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This thesis presents the results on a search for the neutral MSSM Higgs bosons
decaying to tau pairs, with least one of these taus decays leptonically. The
search was performed with a sample of 1.8 fb"! of proton-antiproton collisions
at /s = 1.96 TeV provided by the Tevatron and collected by CDF Run II. No
significant excess over the Standard Model prediction was found and a 95% con-
fidence level exclusion limit have been set on the cross section times branching
ratio as a function of the Higgs boson mass. This limit has been translated into
the MSSM Higgs sector parameter plane, tan (3 vs. M4, for the four different

benchmark scenarios.
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Chapter 1

Introduction

The Standard Model of particle physics has proven to be one of the most accurate
descriptions of nature ever devised by human beings. The level of accuracy of some
theoretical predictions has never been attained before. It includes the electromag-
netic interaction, and the weak and strong force, developing the Lagrangian from

symmetry principles.

There are two different types of fundamental constituents of nature, in the frame-
work of the Standard Model: bosons and fermions. Bosons are those particles
in responsible for carrying the interactions among the fermions, which constitute
matter. Fermions are divide into six quarks and six leptons, forming a three-folded

structure. All these fermions have an antimatter partner.

However, several difficulties point along with the idea that the Standard Model
is only an effective low energy theory. These limitations include the difficulty to
incorporate gravity and the lack of justification to fine tuning of some perturbative
corrections. Moreover, some regions of the theory are not understood, like the
mass spectrum of the Standard Model or the mechanism for electroweak symmetry

breaking.

Supersymmetry is a newer theoretical framework, thought to overcome the prob-
lems found with the Standard Model, while preserving all its predictive power.

It introduces a new symmetry that relates a new boson to each SM fermion and




a new fermion to each SM boson. The model with a minimal supersymmetric
content in the Higgs sector is know as Minimal Supersymmetric Extension of the
Standard Model, MSSM. This theory predicts new neutral Higgs boson states that

would manifest in the Tevatron.

The Tevatron is a hadron collider operating at Fermilab, USA. This accelerator
provides proton-antiproton (p-p) collisions with a center of mass energy of /s =
1.96 TeV, the current energy frontier. CDF and D@ are the detectors built to
analyse products of the collisions provided by the Tevatron. Both experiments
have produced a very significant scientific output in the last few years, like the
discovery of the top quark or the measurement of the BY mixing. The Tevatron

experiments are also reaching sensitivity to the SM Higgs boson.

The scientific reach of CDF also includes a very active program on searches for
physics signatures beyond the Standard Model. These searches are, in general,
signature based and share a common strategy based on two steps: describe the
expected Standard Model contributions with the chosen signature and asses any
deviation in the data collected by the experiment. Assuming a process in a given
model, a favored final state is chosen. Then, analysts have to prove that the con-
tributions of the Standard Model are under control, which involves understanding
the performance/misperformance of the detector and considering all the different

processes that might have an impact.

The analysis presented in this dissertation focuses on the search for neutral MSSM
Higgs bosons decaying to tau pairs. The production of this particles could be
highly enhanced at the Tevatron, turning CDF in a convenient probe to either
make a discovery of new physics or limit the parameter space available in the
theory. The decay channel is chosen to be di-tau to reduce the Standard Model
contributions, however, the reconstruction and identification of tau leptons in CDF
increases the complexity to the search. This is due to the fact that taus decay to
other particles short after being produced, ~ 35% of the tau decays are to other
leptons, i.e. electrons or muons and two neutrinos, while a ~ 65% of the decays

are semi-hadronic, ¢.e. to charged and neutral mesons and a neutrino.

Among all the combinations of tau decays, this analysis includes three modes. One
of the taus is always required to decay leptonically, to electron or muon, while the

second tau is required to decay hadronically or to a different species of lepton. In
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summary, the event selection demands an electron and a hadronic tau, a muon

and a hadronic tau or a muon and an electron.

The signal extraction method chosen was a profile likelihood fit. No signal is
found over the predicted Standard Model background. Instead, 95% confidence
level limits are set on the production cross section times branching ratio, and then

translated into the parameter space of MSSM, in four different scenarios.

