a cone of AR < 0.4 of the ¥ position
2 . This is similar to the variable used in tauRec.

e Transverse energy width in the 7 strip layer, An:

The transverse energy width A7 is defined as

Sy By (i = haxis)”

An = .
i B

(5.4)

where the sum runs over all non-EM-like strip cells in a cone with AR < 0.4 of the
7+ position and ES’TtZr P is the corresponding strip transverse energy. This is similar

to the variable used in tauRec

e Isolation fraction in the calorimeter, I:

The isolation fraction is defined as

[— 2ifri , (5.5)
Zj Er;

2From here “non-EM-like cells” means cells belonging to topoclusters which have not been classified
as EM-like, and “m™ position” means the position of the 7+ at the relevant layer of the calorimeter.
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where the 7 and j run over all non-EM-like cells belonging to cones around the 7%
position with AR < 0.2 and AR < 0.4, respectively, and E7 ; and E7 ; denote the
cell Ep. This is similar to the tauRec isolation variable, except that the numerator
is the sum of cell with AR < 0.2 instead of 0.1 < AR < 0.2.

e Ratio of hadronic and EM energy, HADover EM:

The ratio of hadronic to EM energy is defined as

"B
HADoverEM = Z,f# (5.6)
Zj:l Er;

where the i and j run over all non-EM-like cells in cones of AR < 0.4 of the 7%

position, in the hadronic calorimeter, and the EM calorimeter respectively.

EEM  over pr of the seed track, EEM /pr -

The ratio of sum of the Er of non-EM-like cells within AR < 0.4 of the 7% position
to the pr of the seed track. Only cells from the EM calorimeter are used. This is

similar to the variable used in tauRec.

° E:’;{AD over pr of the seed track, E:’;{AD /T
The ratio of sum of the E7 of non-EM-like cells within AR < 0.4 of the 7 position
to the pp of the seed track. Only cells from the hadronic calorimeter are used.

e Number of hits in the 7 strip layer:

The number of hits in the finely segmented first layer of the EM calorimeter with
E>100MeV and within AR < 0.4 of the 7% position are counted. Only non-EM-
like cells are considered. This is the same as for tauRec, except that the threshold
is reduced to 100MeV (which is still well above the 12 - 15MeV noise level in the
strip layer).

DISCRIMINATION VARIABLES USING CALORIMETER AND
TRACK INFORMATION, USING EM-LIKE CLUSTERS

Note that these variables are only calculated for the case that exactly one or two EM-like

clusters are identified.

e The invariant visible mass, M;,yariant:

M;pvariant 18 defined as the invariant mass of the seed track and the EM-like clus-

ters.
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e The distances between the 7 and the EM-like clusters, AR _+ o :

Ty,2°
ARWim(l)Q is defined as the distance between the 7% at the interaction point, and
the 1 or 2 EM-like clusters.

e The distance between the two EM-like clusters, AR o o

Ang,wg is defined as the distance between the two EM-like clusters.

DISCRIMINATION VARIABLES USING ONLY TRACK
INFORMATION

e The distance to the closest track, AR = osesttrack:

ARz % cjosestirack 1 defined as the distance between the seed track and the closest
track of “isolation track” quality, as defined in Table 5.1. This is another measure

of the isolation of the system, but using information from the inner detector.

e The number of tracks in the isolation zone, NTRACK 02_04:

NTRACK 0204 is defined as the number of tracks of “isolation track” quality,
as defined in Table 5.1, in the region 0.2 < AR < 0.4. Recall that the seed track
is required to be isolated within AR < 0.2.

e Lifetime signed pseudo impact parameter significance:

This parameter is exactly the same as that used for tauRec. It is a measure of
the significance of the impact parameter. Refer to Section 4.2.7.3 for a complete

description.

The likelihood variable using these variables is calculated in the same way as for the
tauRec algorithm (refer Section 4.2.7.3). PDFs for the signal and background were
created from Monte Carlo simulations. Signal PDFs were created using the signal soft
tau from the coannihilation region sample. Background PDFs were created with a J2

sample. Separate PDFs have been created for 0, 1 and 2 7% modes.

The same likelihood variable as tauRec is calculated from these PDF's:

k=nVars pf(ka)
d= log (5.7)
kzzl P ()

where the sum is over the discrimination variables, xj is the value of the variable k for

the candidate, and pf (z) and pP(xy) are the probability density at the value zj for
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the signal PDF and for the background PDF respectively. No electron veto has been

implemented for this method.

The classification by the ¥ cluster finding algorithm determines which PDF set is used
(0,1 or 2 7°). For candidates with greater than 2 EM-like clusters, the discrimination
variables using the EM-like cluster information are not calculated, and the 0-7% PDF
set is used. PDF's were binned by the momentum of the seed track as follows: 2GeV <
Dirack < DGeV, 5GeV < purack < 10GeV and pirger > 10GeV.

Figures showing the final PDFs used for the likelihood method are located in Ap-
pendix B. They are divided by decay mode classification (single prong 0-7%, 1-7°
and 2—770), and then further by seed track momentum range (2GeV < pyrack < 5GeV,
5GeV < prack < 10GeV and pyrqer > 10GeV). The signal and the background PDFs are
shown superimposed in these plots. We can see that the discrimination power of some
variables is much better than others. In particular it is obvious that the discrimination
power of the track based variables is relatively powerful. This is likely due to the fact
that the depositions from low energy object in the calorimeter tends to be dispersed.
We can also see that the variables involving the 7 clusters adds extra discrimination
power to the likelihood. This is an improvement on the tauRec method which only used
one variable involving 7° candidates (Minvariant), and then only for the track seeded

algorithm.

In addition to the different approach for creating the likelihood variables mentioned
above, we have implemented another somewhat analysis specific modification to the
likelihood method. The discrimination power of the “narrowness” and “isolation” vari-
ables used in this method are contingent on the activity in the vicinity of the soft tau
candidate. That is to say that if there are tracks close to the soft tau candidate which
come from other objects, or if there are depositions in the calorimeter close to the can-
didate which come from other objects, the power of the variables is diminished. It was
shown in Figure 3.4 that the signal soft tau is often very close to the very energetic
signal hard tau. Thus, firstly, tracks which are associated to the reconstructed hard tau
candidate are excluded from the calculation of variables which involve track information
(e.g. the number of tracks in the area 0.2 < AR < 0.4 around the soft tau candidate).
Secondly, when calculating likelihood variables involving calorimeter information, if the
soft tau candidate is within AR < 0.8 of the hard tau candidate, only calorimeter cells
in the half cone furtherest away from the hard tau candidate were used. Figure 5.17
shows a schematic illustrating the half cone method. This method was not used for the
79 cluster search. The improvement in discrimination power using this method will be

discussed below.
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Hard Tau
Soft Tau

track

FIGURE 5.17: When the soft tau candidate is within AR < 0.8 of the hard tau candi-
date, only the half cone furtherest from the hard tau candidate is used for calculating
a number of the likelihood variables.

5.2.2 Performance

Figure 5.18 shows final discrimination power of the likelihood functions for the signal
and the background. Likelihood functions for 0, 1 and 2-7° modes are shown and
the functions are plotted separately for the momentum ranges in which the likelihood
variables are binned. Only the correctly classified signal is shown. We can see that,
indeed, the extra variables using the 7¥ information do add to the discrimination power
of the likelihood method. But as will be described below, this power is diminished when

candidates are incorrectly classified.