This thesis sketches the basic theory concepts of the Standard Model and the
Minimal Supersymmetric Extension in Chapter 2. The next section, Chapter 3,
describes the Tevatron and CDF. The development of the analysis is shown in
Chapter 4 to Chapter 7. Finally, Chapter 8 and Chapter 9 are devoted to discuss

the results and conclusions of this work, and future prospects.







Chapter 2

The Standard Model and
the Minimal Supersymmetric

Extension

This chapter sketches a brief introduction to the Standard Model (SM) and to the
Minimal Supersymmetric extension of the Standard Model (MSSM). The Higgs
sector of the MSSM is described in a more detailed manner, as well as the experi-

mental signature that motivates this thesis.

Although the SM has shown and excellent level of accomplishment in describing
the building blocks and basic interactions of matter, several limitations of this
model would indicate that it is a low energy effective theory. Some extensions of
the theory, one of them being the MSSM, try to address and fix the issues that
are not dealt satisfactorily in the SM.
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2.1 Standard Model

The Standard Model is a quantum field theory that has proven to describe to
an unprecedented level of precision many experimental results [1]. A complete

description of the theory can be easily found in the scientific literature [2, 3].

Based on several group symmetries, the SM includes the electromagnetic, weak
and strong interaction. The building blocks of nature, according to the SM, are a
close set of fermions and bosons. The fermions are responsible for matter, while

the bosons mediate interactions.

The fermionic sector ensembles six quarks and six leptons and their antiparticles,
divided in three parallel families, Figure 2.1. The members of these families are
identical in every observable, except for the mass. Our most immediate world
is made with the particles of the first family: the up quark (u) and down quark
(d) that form the protons and neutrons in nuclei and the electrons (e~) and its
associated neutrino (1), Table 2.1. The particles in the other two families are

more massive and decay rapidly to the ones of the first family.

Leptons

Figure 2.1: Elementary particles in the Standard Model.
(Image courtesy of Fermilab Visual Media Services)

The interactions of the fermions in Table 2.1 are mediated by the bosonic con-
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1%" Generation 2" Generation 374 Generation
Up (u) Charm (c) Top (t)
quarks 1.5-3.0 MeV/c? 1.2540.09 GeV/c? 170.9 4+ 1.8 GeV/c?
Down (d) Strange (s) Bottom (b)
3.0-7.0 MeV/c? 954 25 MeV/c? 4.2040.07 GeV/c?
Electron neutrino (,) | Muon neutrino (v,) Tau neutrino ()
<2eV/c? < 0.19 MeV/c? < 18.2 MeV/c?
leptons
Electron (e) Muon (u) Tau (1)
0.511 MeV/c? 105.66 MeV/c? 1776.99170:22 MeV/c?

Table 2.1: The fermion sector of the SM. All masses are taken from the Particle
Data Group (PDG) [4], except for the top quark mass, where the last TeVatron
combination is quoted in [5].

stituents of the Standard Model. These bosons carry the fundamental forces
derived from the symmetries, as summarized in Table 2.2. The overall sym-
metry of the Standard Model is the combination of the color symmetry group
for the strong force SU(3)., weak-isospin symmetry for the weak interaction
of left handed particles SU(2), and hypercharge symmetry U(1),,, expressed as
SU(3) x SU(2), x U(1)y.. However, the original symmetry is broken in our uni-

verse, as will be shown latter.

Even if gravity is the interaction that has been known for the longest time and
is the closest to our every day life experience, it still has not been successfully
included in the Standard Model framework. This is one of the main arguments
against the Standard Model being the theory of everything, therefore suggesting
that there needs to be a somewhat more general theory. This new theory would
have to include all the symmetries of the Standard Model, and, simultaneously

accept a forth interaction.

In the following sections, an introduction to the different parts of the Standard
Model is presented. After a brief explanation of the symmetry originating each

interaction, a short discussion of the couplings and eigen states will be shown.
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Interaction Particle Mass
electromagnetic | photon, ~ 0.0
strong gluon, g 0.0
W+ 80.403 £0.029 GeV/c?
weak
Z° 91.188 +0.002 GeV/c?

Table 2.2: The gauge bosons of the Standard Model and their interactions [5].

2.1.1 Quantum Electrodynamics

Quantum Electrodynamics (QED) was developed in the late 1940s and early 1950s
chiefly by Feynman, Schwinger and Tomonaga [6], describing electromagnetic
interactions of electrons and photons. This is a quantum relativistic renormalizable

theory which is invariant under a change of phase or gauge, 6:
=y = ey, (2.1)

where @ represents the charge and ¢ is the Dirac field (spin 1/2). In order to
promote the global symmetry under U(1) transformations, responsible for the
conservation of the charge, to a local one (6 = 6(z)), the covariant derivative

needs to be introduced:
D, =0, —1ieQA, , (2.2)
where A, is a field that satisfies:
/ 1
Ay — A, =A+ gf)ub’ . (2.3)
Therefore, the Lagrangian describing the theory becomes:
£ = @i Dy — m) = B(iv*0, — m) + L1 (2.4)
where the last term corresponds to the interaction with the new field, A,:

Lr = eQAu(¥y"9) (2.5)
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In addition, the kinetic energy of the new field needs to be introduced. From

Maxwell’s equations, the kinetic term must be of the form:
1 v

where F,, = 0,A, —0,A,.

Thus, in this theory the electromagnetic interaction is described by two quantum

fields: one for the charged particles and one for the photon. The strength of the

interaction is usually described by the coupling constant c.,, whose value depends

on the momentum transfer ¢2 in an interaction. At ¢ —0 (or low energies) the
2 1

coupling constant value is that of the fine structure constant, ae,, = #/hc = I35
1

3

Q

At the scale of the Z-boson (short distances), its value increases: aem(mz) ~ 135

2.1.2 Quantum Chromodynamics

One of the cornerstones of the Standard Model is Quantum Chromodynamics
(QCD) that describes the strong interaction. Following the way opened by QED
and Yang-Mills theories, QCD was developed in 1973[7] in the context of Quantum
Field Theory based in SU(3) symmetry group[8]. It is a non-abelian theory and the
Lagrangian, that describes the strong interaction of colored quarks and gluons®,

is given by:

. 1 o
Locp = Y @iy Dy —mg)ands — ZFfﬁFABa (2.7)

flavor

where the sum runs over the six different flavors of the quarks. F (fﬁ is the field

strength tensor derived from the gluon field A2 as,
Fis = 0o A% — 0545 — gf"PCAJAG], (2.8)

and the indices A,B,C run over the eight color degrees of freedom of gluon field. g
is the coupling constant, which determines the strength of the interaction between

colored quanta, and f4B¢ are the structure constants of the SU(3) color group.

1The charge associated with the strong interaction is the color-charge. The color property was
introduced to quarks satisfied the requirement of Pauli exclusion principle. Posterior experiment
results proved the validity of color hypothesis
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The third term in equation 2.8 shows the non-abelian nature of QCD. This term
describes the property of interaction between gluons, resulting in the very different

behavior of the strong interaction compared to the electromagnetic interaction.

il
4

at small energies (large distances) and decreases at high energies (small distance)

This self-coupling is the reason for the strong coupling constant, o = is large

as is shown in figure 2.2.

Coupling constant,o, (E)
0,4

0,3
0,21

0,1}

o4+
1 2 5 10 20 50 100 200

llustration: Typoform Energy, GeV

Figure 2.2: The value of the running coupling constant, g, as a function of the

energy scale E.

This characteristic running of ag is used to explain the observed behavior of the

strong interaction:

e Asymptotic freedom: At high energies (small distance) the strong interaction
proceeds via color field of reduced strength and the quarks and gluons behave

as essentially free, non-interacting particles.

e Confinement: At low energies (or large distance) the strength of the color
field is increasing, since the potential behaves as V' (r) ~ Ar, and in this way
the quarks and gluons can never be observed as free particles. If two inter-
acting partons are separated, the energy of the field increases so much that
it creates new interacting particles and at the end it is left with colorless
hadrons containing the partons. Therefore partons are not observed as free

particles.
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It is important to note that the asymptotic freedom property allows the applica-
tion of perturbation theory to calculate cross section measurements in scattering
processes where quarks and gluons are involved. Moreover, this property explains
the partial success of the naive Quark Parton Model approach, which is going to

be presented below.