Figure 5.19 show the improvements in the discrimination power of the likelihood func-
tions when the above-mentioned half-cone method is used. Only soft tau candidates
within the cut-off distance of AR < 0.8 are shown. We can see that this method pro-
vides a small improvement in discrimination power for the signal soft taus which are

close to the signal hard tau.

Figure 5.20 compares the performance of this method’s likelihood function with that

signal

of tauRec. As in Section 4.3.4 this is shown as a line in the /¢, € plane, where

signal

similarly e is defined as

number matched soft candidates with LLH > LLH

signal __ 5.8
¢ number of MC taus (5:8)
and /¢ is defined as
jet _ number matched soft candidates with LLH > LLH cut (5.9)
g = .

number of MC jets
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FIGURE 5.18: The likelihood functions of the soft tau likelihood method for the 0-7°

mode (top), 1-7m mode (middle) and 2-7° mode (bottom). The functions are shown

separately for candidates with seed tracks in the range 2 < GeVpiracr < 5GeV (left),

5 < GeVpirack < 10GeV (middle) and 10 < GeVpiracr (right). The signal here are the

correctly classified coannihilation region soft taus, while the background are jets in a
J2 QCD sample.
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FIGURE 5.19: The improvement in the soft tau likelihood method when the half-cone

method is used. The left hand plot shows the likelihood function for taus/jets which

are within AR < 0.8 of the hard tau candidate, when the half-cone method is not used.
The right hand plot shows the same but for when the half-cone method is used.
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where “matched” means for the signal that the soft tau candidate track has been matched
to within AR < 0.01 of the truth level 7%, and for background means that the soft tau
candidate has been matched to within AR < 0.2 of a truth level jet. For e%9m® the
signal soft tau from the coannihilation region is used while a J2 sample is used for e/¢.
No hard tau candidate requirement is made for this comparison. Only taus and jets with
|n| < 2.5 are considered and only taus from a particular decay mode are considered at a
time. The denominator for €/¢! is all MC jets in the kinematic region. Figures are shown
separately for the 0, 1 and 2-7° modes and for different regions of the pr spectrum. For
a fair comparison a seed track cut of pr irqer > 5GeV is used for the soft tau method,
which is 1GeV lower than the track cut used for tauRec in order to compensate for the
increase in the maximum attainable efficiency that the calorimeter seeded algorithm of

tauRec provides °.

We can see that in the region 5GeV < pr < 10GeV the new soft tau discrimination
method performs significantly better than tauRec for the 0 and 1-7° modes. The 2-7°
modes performs slightly worse. The better performance of the lower 70 multiplicity
modes can be understood in two ways. Firstly the classification efficiency for the lower
multiplicity modes is significantly better, which means that the calculated discrimination
variables are being compared to the “correct” PDF set. Thus although the extra 7°
variables do provide extra discrimination power for the higher 7° multiplicity modes,

misidentification of 7° clusters will result in a degradation in performance.

Secondly the tauRec algorithm has an advantage over the soft tau method since it
has a calorimeter seeded algorithm. The calorimeter seeded algorithm has a particular
advantage for higher 7% multiplicity modes in the low energy region since, for these
modes the 7% track will be particularly soft, and so will often fall below the threshold
of a track seeded algorithm. On the other hand the combined energy of the 7% and
7% is more likely to pass the calorimeter seed threshold. In addition the 7© decay
conversion electrons will contribute significantly to inefficiencies in the 7% passing seed

track isolation requirements.

We can also see that in the higher energy region of 10GeV < ppr < 20GeV, the perfor-
mance of tauRec is better for all modes. This can be understood again from the advan-
tage that tauRec gains from having a calorimeter seeded algorithm. The contribution
to the reconstruction efficiency coming from the calorimeter seeded algorithm becomes

very significant when the tau energy is greater than the calorimeter seed threshold.

Nevertheless the overall performance for the soft tau tagging algorithm is better in the

region 5GeV < pr < 10GeV as can be seen in the combined performance plot at the

3The cut on the seed track ultimately used for the optimisation of the signal to background ratio for
the M. . reconstruction is actually lower than this, as will be described in Section 6.3
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FIGURE 5.20: Fake rate vs. efficiency plots comparing the performance of the soft

tau likelihood method with tauRec. Comparisons are made for 0-7% taus (top), 1-7°

taus (2nd row), 2-70 taus (3rd row) and the combined performance for all single prong

modes (bottom). The left hand plots are for the taus/jets with 5GeV < pr < 10GeV

and the right hand plots are for taus/jets with 10GeV < pp < 20GeV. A seed track
cut of prrack > HGeV is used for a fair comparison with tauRec.
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bottom left of Figure 5.20. Furthermore the soft tau tagging algorithm has also been
optimised for even lower energies than this, where the tauRec algorithm efficiency is
virtually zero due to its high seed thresholds. The majority of the signal soft tau which
we are attempting to tag have pr < 10GeV, so the performance of the algorithm in the
region pr > 10GeV is of secondary importance. It will be shown in the next section
that indeed the better performance of the soft tau tagging algorithm in the lower energy

region results in a better reconstruction of the M, ; endpoint as compared to tauRec.






Chapter 6
M Endpoint Analysis

In Chapter 4 the algorithm to be used for reconstructing the coannihilation region signal
hard tau (tauRec) was described. In Chapter 5 the development of a new algorithm
for reconstructing the coannihilation region signal soft tau was outlined. The following
chapter presents the final analysis of the coannihilation region M . distribution endpoint

reconstruction.

The chapter will begin with the study of the selection of SUSY events from the copi-
ous standard model background which will arise in LHC collisions. This includes the
requirement of a signal hard tau candidate using tauRec. The optimisation of the se-
lection of the signal soft tau will then be outlined. Finally the analysis of the resulting

M, ;- distribution will be given.

Prior to all of this though it is necessary to briefly give some technical details of the

definitions of physics objects used. This is the subject of the next section.

6.1 Physics object definitions

Table 6.1 outlines the definitions of all of the ATLAS standard reconstruction objects
used for this analysis (excludes the soft tau definition). The recommendations for physics

object identification cuts given in reference[21] were used.

As well as the definition of physics objects it is also necessary for a procedure for so-
called “overlap removal” to be implemented. “Overlap” arises, for example, when a set
of calorimeter clusters is reconstructed (and identified) as different physics objects. This
occurs because reconstruction algorithms are executed independently. Overlap removal
needs to be implemented in order to avoid double counting of objects. The procedure

for removing such overlaps is as follows:

93
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Physics | Algorithm Athena container Identification cuts
object name
Jets 0.4 radius cone, Cone4H1TopoJets n < 2.5, pr > 20GeV

topological cluster input,
H1 calibration

Electrons | egamma ElectronCollection | n < 2.5, pr > 10GeV,
medium” ID cut,
etcone20 isolation

Muons STACO StacoMuonCollection | n < 2.5, pr > 10GeV
isCombinedMuon,
x%/d.o.f. < 100,
etcone20 isolation

Taus tauRec TauRecContainer n < 2.5, pr > 15GeV,
“medium” LLH cut,
1,3 tracks,
Q| == 1, e, u veto
Ess “Refined Calibrated” MET RefFinal N/A

TABLE 6.1: ATLAS standard reconstruction physics object definitions used for this
analysis. Object overlap removal procedure is described in the text.

Reconstructed taus which are selected using the criteria of Table 6.1 already have an
effective electron veto applied so that electrons faking taus are reduced. This electron
veto has a better performance than a simple overlap removal procedure between electrons
and taus as described in Section 4.2.7.3. Thus rather than removing taus which overlap
electrons, in this analysis we remove electrons which overlap taus. This is in order to
maintain tau efficiency as much as possible. Furthermore we remove jets which overlap

taus. The overlap criteria used is AR < 0.4 between the reconstructed objects.