2.1.2.1 Hadron-hadron processes and QCD Factorization

An essential ingredient in the description of the DIS above is the concept of QCD
Factorization, which allows us to extract universal PDFs that can be employed
in other hadron processes. The QCD Factorization theorem stays that a given
event can be factorized into short- and long-distance related parts, where the

long-distance physics is included in the PDF's.

The cross section for a hard scattering process initiated by two hadrons with four-

momenta P; and P, can be written as:

o(PriPo) = Y [ dordeafior i fy e i) (01,2, 0 00). @), (29)
ij

where the momenta of the partons which participate in the hard interaction are
p1 = 21 P and po = 22 P. The 6,5 is the parton-parton cross section and f;(z1, u%)
are the well-known PDFs defined at a factorization scale, pp. This factorization
scale yp is an arbitrary parameter. It can be thought of as the scale which sepa-
rates the soft and the hard processes. Thus a parton emitted with small transverse
momentum less than the scale pr is considered part of the hadron structure and is
absorbed into the parton distribution. Processes with transverse momentum larger
than pup is part of the parton-parton cross section. The scale pg is typically cho-
sen to be of the order of the hard scale Q, which characterizes the parton-parton
interaction. Principally, any observable should be invariant under variations of

this scale. This is formally expressed as:

d
,ﬂd—uQr =0 (2.10)

where T is the observable we are interested in. In the perturbative approach, this
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equation has to be applied to the perturbative expansion of the observable,
I'=To+ad+a?Ty + .., (2.11)

therefore, the equation transforms into

N
d )
2 N+1
Woos Zaél"j = O(a ), (2.12)
K=o
showing that the variation of the observable with the scale is given by terms which
were not included in the perturbative expansion. The more terms included in the

perturbative expansion, the weaker the dependence on p will be.

Similar to QED, different types of divergences appear in the pQCD calculations.
The renormalization is the standard regularization procedure used to solve these
divergences[9]. The procedure is not unique, i.e. there is a renormalization scheme
selection, which is chosen depending on the properties of the parameters needed in
the calculation. As in the factorization procedure, the renormalization introduces
a scale, ug, at which the renormalization is performed and any physical observable
should be invariant under variations of this scale. However, a theoretical depen-
dence is obtained in pQCD since the perturbative expansion is performed only to

a given order.

2.1.2.2 Parton Distribution Functions

The partonic structure of hadrons plays a fundamental role in elementary particle
physics. The comparison of data with SM predictions, precision measurements of
SM parameters, and searches for signals of physics beyond the SM, all rely on the

parton picture of hadronic beam particles.

As already mentioned, pQCD is not able to predict the x-dependence of the PDF's.
PDFs at a given scale Q32 are extracted from fits to data and DGLAP equations
are used to predict PDFs to a higher scale Q2. The PDFs are parametrized and
the parameters are determined by a x? minimization over data from different
type of measurements: structure functions in deep-inelastic e, p or v scatter-

ing, measurements of Drell-Yan production, W-asymmetry in pp collisions and
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inclusive jet cross sections. Different groups provide parameterizations of parton
densities. Among others, PDFs come from Martin, Roberts, Stirling and Thorne
(MRST) group [10] and the “Coordinated Theoretical-Experimental Project on
QCD”( CTEQ Collaboration) [11].

2.1.2.3 PDFs uncertainties

A Hessian method is used to evaluate the PDFs uncertainties. A brief description

of the method is given below, for more details see [12,13].

In the Hessian method, a large matrix (20 x 20 for CTEQ, 15 x 15 for MRST), with
dimensions equal to the number of free parameters in the fit, has to be diagonalized.
The result is 20 (15) orthogonal eigenvectors for CTEQ (MRST), denoted as a;,
which provides the basis for the determination of the PDFs uncertainties for any

cross section. The Hessian matrix can be expressed as:

o 1 82)22
E 26@1-&1]-'

(2.13)

This matrix determines the behavior of ¥?(a) in the neighborhood of the minimum.
The point ag in the n-dimensional parameter space, where ¥?(a) is minimum, is
the best fit to the global data set. Points in some small neighborhood of ag are
also acceptable fits. For each eigenvector two displacements from ag, in the +
and - directions along the vector, denoted a;r and a; for the i*" eigenvector are
considered. At these points, ¥? = X3 + T2 where x2 = {?(ap)=the minimum, and
T is a parameter called tolerance. Any PDFs set with x? — X3 < T? is considered
to be an acceptable fit to the global data set. In particular, the 2n PDFs sets

+

a; span the parameter space in the neighborhood of the minimum. CTEQ group

chooses T? ~ 100 and MRST group uses T2 ~ 50.

Any quantity T' that depends on PDFs has a predicted value 'y = T'(ag) and
an associated, a priori asymmetric, uncertainty 6. The + (-) uncertainties are
calculated as:

n 1/2

oy = < > _lmaz(T(a;),T(a; ), T(ao)) — T(a0))* ) (2.14)

k=1
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and

N 1/2
or_ = ( Z[min(F(a;L),I‘(a;),F(ao)) —T(ap)]? ) . (2.15)

k=1

In figure 2.3 the uncertainties on gluon and u-quark distributions are shown. The
u-quark distribution is tightly constrained for x< 0.8, whereas the uncertainty on

the gluon distribution can be larger than a factor of 2 at high x.

= 2: = ?I
= 12 CTEQS.1M uncertainty = 18F
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Figure 2.3: Uncertainty on gluon and u-quark PDFs. The yellow bands represent
the global uncertainty. The curves are the ratios of the 40 eigenvector basis sets to
the standard set, CTEQ6.1M.

2.1.3 Electroweak Theory

The weak theory was proposed by Enrico Fermi in 1934 in order to explain the
proton (-decay [14]. In this theory four fermions directly interacted with one
another in such a way that a neutron (or a down-quark) could be directly split
into an electron, an antineutrino and a proton (an up-quark). The strength of the

Fermi’s interaction was given by the Fermi constant, Gp.

Feynman diagrams described the interaction remarkably well at tree level but
loop diagrams could not be calculated reliably because Fermi’s interaction was not

renormalizable. The solution came in 1967 when the electromagnetic and weak
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interactions were successfully unified by Glashow, Salam and Weinberg [15-17].
This unification constituted the Standard Electroweak Model which is the core
of the SM. The idea of the unification is to combine both interactions into one
single theoretical framework in which they would appear as two manifestations of
the same fundamental interaction. These interactions are unified under the group
SU(2), ® U(1)y. The first part of the group has dimension three and therefore,

gi

2
These generators, due to the global gauge invariance under SU(2), introduce a

three generators are needed: t; = Z(i = 1,2,3) where o; are the Pauli matrices.
new quantum number called the weak isospin (7). This number is associated
to the different spin-like multiplets. Since weak force only interacts with left-
handed particles (right-handed antiparticles), the left-handed fermions transform

as doublets while the right handed ones transform as singlets:

. Vi ul
i = , : ‘ (2.16)
Iy, dy,
fo = 1% ub, dy (2.17)

where ¢ = 1,2, 3 corresponds to the family index. Hence, the weak interaction is
divided into a “charged part” (that is, exchanging the components of the doublet)
and a “neutral part” (that is, leaving the doublets as they are). Since SU(2) is a

non-Abelian group, it allows self-interactions of these gauge fields.