The jet reconstruction algorithm can reconstruct an electron as a jet. On the other hand
electrons selected with the criteria of Table 6.1 have very few jets faking electrons. Thus

a jet overlapping an electron within AR < 0.2 is removed.

Electrons and muons can arise from the decay of particles within a jet. These electrons
and muons are not of interest in themselves in this analysis, and so electrons that are
between 0.2 < AR < 0.4 of a jet, or muons which are within AR < 0.4 of a jet are

removed.

6.2 SUSY selection

The overall phenomenology of SUSY events was outlined in Section 3.1. The main
characteristics which distinguish SUSY events from SM background are a number of

energetic jets arising from the cascade decay of gluinos and squarks, possible leptons,
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and large Ej’?’iss arising from the escape of two X! from the detector. In this section we
describe the SUSY selection cuts used to isolate a pure SUSY sample. Note that all of
the following plots have a requirement of a tau with pp > 15GeV.

For this analysis the requirement on the number of energetic jets is set to two. Figure 6.1
shows plots of E}”iss Vs. P%etl +P%et2 for the signal events from the coannihilation region
sample and for the various SM processes. Recall that the definition of effective mass
used for this analysis only involves the two hardest jets and E?”“ Mgy = E?““ +
P%Etl + P%ew. Thus a cut on effective mass of z can be viewed in the EJS, P%etl +P%et2
plane as a line running from E:’}”SS =z to P%eﬂ + P%eﬁ = z. In order to supplement
the rejection of copious soft tau background , rather hard cuts on Ej’?’iss, P%etl, P%et?
and M,y are used for this analysis to reduce SM background as much as possible. The

. jetl  pjet2 ;
following cuts on Pr}e , Pr}e and E7"*%%, are used

1. P} > 180GeV
2. P > 90GeV
3. Ess > 200GeV

4. Meff > 700GeV

These cuts are illustrated in the plots of Figure 6.1 !. The background process that will
pass these cuts with the greatest efficiency is ¢t which also has energetic jets and large
E?“'SS which comes from W decay. Of course significant numbers of other SM processes
such as QCD di-jet will pass these initial cuts due to their sheer numbers of statistics

but the efficiency is rather smaller.

After this first set of cuts the largest background still remaining is QCD di-jet processes
which have large jet transverse energy (>J4). In order to reduce these further a re-
quirement of a minimum distance in ¢ between E:’}”SS and the first and second jets is

made.

5. A¢jet1,MET > 0.2

6. Adjeiz,mpr > 0.2

Correlation plots between A¢jei1 T and Agjeo ppr are shown in Figure 6.2 with

these cuts superimposed. These cuts effectively reduce the QCD contribution by around

'Note that with separate cuts on the Prs of the first and second jets, the vertical cut on P + Pi¢*?
is not strictly accurate, but is drawn for illustrative purposes.
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FIGURE 6.1: E™* vs P + PI? for the coannihilation region signal events (top

left), ¢t (top right), W — 7,v (middle left), Z (middle right) and QCD (bottom).

The cuts imposed on these quantities are superimposed. Normalisation for each plot is
arbitrary.

70% while reducing the signal by only 3%. This is because the EF**$ from QCD di-jet
processes arises either from neutrinos coming from weak processes within the jet (real
Emss) | or from mismeasurements of jet energy in the calorimeter (fake ENS). EISS in
coannihilation events mostly comes from the two )Z? whose directions are not correlated

to the directions of the cascade jets.

In order to reduce the contributions of W and Z boson decay to electrons and muons we
also apply a lepton veto to the analysis. The reconstruction efficiency of electrons and
muons in the ATLAS detector is relatively very good and so this cut allows us to ignore
the contributions from W — e,v, W — u,v, Z — e,e and Z — pu, i, since they will be

insignificant relative to W — 7,v and Z — 7, 7.
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FIGURE 6.2: A¢jera mET VS. Adjer1,mpT for coannihilation region signal events (left)
and for QCD (right). Cuts made on these quantities are shown superimposed.

7. Lepton veto

This cut is also quite effective at reducing further ¢ contributions, since the branching

ratio of “not fully hadronic” decay of tt is 54%.

Next we make a requirement of a tauRec object with pp > 15GeV .

8. Pr, > 15GeV

While this is effective at reducing the standard model background, its most important
role is in reducing the combinatorial background from SUSY events. Recall that only
7% of SUSY events will contain the “golden” decay chain so in order to cleanly recon-
struct the M, » endpoint it is necessary to reduce this SUSY background as much as
possible. The SUSY combinatorial background efficiency for this cut is 5% while the
signal efficiency is 40%.

The final cut that we make before the soft tau selection is on Mp. For this analysis
the transverse mass is calculated using the hard tau candidate and the Ejnfiss . Recall
that the My distribution from W — 7, v will exhibit a Jacobian peak at the W mass
so that a cut around the W mass is effective at reducing this contribution. In fact, a
cut on My is also quite effective for reducing contributions from ¢¢. This is because a
semi-leptonically decaying tf event will produce an on shell W boson which can go via
W — 7,v. Figure 6.3 shows the My distributions for signal, W — 7, v, and tt events,
where indeed we can see the peak around the W mass (80GeV) for W — 7,v and tt.
This peak is is somewhat smeared compared to, for example, W — e, v, due to the
existence of the second neutrino coming from the 7 decay, and from jets faking taus.

For this analysis we make a cut on Mr of 90GeV
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and tf.

6.3 Soft tau selection

Now that the selections have been applied to heavily reduce the SM contributions, and
to some extent the SUSY BG contribution, the final selection that must be made is for
the signal soft tau. The details of this algorithm were outlined in Chapter 5 but here we
optimise the cut on the soft tau candidate track, pr irqck, and also the likelihood of the
candidate LLH. Figure 6.4 show a plot in two dimension of S/ V/N as a function of the
cut on pr track and the LLH, where S is the number of signal events for which the signal
hard and soft taus have been correctly selected by their respective algorithms, and N
is the total number of events which remain with both a hard and soft tau candidate.
This quantity was chosen as the optimising parameter since the uncertainty in the final
fit of the M, , spectrum will depend on the total statistics remaining N. Only the
contributions from background SUSY events are used for this plot, as the SM background
contributions are small in comparison. We can see that the optimal cuts on the soft tau
candidates are at around pr trqcr > 3GeV and LLH > 3. Unfortunately it was necessary
to enlarge the acceptance of this cut by changing it to pr rqcr > 2.5GeV and LLH > 0
in order to maintain statistics in the SM samples. This means a drop in S/ VN from
6.40 to 6.16

As a preliminary to the presentation of the final cut flow we study the efficiency of the

likelihood method for selecting the signal soft tau from out of a number of soft tau
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FIGURE 6.4: S/\/N as a function of the cut on soft tau candidate pr +rqck, and the

likelihood cut, where S is the number of signal events for which the hard and soft taus

have been correctly selected, and NV is the total number of events which remain with a
candidate hard and soft tau.

candidates around the signal hard tau. That is we would like to know how often the
likelihood method actually correctly selects the signal soft tau when there is greater than

one candidate remaining.