Since the group U(1)y has only one dimension, its structure is more simple
having only one generator called the hypercharge Y. Once the SU(2), ® U(1)y
group is defined, the SM electroweak Lagrangian is obtained by requiring invari-
ance under local gauge transformations to obtain an interacting field theory, fol-
lowing the analogy with QED. This is achieved by replacing the derivatives of the

fields by the corresponding covariant derivative, which now has the form:
. . /Y
D,=0,—1igTW, —1ig EBM , (2.18)

where g and g’ are the coupling constants corresponding to SU(2) and U(1)y,

respectively.
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Then, the electroweak Lagrangian can be written as:

Lew =Ls+Le+Lssp+ Lyw . (2.19)

The first term corresponds to the fermion Lagrangian:

L= fibf. (2.20)

f=laq

The second term is the contribution from the gauge fields:

1

Lo = 1

; 1
Wi, W — 1 BB + Ler + Lrp (2.21)

where Wﬁy (with ¢ = 1,2, 3) and B, are, respectively, the field strength tensors
for SU(2)r and U(1)y defined as:

W, Wi — 0, W, + geTFWiwy (2.22)
B,, = 0,B,—09,B, (2.23)

and Lgr and Lpp are the gauge fixing and Faddeev Popov Lagrangians that are
needed in any theory [18].

The last two terms of the electroweak Lagrangian equation (2.19) are the symmetry
breaking sector and the Yukawa Lagrangian, respectively, which will be described

in next subsection.

The gauge fields presented at equation (2.22) can be rewritten as:

1
wWE=—
V2

Z,, = cos HWWE —sinfw B,

(W, FiWy)
(2.24)
A, = sinGWWIf +cosOw B,

g
9> +g*
mixing angle, which relates both couplings by the simple relation tan 6y = ¢'/g.
In addition, Wf and 7, fields are associated to the physical W + and Z° boson

particles. In this framework, the electron charge and the Fermi constant can be

where, again, A, represents the photon field and cosfy = is the weak
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written in terms of the couplings through the following relations:

e = gsinfy
B V2 g2 (2.25)

Gp=Y29_
r 8 m3,

The electric charge Q7 the third component of the weak isospin T3, and the weak-
hypercharge Y are linearly related by the Gell-Mann Nishijima formula:

Q=Ts+Y)/2. (2.26)

Hence, the global and local conservation of weak-isospin and hypercharge naturally
implies charge conservation, as required by QED, and the electromagnetic and

weak interactions are unified under the same theoretical framework.

2.1.4 The Higgs mechanism

As shown, the Standard Model formalism allows the unification of electromag-
netic and weak interactions through the exploitation of a local gauge symmetry.
Nevertheless, this gauge symmetry requires massless W * and Z bosons. This
requirement is in contradiction with the observation and one needs to introduce
a mechanism for generating non-zero masses while preserving the renormalizabil-
ity of the theory. In the SM, the Higgs mechanism of Spontaneous Symmetry
Breaking (SSB) is proposed.

In the SSB, one introduce a new field, the Higgs field, such as:

+
d= ZO . (2.27)

The correspondent kinetic and potential term in the Lagrangian has the form:

Ly = (D,®)'D'® — V(D) , (2.28)
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where

V(®) = *®Td 4+ \(BTD)? . (2.29)

If A > 0 and p? < 0 the potential V(@) has a minimum for:

2

2
W v
Pl =-=—. 2.30
2 2 ( )
Thus, the field ® has a non-zero vacuum expectation value (VEV):
v
(0]®]0) = —= #0. (2.31)

V2

Choosing one of a set of degenerate states of minimum energy breaks the gauge

Symimetry.

As stated by the Goldstone theorem, fields that acquire a VEV will have an as-
sociated massless Goldstone boson which will disappear transformed into the lon-
gitudinal component of a massive gauge boson. Since the photon is known to be
massless, the symmetry is chosen to be broken so that only the fields with zero
electric charge (the ones that cannot couple to the electromagnetic interaction)
acquire a VEV. In such a way, the symmetry of the photon-associated operator,

Q is preserved:

Dy =(0]|P|0) = 0 (2.32)