The blue line in Figure 6.5 shows the number of soft tau candidates which remain around
the signal hard tau after all of the selection cuts, but before the soft tau likelihood
cut. Only events for which the hard tau is correctly reconstructed, and the soft tau
is reconstructed within the search cone, are shown. We can see that, before the soft
tau likelihood cut 52% of the events are background free (there are no other soft tau
candidates except for the signal soft tau). 96 of the events have more than one soft tau
candidate in the search cone (there are other tracks besides the signal soft tau track
within the search cone). Of these 96 events, 63 of the signal soft tau tracks pass the
likelihood cut, then of these 63, 56 are correctly selected as the most tau-like candidate.
Thus we can see that the selection efficiency for the soft tau likelihood method, for the
case that there is more than one candidate to choose from, is at least 58%. For reference,
the number of soft tau candidates which remain around the signal hard tau after the
likelihood cut is shown as the red line if Figure 6.5. Only events for which the signal soft

tau passes the likelihood cut are shown.
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FIGURE 6.5: The number of soft tau candidates which remain in the soft tau search
area before (blue) and after (red) the soft tau likelihood cut. Only events for which the
signal soft tau survives the selection cuts are shown for each plot.

6.4 Final cut flow

Table 6.2 show the final cut flow, before the OS-SS subtraction. It includes both the
SUSY selection and the soft tau selection, for the signal and the various backgrounds. It
shows the cut flow normalised to the signal sample integrated luminosity of 63fb 1. The
samples used were outlined in Section 4.1. For this study we assume that the trigger
rate for the events which pass the SUSY cuts will be close to 100%, since we require

such a large E:’}”SS , and high energy jets.

Note that signal events for which the signal hard tau is not selected as the hardest tau
by tauRec are migrated to “SUSY BG” at that cut. Similarly for the soft tau selection.
1 of the final 150 signal events actually had the signal soft tau (coming from the 7)
identified by tauRec, and the signal hard tau identified by the soft tau search algorithm.
The signal soft tau was a factor 2.8 harder than the signal hard tau for this particular
event. 1 event for which the hard and soft taus are correctly reconstructed has the hard

tau with a misidentified charge. This event is added to the SUSY background category.

Complimentary to this table is Figure 6.6 which shows the cut flow in graphical form.
We can see that the major background which remains is the SUSY combinatorial BG,
which is a factor 3 larger than the combined SM background. We can see that the major
contributions from SM processes arises from both ¢t and W — 7, v, which both have

significant IS,

There are a couple of points to note about the Monte Carlo samples used for this final

analysis. Recall that with the lepton veto, the W and Z to p and e become negligible
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‘ Cut H Signal ‘ SUSY BG ‘ tt ‘ W ‘ Z ‘ QCD ‘
No cut 11.9k 151k 6.78M | 59.7TM | 21.0M 9.91G
P:]pet1 > 180GeV 8.88k 120k 784k 1.51IM | 594k 3.50G
P:]Fet2 > 90GeV 7.80k 105k 603k 879k 277k 3.16G
E:?”SS > 200GeV 6.11k 85.0k 77.1k 81.9k 103k 267k
Megr > 700GeV 5.94k 82.8k 59.6k 66.7k 82.3k 263k
A@jert,meT > 0.2 || 5.93k 82.7k 59.2k 66.7k 82.2k 189k
A@jeto e > 0.2 || 5.75k 80.7k 51.4k 59.5k 76.4k 75.2k
Lepton Veto 3.40k 56.9k 26.0k 47.3k 76.3k 75.2k
prr > 15GeV 1.33k 3.08k 3.92k 10.9k 413
My > 90GeV 905 1.86k 494k 465 341
Soft tau selection || 150 =12 | 451 21 75+ 17 | 54 +54 | 18.7+ 8.4

TABLE 6.2: The cut flow of the SUSY and soft tau selections, normalized to an
integrated luminosity of 63th . Only the significant samples, as described in the text,
are used.

compared to their 7 decay counterparts, and so ESD samples were not created for these
and they are not included in the final analysis. Also, ESD samples were not created for
Z and W samples which would become insignificant after the jet cuts (e.g. Z — v,v

with 0 or 1 parton).

Also, only the QCD samples >J4 (leading jet Ep > 140GeV) were found to have signif-
icant statistics after the cuts on A¢jer v e, and so only these are included in the table
2. Even with this restriction it was impossible to create large enough QCD samples such
that statistics remain at the final soft tau cuts. Statistics remain for each of the QCD
samples only up to the lepton veto. An estimate was made on the combined efficiency
of the hard tau pr cut, the My cut, and the soft tau cuts by imposing these cuts, with a
range of looser SUSY cuts preceding them. A conservative estimate of the efficiency of
these cuts of 10™* was made. It is expected that the contribution to the M. ; spectrum
from QCD should be similar to that of Z — v,v. We will show that the contribution

from Z — v, v is negligible compared to that from the SUSY combinatorial background.

Of interest here is whether or not the two tau candidates which are selected by the
above procedure are true taus or not. Table 6.3 summarises this information. We can
see that for 47% of the SUSY background at least one of the hard or soft candidates
is a true tau. For 9% of the SUSY background both candidates are true. 78% of the
True/Fake SUSY background arises from correct identification of the signal hard tau
with incorrect identification of the signal soft tau. 24% of the True/True background
arises from correct identification of the signal hard tau with identification of a separate

tau from the signal soft tau in the event.

2Statistics for other QCD samples run out at earlier cuts, but they quickly become insignificant
compared to those >J4 due to the low energy of their jets



Chapter 6. M, Endpoint Analysis 102

O  SU1 signal events

AllBG

SU1 combinatorial BG
° tT

0%k =

o
o_n
3

Events/63fb™'

‘ ”0 VET,,  VET, Ms Mé . Dp, 4,,, ;
Cy 7, 2/ T FE, H| PTe U 9, FT
Ur PT; B0, PrégaG *2009 oy V"ace \MET "ETIMO rJE o,v VE Pr;,s DG el Tay

FIGURE 6.6: The cut flow of the SUSY and soft tau selections. Only the significant
samples, as described in the text, are used.

| Process || True/True | True/Fake | Fake/True | Fake/Fake | Total |

SUSY BG | 41 124 46 240 451
tt 1 4 2 19 26
W—-7v |0 0 0 1 1
Z — v, v 0 0 0

TABLE 6.3: The proportions of the backgrounds which come from true taus. The raw
Monte Carlo statistics for each sample are listed here.

In the SM background there are relatively few true taus arising from the selection pro-
cedure, though the statistics are very limited for the W — 7,v case. In comparison,
the large true tau contribution in the SUSY background is to be expected due to the
enhanced SUSY cross section for decay to taus and the large boost usually imparted to
these taus, plus the fact that many of the signal hard taus are relegated to background

from the misidentification of the signal soft tau.

6.5 M., contribution from the backgrounds

The final step for this analysis is to subtract the M , distribution of the SS tau candidate
pairs from that of the OS sign pairs. This will reduce the uncorrelated pair background
since uncorrelated SS pairs will arise at the same rate and with the same kinematics as
uncorrelated OS pairs. If there are no other correlated pairs present, in principal only

the M., » spectrum from our signal decay chain should remain.
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6.5.1 The SM contributions

Due to the serious lack of statistics in the remaining SM background the shape of the
M ; contributions from each SM process were obtained by slightly loosening the SUSY

selection, and then this shape was normalised by the final statistics of the cut flow.
Contribution from tt

Figure 6.7 shows the M, ; shape of the ¢ contribution after the OS-SS procedure. The
shape with the complete SUSY selection, and that with the loosened SUSY selection are

shown superimposed. For tf the SUSY selection was loosened as follows:

o EMiss > 200GeV — EPss > 100GeV

o M.sp > 700GeV — M,z > 600GeV
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FIGURE 6.7: ¢t contribution to the M . spectrum. The red line shows the shape with
all of the selection cuts imposed while the black line shows the shape with the loosened
selection.

We can see that the contribution from ¢¢ after the loosened SUSY selection is not per-
fectly flat, due to the contribution from correlated leptons, arising from fully leptonic
decay tt events. Most of the correlated pair are true/fake or fake/true combinations,
where one of the pairs is an electron. There is a possibility that this excess is slightly
underestimated with these looser cuts on E}”iss, since fully leptonic ¢t decay is expected
to be enhanced with hard E}”iss cuts. The effect of any such increase on the final M, .
spectrum is expected to be negligible though, since the absolute contribution from ¢ is

small compared to the SUSY combinatorial background.
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Contribution from W — 7, v

Figure 6.8 shows the M ; shape of the W — 7, v contribution after the OS-SS procedure.
The shape with the complete SUSY selection, and that with the loosened SUSY selection

are shown superimposed. For W — 7, v the SUSY selection was loosened as follows:

Ess > 200GeV — EfYss > 100GeV

Meff > 700GeV — Meff > 200GeV

P > 180GeV — P > 100GeV

PI? > 90GeV — PJ* > 50GeV

Mr > 90GeV — M > 50GeV
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FIGURE 6.8: W — 7,v contribution to the M, ; spectrum. The red line shows the
shape with all of the selection cuts imposed while the black line shows the shape with
the loosened selection.

The shape of the W — 7,v M. . contribution is flat as expected, since there should not

be any correlated pairs, true tau or fake tau, in such events.
Contribution from Z — v, v

It was found that Z — 7,7 became negligible compared to Z — v, v due to the large cuts
on E:’}”SS , thus only Z — v, v is considered for the M, ; shape contribution. Figure 6.9
shows the M, ; shape of the Z — v,v contribution after the OS-SS procedure. The
shape with the complete SUSY selection, and that with the loosened SUSY selection are

shown superimposed. For Z — v, v the SUSY selection was loosened as follows:

o EMiss > 200GeV — EMss > 100GeV
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o M.y > 700GeV — M,z > 200GeV
o P) > 180GeV — PIM > 100GeV
o P)™ > 90GeV — P > 50GeV

o M7 > 90GeV — Mr > 50GeV

which is the same as for W — 7, v.
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FIGURE 6.9: Z — v,v contribution to the M, , spectrum. The red line shows the
shape with all of the selection cuts imposed while the black line shows the shape with
the loosened selection.

The shape of the Z — v,v M, ; contribution is flat as expected, since again there should

not be any correlated pairs, true tau or fake tau, in such events.

6.5.2 The SUSY combinatorial background contribution

Table 6.4 shows the proportion of the main SUSY background processes which survive
the selection procedure. Unfortunately correlation between true and fake tau combina-
tions is much more prevalent in the SUSY background compared to the SM background,
due to the other decay modes of the )Zg which produce opposite sign leptons, the pos-
sibility of correlated stop-top pairs from gluino decay which can go to opposite sign

leptons, and from )N({E pair production.

Figure 6.10 shows the various contributions from the SUSY background to the M, ,
spectrum. In order to maintain statistics only a lepton veto was applied for this plot

3 . We can see that the contribution from the misidentified golden decay chain is flat,

8 The M, , contribution from the SUSY background used in the final M, , spectrum will be the
one which results after all of the selection cuts. The loose selection used here is only to illustrate the
contributions to the OS-SS excess coming from each individual SUSY background process.
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Side 1 Side 2 Opposite | Same
sign sign

All squarks All squarks | 34 24

X9 — 71 — X} || Anything 67 62

X3 — 72 — X! || Anything 21 8

X3 —é—x? || Anything 9 3

Contains X{E Contains X{E 36 27

Contains Xf All squarks | 70 52
Other 18 20

| TOTAL 255 | 196 |

TABLE 6.4: The breakdown of the SUSY background contribution.

albeit with a large statistical fluctuation in each bin. This fluctuation is due to the large
statistical error arising from the OS-SS subtraction. We can see that there is a significant
contribution from the process X~8 — To, T — XN?, 7,7, which has a cross section a factor
8 smaller than the similar golden decay chain. The M, ; endpoint for this process is at
56GeV. The most significant contribution to the excess though comes from the processes
with jets for which the above-mentioned contribution from correlated stop-top pairs is

expected to dominate.
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FIGURE 6.10: Contributions to the M, , spectrum from the various processes in
background SUSY events.

6.6 Final M, analysis

Finally each of the BG contributions are added to the signal to form the complete M ,

spectrum. Figure 6.11 shows the individual contributions from each process. We can see
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that by far the most significant background contribution comes from the SUSY combi-
natorial BG. This is due to both the large statistic which remain after the selection, and
also the OS-SS excess which exists from the remaining SUSY processes. We can see that
the signal dominates the background in the lower M ; region, though it has comparable
statistics to the background near the endpoint. For this analysis, the endpoint of the
spectrum is found by a linear fit of the entire falling edge, so that the significance of the

signal near the endpoint is not absolutely critical, though it will play a significant role.
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FIGURE 6.11: The contributions to the M, ; spectrum from the coannihilation signal,
and each of the background processes.

Figure 6.12 show the combined M, , spectrum which is fit by minimising the x? of the
fitting function with respect to the spectrum. The spectrum is fitted with the following
function using the MINUIT package

f@) = (@ < - por+p1) + (@ > -1 x 0 (6.1)
Po Po

where the inequality terms are logical booleans (equal to 0 or 1). The first summand
defines a first degree polynomial which crosses the x-axis at —p1/po, and only exists for
x < —p1/po, i.e. only below the x crossing. The second summand defines the function
f(x) = 0, and only exists for x > —p1/pg, i.e. only above the x crossing. By fitting
with this function we also take account of the M, ; spectrum above the x crossing of the
linear function, and the point where the two pieces of the function join is the position

of the M, ; endpoint x = —p;/pp.

The fit to this function in the region 8GeV < M, ; < 80GeV yields an M - endpoint of
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FIGURE 6.12: The fit of the final M, ; spectrum, with the function of Equation 6.1.

MT,T endpoint = 58 £ 16 (Stat) GeV (62)

with a minimised y?/d.o.f. of 6.2/7. This is consistent with the theoretical endpoint of
69 GeV.

The systematic studies of this fit, and studies of fitting with other functions will be

discussed in the next chapter.



Chapter 7

Systematic Studies, Discussion
and Outlook

In this chapter the systematic uncertainties of this M, ; endpoint analysis will be dis-
cussed, and an estimate of the systematic error in the final result will be made. Com-
parisons of the derived M » spectrum with the spectrum derived from an analysis using
only tauRec will then be made. There will then be a discussion of attempts to fit the
M.  spectrum with a more sophisticated functional form. This will be followed by the
application of the soft tau analysis to a different coannihilation SUSY point. Finally an

outline of the possible future direction of this study will be given.

Here we note that a number of the plots for for this chapter have been relegated to
Appendix C with only the results from the plots (fitting of the histograms etc.) shown

within the actual chapter text.

7.1 Systematic studies

7.1.1 Systematic study of the linear fit

As a continuation of the fitting result of the previous chapter, this section will estimate

the systematic uncertainty arising from the fit of the M . spectrum.