QPy=0. (2.33)
Expanding around the true minimum of the theory, the complex field ¢ becomes:

o) = i T€@ L 0
®(x) 7 ene | (2.34)

where the three parameters &€(x) correspond to the motion through the degenerated

minima in the SU(2) space. Since the Lagrangian is locally gauge invariant, one
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Figure 2.4: The minimum of the Higgs potential occurs at —u?/(2)), not at zero

can choose &(z) = 0. Hence, introducing this expansion into the SM Lagrangian
equation (2.19), one obtains tree level predictions for massive fermions (coming
from the Ly part), massive gauge bosons (coming from the kinetic part of Lgsp
and a new Higgs boson. These relations are:

vg

My = = (2.35)

uy = VIR (2.36)
My = /—2u2=V2x\ (2.37)
my = Af% (2.38)

(2.39)

2
m,y—()

where f stands for the fermions in the theory. These relations can also be expressed

as a function of the weak mixing angle,

(2.40)
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which leads to the SM prediction

—W — cos*Oy . (2.41)

This prediction was tested once the W+ and Z vector bosons where discovered
in 1983 by UA1 and UA2 collaborations at the CERN SPS [19, 20].

The ten independent fields before SSB (three massless gauge bosons (W *, Z),
with two polarization states each, and one SU(2) doublet of complex scalars)
are now represented by three massive bosons, which account for nine degrees of
freedom, and a new physical scalar particle called the Higgs boson, which accounts

for the last degree of freedom.

This new particle, which is the missing piece to confirm the Higgs mechanism, has

the couplings completely defined by the theory:

M2

NHHEH A (2.42)
M3

vy = 2v/2GpME (2.43)

/\Hff = 2\/2Gpmf (244)

where V = W, Z and G is the Fermi constant. The vacuum expectation value v

is determined experimentally from the partial width I'( — v, 7c€) at low energies
(* << M})):

GF 92
i 2.45
V2 o 8ME, 20?7 (2.45)

where, substituting experimental values:
v=(V2Gp)~7 = 246GeV , (2.46)

which sets the electroweak symmetry breaking scale.

This new particle allows Yukawa-like terms in the Lagrangian:

9rl(fre)fr +hcl, (2.47)
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which can be written in terms of the VEV:
1 _ _
§gj'U(foR + frfL) (2.48)

Therefore, not only the bosons acquire mass through the Higgs mechanism but
also the fermions with m; = gyv/ V2. Noticeably, the strength of the coupling
is proportional to the masses. However, masses are not predicted unless gy is

determined.

2.1.5 Standard Model Limitations

The SM description of the different processes involving electroweak or strong in-
teractions is extremely accurate. At the present time, no experiment has been
able to find any clear deviation from the SM predictions. Nevertheless, physicists
are still pushing to find such tiny deviations. The main reason is that the SM
has serious theoretically motivated problems, starting from the fact that gravity is
not accommodated in the theory, that prevent it from being the ultimate theory,
the Theory of Everything (TOE), that would describe nature in a comprehensive

manner.

Even accepting the peculiar set of group representations and hypercharges re-
quired by the model, the SM contains at least 19 free parameters, such as cou-
plings, masses and mixings, which cannot be predicted but must be measured by
the experiment. In addition, more parameters would be needed if one wants to
accommodate non-accelerator observations such as the cosmological baryon asym-

metry, neutrino masses and mixings or the problematic cosmological constant.

The SM lets also several questions unanswered such as why are there three gen-
erations, spatial dimensions or colors, how do we understand neutrino oscillations
and massive neutrinos, why are the electric charge of the proton and the electron
exactly opposite or whether the Higgs mechanism is really the process through
which the electroweak symmetry breaking occurs and lay beneath the origin of
masses. In addition, the model cannot explain which are the mechanisms to pro-
duce the matter-antimatter asymmetry observed in the universe or what is the

relation between the strong and electroweak forces.
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Perhaps the most surprising feature of the SM is the accurate description of the
interactions between particles with masses 17 orders of magnitude smaller than the
Planck mass and the difficulty to accommodate gravity within this framework [21].
This feature may be an indication that the SM is an effective theory, that is a
“low energy” limit of a more fundamental one. But this assumption automatically

leads to the question of up to which energy scale will the SM be valid.