Table 7.1 shows the result of fitting the spectrum with the function of Equation 6.1,
while varying the fit range, and the binning of the spectrum. The largest systematic

: ~1+3.1GeV
effects on the reconstructed endpoint are ~* cacv-

109
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| Range [GeV] | Endpoint [GeV] | x?/d.o.f. |
8 GeV bins
8- 80 o7.7 6.3/7
16 - 80 57.6 6.4/6
24 - 80 57.1 6.3/5
8-72 577 5.4/6
8- 64 577 2.4/5
4 GeV bins
8- 80 08.8 10.3/16
16 - 80 08.6 9.6/14
24 - 80 58.8 9.2/12
8-172 58.8 9.0/14
8- 64 58.8 6.0/12
16 GeV bins
16 - 80 60.8 3.7/2
16 - 64 60.8 0.15/1

TABLE 7.1: The variation in the result of the linear M, . fit when the fit range and
the binning are altered.

7.1.2 Systematic study of tau fake rate

Two of the significant systematic uncertainties arising from the Monte Carlo simulation
are the fake rate from the hard tau selection and the fake rate from the soft tau selection.
In order to estimate the effect of an increase in these fake rates on the M, . endpoint

derivation, both of these fake rates were increased in the simulation by hand.
Hard tau fake rate

The estimation of the fake rate arising from the likelihood cut in tauRec is dependant
on the knowledge of the shower shapes of taus and jets in the calorimeter. There are
inherent limitations to the accuracy of the simulation of such complex processes, and
also inherent limitations to the basic knowledge of QCD jet production processes. For
example Monte Carlo simulation pion showers are slightly narrower and shorter than the
showers measured in calorimeter beam tests. A detailed study of the systematic error
arising from such uncertainties may involve altering such things as the Monte Carlo
simulation fragmentation parameters, but here we simply increase the tau fake rate by
hand.

In order to study the effect that such an increase in the hard tau selection fake rate
may have on the M, . spectrum, the likelihood cut at which fake tau were allowed to
“pass” was reduced. For the M, . analysis the “medium” likelihood cut is used for
discrimination. For this systematic study, fake taus were allowed to pass if they passed

only the “loose” likelihood cut, while true taus were still required to pass the “medium”
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cut. This loosening increases the fake tau rate by a factor of ~ 2 — 3 in a QCD sample.
This is a rather conservative estimate of the increase and the real fake rate is not expected

to change to this extent from the simulation, once the detector is well understood.

The result of this procedure is a 30% increase in the background statistics from SUSY
combinatorial processes, a 50% increase for ¢, no change for W — 7,v (though the

statistics are very limited) and a 50% increase for Z — v, v.

Plots showing the contributions to the M ; distribution from the signal and the various
backgrounds, along with the final fit of the spectrum can be found in Appendix C,
Figure C.1. The fit results in an endpoint of

M + endpoint = 57 £ 16 GeV (stat) (7.1)

Soft tau fake rate

Again the estimation of the fake rate arising from the soft tau search algorithm likelihood
cut is dependant on the knowledge of the shower shapes of taus and jets in the calorime-
ter. In order to study the effect that an increase in the soft tau selection fake rate may
have on the M, ; spectrum, the pr 440 and likelihood cuts of section Section 6.3 were

de-optimised:

® D7 track > 2.5GeV — prtraer, > 2.0GeV

e LLH>0— LLH > -2

The result of this procedure is a factor 1.3 increase in the background statistics from
SUSY combinatorial processes, a factor 1.4 increase for tt, a doubling of W — 1, v

(though the statistics are again very limited) and a factor 5.7 increase for Z — v, v.

Plot showing the contributions to the M ; distribution from the signal and the various
backgrounds, along with the final fit of the spectrum can be found in Appendix C,
Figure C.2. The fit results in an endpoint of

M + endpoint = 54 £ 17 GeV (stat) (7.2)
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Source Recommended effect M,
endpoint
[GeV]

Tau energy scale E — 0.9F 56.1

overestimation

Tau energy scale EF — 1.05F 56.8

underestimation

Tau energy resolution | F — smear with o = 0.45vE 56.9

overestimation

Jet energy scale E — 0.93F (|n| < 3.2) 61.9

overestimation E — 0.85E (|n| > 3.2) ’

Jet energy scale E — 1.07F (|n| < 3.2) 55.9

underestimation E — 1.15E (|n| > 3.2) '

Jet energy resolution | E — smear with o = 0.45VE (|n] < 3.2) 556

overestimation E — smear with o = 0.63VE (|| > 3.2) '

TABLE 7.2: Sources of energy scale systematic uncertainties and their effects on the

M.+ endpoint determination.

We can see that, with these increases in the tau fake rate for both hard tau and the
soft tau algorithms, the M, . endpoint estimation changes by ~_4 at the most. This
decrease is due to an increase in the statistics of the bins below the M, ; endpoint, which

tends to increase the slope of the linear fit.

7.1.3 Systematic study of tau and jet energy scales

There are a number of systematic uncertainties in the tau and jet energy reconstruction
in the Monte Carlo simulation that may affect the final result of the M, ; spectrum fit.
One of the major uncertainties is the ability to correctly scale the hadronic contributions
in taus and jets to the correct level. Furthermore, there are uncertainties arising from
the accuracy of the estimations of dead material effects, transverse energy losses from
the energy collection area, lateral energy loss from punch through, and losses from low
energy tracks bending away from the calorimeter in the solenoid magnetic field. For this
systematic study the recommendations from the 2008 ATLAS CSC study were followed.
These systematic effects, and their results on the final M, ; endpoint determination are
summarised in Table 7.2. The plots of the resulting contributions to the M . spectrum,
and the final fits of the spectrum can be found in Appendix C. We note that the E{}”SS

for each event has also been corrected for each systematic uncertainty.

We can see that the M ; analysis is fairly robust against the systematic uncertainties in
the tau and jet energy scales, with a maximum deviation in the endpoint determination

~14
of =75.
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For the total systematic uncertainty, the contributions from the above considerations
were assumed to be independent, and each contribution is added in quadrature. The

final estimation of the systematic uncertainty in the M, , endpoint analysis is

__+5
O systematic,total —_5 GeV (73)

and the final result of the M, , spectrum endpoint becomes

M + endpoint = 58 £ 16 (stat) £ 5 (sys)GeV (7.4)

We note that these systematics errors will be reduced when the Monte Carlo shower

shapes and energy calibrations are validated using real data.

7.2 Comparison of soft tau search method with other meth-

ods

7.2.1 Comparison with tauRec

In Section 5.2 a comparison between the performance of the soft tau likelihood method,
and the tauRec likelihood method was presented. It was shown that the overall per-
formance of the soft tau likelihood method for reconstructing the signal soft tau, was
superior to that of the tauRec likelihood method, when an appropriate cut was made
on the seed track pr. For the final M, , analysis though, the pr cut of the soft tau
search method was reduced to p7 trqcr; > 2.5GeV in order to optimise the signal soft tau
signal to background ratio. We would then like to check how the soft tau search method
M. - spectrum with this lower pr cut compares with the M, ; spectrum obtained using

tauRec to reconstruct the signal soft tau.

Since the seed thresholds for the tauRec algorithm are much higher than that of the
soft tau search algorithm (prtrqer > 6GeV and E7 iopojer > 10GeV), the numbers of
both signal and background surviving the above SUSY selection, and a tauRec soft tau

selection, are very small. Because the absolute level of the background decreases with
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the tauRec thresholds, looser SUSY cuts are possible for the tauRec method. Thus only

the following cuts were made for the tauRec SUSY selection !:

1. P} > 100GeV
2. PJ* > 50GeV

3. E'ss > 100GeV
4. M.ss > 400GeV

5. Exactly 2 tauRec objects with the same identification cuts as Table 6.1, except no

pr cut is imposed on either. AR, ; is required to be less than 2.

Unfortunately these cuts fall below the generator filter cuts used to create a number of
the SM backgrounds, so inclusion of the SM backgrounds would not be meaningful. Thus
only the SUSY combinatorial background is included. Figure 7.1 shows the contributions

to the M, ; spectrum using this method.
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FIGURE 7.1: The contributions to the M, . spectrum from the coannihilation signal
and the SUSY background when tauRec is used for both taus’ selections.

There are a couple of differences between this spectrum and the spectrum of the soft tau
analysis to note. The first is that the signal M  distribution exhibits higher values than
for the soft tau method. This is a result of a couple of effects. The first is that tauRec
reconstruction includes 7¥ energy in the calculation, which results in a better quality
signal soft tau reconstruction and higher M ; values. The second is the relatively high

tauRec seed thresholds imposing a bias on the signal soft tau. For similar reasons the

!These are very similar cuts to those used in the M, , study of the 2008 ATLAS CSC note [21]. This
was a study performed at a collision energy of 14TeV
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SUSY background spectrum is located at higher values of M, also. This results in
more background being located near to the theoretical M . endpoint. We can see that
indeed the background dominates around the theoretical endpoint. It is obvious from
this level of background near the endpoint, that the endpoint determination of the soft
tau selection method is superior to that using only tauRec, when, for the latter, the

events are selected in the way described above.

7.2.2 Comparisons with simple geometric methods

Now in order to observe the effect of the soft tau search likelihood selection on the M ,
spectrum, we compare our result with two simple geometric methods for selecting the
soft tau. For these methods, exactly the same procedure is followed as for the soft tau
search method, except that rather than applying the likelihood cut and selecting the

most tau-like candidate, we simply

1. Choose the closest soft tau candidate to the hard tau candidate in the soft tau

search cone OR

2. Choose the hardest soft tau candidate in the soft tau search cone.

Figure 7.2 shows the individual contributions to the M » spectrum arising from these
methods. Comparing with Figure 6.11 we can see that although the relative level of OS-
SS excess in the background is similar to the soft tau likelihood method, the statistical
fluctuation arising in each bin from the OS-SS method is greater. This is because, for
these simple geometric methods, every hard tau candidate is paired with a soft tau
candidate. Table 7.3 compares the signal and background statistics which remain for
each of the methods for an integrated luminosity of 63 fb~!. The final column shows the
value of S/v/N, where S is the number of signal events for which the signal hard and
soft taus have been correctly selected by their respective algorithms, and N is the total
number of events which remain with both a hard and soft tau candidate. As described
in Section 6.3, this parameter gives an estimate of the level of the signal above the
statistical fluctuation when the OS-SS is used. We can see that the soft tau likelihood
method gives a higher value of S/v/N due to the fact that it rejects a large proportion
of the fake soft tau candidates.
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FIGURE 7.2: Left: The contributions to the M, ; spectrum from the coannihilation

signal, and each of the background processes when the “closest candidate” method is

used for the soft tau selection. Right: The contributions to the M, . spectrum when
the “hardest candidate” method is used for the soft tau selection.

. BACKGROUND
Method Signal SOSY m 7 7 S/ N
Likelihood || 150 £ 12 | 451 + 21 5417 | 54+£54 | 19+8 5.48 + 0.57
Closest 1754+ 13 | 1327+ 36 | 248+ 27 | 161 £93 | 122 £22 | 3.88 £ 0.09
Hardest 186 +14 | 1316 £36 | 248+ 27 | 161 £93 | 122 £22 | 4.13 £ 0.10

TABLE 7.3: Comparison of the statistics remaining after all cuts for the signal and

each BG, and the level of the signal above the statistical fluctuation after all cuts and

the OS-SS subtraction, when using the soft tau likelihood selection method, the “closest

candidate” method and the “hardest candidate” method. Statistics are normalised to
63 fb~1.

7.3 Analysis of a different coannihilation point

As another check of the robustness of this method it was applied to a coannihilation

region sample with slightly different parameters.

e my=50GeV

° my = 225GeV

e tanf =10 (7.5)
e A=0

o >0

Only mg and m;/, are reduced making it a lighter mass SUSY sample. It should be
noted that while this sample is in the coannihilation region, it is actually excluded by
the limit on the Higgs mass. The sample used corresponds to an integrated luminosity
of 5.7fb~1. The theoretical endpoint for this SUSY point is 58GeV.
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The left hand plot of Figure 7.3 shows the individual contributions to the M ; spectrum
from the signal and various backgrounds. The right hand plot shows the fit using
Equation 6.1. The result is

M+ endpoint = 42 & 11 GeV (stat) (7.6)

which is agreement with the theoretical value of 58GeV. The x2/d.o.f. is 16.5/7.
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FIGURE 7.3: Left: The contributions to the M, , spectrum from the lighter mass
point coannihilation signal, and each of the background processes. Right: The fit of
this M ; spectrum, with the function of Equation 6.1.

7.4 Discussion of the form of the M., spectrum fitting

function

As can be seen from the truth level M, . distribution in Figure 3.5 the functional form
of the falling edge of the M, ; spectrum is not exactly linear. A linear function is only
a first approximation of the shape. In fact the high end of the truth spectrum tails off
very slowly which makes the accurate determination of the endpoint very difficult, and
an accurate estimation of the endpoint with a linear function virtually impossible. The
underestimation of the endpoint using the linear function is evidence that this high end

tail is not being accounted for in the linear fit.

In order to attempt to take account of the gradual high end tail of the spectrum it was

attempted to fit it with the following function

(x — x0)?
202

) = Conn )+ G+ ) (77)
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which is simply the sum of a gaussian and a linear function, with the linear function
forcing the gaussian to cross the x axis. Again the crossing of the x axis of this function

is to be identified with the M » endpoint.

Figure 7.4 shows the result of this fit with the slope of the linear part of the function
constrained to be less than -0.3. It is interesting to see how the gaussian part of the
function takes account of the M, . tail. Unfortunately the fit does not behave as desired
unless the slope of the linear part of the function is constrained to be less than zero
(unless this slope is less than zero the function will not cross the x axis in the way that
is desired). The slope of the linear part of the fit always settles at the maximum allowed
slope. Thus this fitting procedure was not deemed to be robust, and the simple linear

function of Equation 6.1 was settled for.
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FIGURE 7.4: The fit of the final M, , distribution with a gaussian + linear function.

7.5 Outlook

Here we discuss two possible extensions to this study. The first is the use of a different
endpoint determination method. The second is the possible improvement from including

0

soft tau 7w energy in the M, . distribution.

7.5.1 A new endpoint determination method

As discussed in the previous section the linear function that has been used to fit the

edge of the M, ; spectrum is only a first approximation and does not take account of
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the gradual tail of the actual spectrum. In [21] the M, . spectrum is fit with a so-called

“log-normal” function which is of the form
Po 1
) = Wexp (5 i) ~ p)?) (78)

The fit of the log-normal function to M, ; spectrum is shown in Figure 7.5. We can
see that the tail structure of the spectrum is much better described with this function
compared to the simple linear fit. This function does not explicitly contain the M -
endpoint but approaches the x axis asymptotically. Thus the endpoint must be found by

a calibration procedure where the correlation between the inflection point of the function

1 4
mrp = exp <—§p% <3 —4/1+ P) +p1) (7.9)
2

and the theoretical endpoint is used.

This method then requires that samples for a number of different points in the coanni-
hilation region are created, in order for the correlation to be determined. For the study
mentioned above, ATLFAST was used to create these samples. Unfortunately for this
study, more detailed calorimeter information is required (ESD level) and so the CPU
time necessary is rather large. It is planned that full simulation of some number of
points will be made, and a similar calibration procedure used to determine the endpoint

more accurately.
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FIGURE 7.5: The fit of the final M, , distribution with a log-normal function.
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7.5.2 Including the signal soft tau 7¥ information in the M., , distribu-

tion

For this study, the final M, . distribution was created using only the 7% component
of the signal soft tau. Thus any 7° information is not included which will degrade the
endpoint of the M, ; distribution. There are a number of reasons why inclusion of 70
information was found to be difficult. The first and most immediately obvious reason
is that the discrimination of 70 clusters around the 7n* track is very difficult, as can
be seen by the rather poor performance of the decay mode classification algorithm (see
Table 5.3). As mentioned previously, at these small energies the 7% energy tends to be
split amongst a number of small clusters in the calorimeter and a number of these look
like, and can be misidentified as, EM-like clusters. Also 70 clusters often overlap 7*

clusters, making their discrimination difficult. Thus a simple addition of 7° clusters to

the 7% track will not be sufficient to correctly recover the 70 energy.

Another approach is to use a method similar to the ones used in tauRec. The first
one that we consider is the tauRec track seed algorithm energy-flow method, which was
described in Section 4.2.7.2. This method attempts to subtract the 7% energy from
the calorimeter, and then add the neutral calorimeter components to the track energy.
We saw in Figure 4.3 that, at low tau energies, there is the danger of double counting
and event contamination, which leads to an overestimation of the tau energy. This may
result in a systematic overestimation of the M, . endpoint so care would have to be

taken.

The second tauRec energy reconstruction method to consider is the calorimeter seed
algorithm method (again, refer Section 4.2.7.2). This simply adds the calorimeter energy
in a cone around some seed, and corrects it to the hadronic scale. Again we can see
from Figure 4.3 that at low energies the tau energy is overestimated, likely due to event
contamination. Thus we would again need to be careful not to end up with a systematic
overestimation of the M . endpoint, especially since the soft tau is often very close to
the hard tau.

For reference Figure 7.6 shows the difference in the M - distribution when the 7V energy
is included in the calculation at the truth level. For this plot only the single prong modes
of the signal soft tau are included, and a pr e > 2.5GeV cut is applied to the n*
track. This cut means that the same bias towards lower multiplicity 7° modes exists as
for this study (see Table 5.2). We can see that the quality of the endpoint is certainly
significantly improved if the 7° information is included. Whether or not this information

can be correctly included at the reconstruction level is a matter for further study.
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Chapter 8

Conclusion

The LHC detector has recently come online and high energy collisions have been success-
fully achieved. It is expected that the coming years of LHC data will reveal extensions to
the SM of particle physics which are assumed necessary to explain a number its anoma-
lies. One of the most promising theoretical extensions to the SM is supersymmetry, and
in particular the mSUGRA model. The allowed phase space of this model is severely
constrained by a number of experimental measurements. One of the open regions of
the phase space is the so-called coannihilation region, which can explain the observed
density of dark matter in the universe. The masses of the LSP (?) and the NLSP (7)
are near degenerate in this region, which allows for their efficient coannihilation in the
early universe. Such coannihilation results in a density of the LSP which is consistent

with current dark matter density measurements.

In order to confirm the validity of the mSUGRA model and to check whether the coan-
nihilation region is the region of the phase space which correctly describes the universe,
exclusive measurements of particular decay chains must be performed. The ATLAS de-
tector at the LHC is expected to be able to perform such measurements, and in this thesis
we study its capability to measure the signal above the vast background using Monte
Carlo simulations. The signal which is studied arises from the so-called coannihilation

region “golden” decay chain:

qg— qf(g — qTT — q7'7'>~((1) (8.1)

where in this study we focus on measuring the endpoint of the M, . distribution. The
measurement of this endpoint, along with other invariant mass distribution endpoints
arising from this decay chain, allow for the calculation of the masses of the sparticles in

the chain.
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Standard methods of reconstructing the M, ; endpoint require that each event has two
well reconstructed taus. Unfortunately for the coannihilation region the second tau of
the decay chain is particularly soft due to the near degenerate mass of the ! and the 7.
As a result the standard ATLAS reconstruction algorithm does not reconstruct the soft
tau very efficiently due to its relatively high seed thresholds and stringent identification

requirements.

In light of this we have developed a new method for tagging this soft tau. We have
implemented a number of optimisations for reconstructing taus in the low energy region,
and some novel analysis specific techniques. For example we exploit the separation of
the low-boost tau decay products in the calorimeter for identification, and take account
of the contamination from the other harder tau when calculating the soft tau likelihood

variables.

We have shown that this method has a better performance than the standard ATLAS
tau reconstruction algorithm for reconstructing the soft tau. We have also shown that
using this method in conjunction with the ATLAS algorithm has a superior performance
for reconstructing the M, ; endpoint of the decay chain, compared to using the ATLAS

algorithm for reconstructing both taus. We obtain a final result of

M + endpoint = 58 £ 16 (stat) £ 5 (sys) GeV (8.2)

at the ATLAS coannihilation reference point with Ecys = 10TeV and an integrated
luminosity of 63 fb~1.
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Plots of tauRec discrimination
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FIGURE A.1: The distributions of tauRec discrimination variables for the calorimeter
seeded algorithm for the process W — 7,v, and for J2 background, as referred to in
section 4.2.7.3. Distributions for 1-prong and 3prong taus are shown separately. [22]
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Appendix B

Plots of PDF's used for the soft
tau likelihood method

The plots in this appendix show the PDFs used for the soft tau likelihood method of
Section 5.2. They are divided by decay mode classification (single prong 0-7°, 1-7°, and
2—7r0), and then further divided by the seed track momentum range (2GeV < pyrack <
5GeV, 5GeV < prrack < 10GeV and pireer, > 10GeV).
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FIGURE B.1: The PDFs used to form the soft tau algorithm likelihood, for the 0-7°
mode, when the seed track is in the range 2GeV < pirack < 5GeV.
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FIGURE B.2: The PDFs used to form the soft tau algorithm likelihood, for the 0-7°
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FIGURE B.3: The PDFs used to form the soft tau algorithm likelihood, for the 0-7°
mode, when the seed track is in the range pyrqcr > 20GeV.
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FIGURE B.4: The PDFs used to form the soft tau algorithm likelihood, for the 1-7°
mode, when the seed track is in the range 2GeV < pirack < 5GeV.
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FIGURE B.5: The PDFs used to form the soft tau algorithm likelihood, for the 1-7°

mode, when the seed track is in the range 5GeV < pirack < 10GeV.
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FIGURE B.6: The PDFs used to form the soft tau algorithm likelihood, for the 1-7°

mode, when the seed track is in the range precr > 20GeV.
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FIGURE B.7: The PDFs used to form the soft tau algorithm likelihood, for the 2-7°
mode, when the seed track is in the range 2GeV < pirack < 5GeV.
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FIGURE B.8: The PDFs used to form the soft tau algorithm likelihood, for the 2-7°

mode, when the seed track is in the range 5GeV < pirack < 10GeV.
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FIGURE B.9: The PDFs used to form the soft tau algorithm likelihood, for the 2-7°
mode, when the seed track is in the range pyrqcr > 20GeV.



Appendix C

Systematic study plots

The plots of this appendix relate to the systematic studies of Chapter 7.
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increased as described in Section 7.1.2. Right: The linear fit of the M, . distribution.
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as described in Section 7.1.2. Right: The linear fit of the M, distribution.
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Section 7.1.3. Right: The linear fit of the M, ; distribution.
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