However, spin zero fields are radically different from fermions and gauge bosons.
The latter are protected from large radiative corrections to their masses thanks
to chiral and gauge symmetries, respectively. In the SM there is no mechanism to
prevent scalar particles from acquiring large masses through radiative corrections.
Therefore, m?, receives enormous quantum corrections from the virtual effects of

every particle which couples to the Higgs field.

Due to these corrections, the Higgs mass would be
m%SM = (m?)o + AMZ, (2.49)

where (m,%)o is the bare Higgs mass and AM% is the correction given by

AME = — i [2/\2 +0 <m2» In <A>)} i (2.50)
~ 1672 ! '

where A is the Yukawa coupling of the fermion f and A is an energy cutoff which
is interpreted as the energy scale at which new physics enters and changes the
high-energy behavior of the theory. If the SM needs to describe nature until the
Planck scale, then the quantum correction AM3 is about 30 orders of magnitude
larger than the bare Higgs mass square. A cancellation of these corrections at all
orders would call for an incredible “fine tinning” which seems very unlikely [22].
This problem is present even if there is no direct coupling between the Standard

model Higgs boson and the unknown heavy particles [23].

In a model with spontaneous electroweak symmetry breaking, the problem affects
not only to the Higgs mass but also its expectation value and the masses of other
particles that get their masses through this mechanism such as the W, Z, quarks
and charged leptons. This situation has also an analogy with the self-energy

corrections on the electron, which is solved by the presence of the positron [24].
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Hence, it is unnatural to have all the SM particles masses at the electroweak scale
unless the model is somehow cut off and embedded in a richer structure at energies

no bigger than the TeV scale.

2.2 Minimal Supersymmetric Extension of the Stan-
dard Model

After a brief introduction to supersymmetry, this section presents the Minimal
Supersymmetric Extension of the Standard Model (MSSM).

2.2.1 Supersymmetry

Supersymmetry (SUSY) [4]23] is a symmetry which relates masses and couplings
of bosons and fermions via spin—% charges. In SUSY, particles are combined into
superfields and an operator () generates the transformation of converting fermions

to bosons and vice versa:

Q |Boson) = |Fermion) Q' |Fermion) = |Boson) (2.51)

Therefore @ is a complex anticommuting spinor and its hermitian conjugate, QT,
is also a symmetry generator. Both generators are fermionic in nature (S = 1/2)
and form a Lie algebra [25], together with the four-momentum and the Lorentz
transformation generators. In fact, SUSY is a generalization of the space-time
symmetries of quantum field theory and seems to be the last possible extension of

the Lorentz group [26].

In this situation, each chiral fermion f7, g has a scalar partner fr, z and for each
massless gauge boson A, with the helicity states & 1, there is a massless spin 1/2

gaugino partner, with helicity states + %
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2.2.2 Supersymmetry and the hierarchy problem

The SM hierarchy problem presented in section 2.1.5 is very elegantly solved when
considering the supersymmetric theory [27]. The reason is that every fermion f
has a scalar SUSY partner S that couples to the Higgs as well and contributes

with a mass correction term of the form:

AM? = A 2A% + O (m%1n A (2.52)
H™ 1672 S mg

Since now Ay = Ag and Fermi statistics imply an opposite sign with respect to
the contribution stated in equation (2.52), all the terms have a counter-term that
naturally cancel all the huge corrections. The terms that do not cancel are of the
form:

22

2
AMj = 1672

|m& —m7 (2.53)
where some smaller contributions have been omitted. This result leads us to the
following “naturalness” argument, [28,29]: since these corrections must not be

greater than my,, in order to avoid too much fine tuning, then

|m% —m3%| < 1TeV? . (2.54)

Hence, one associates A~1 TeV as the scale where the SM is no longer valid
and must be substituted by its supersymmetric extension. As a benefit, this new
theory would be valid all the way up to the Planck scale. In any case, this is only
a qualitative argument and does not help predicting exactly whether new particles
should appear at 900 GeV or 2 TeV.

2.2.3 Other benefits from the introduction of SUSY

Besides making a small Higgs mass natural, SUSY has other interesting conse-
quences. One of them is that when SUSY is locally realized it contains among its
gauge fields the graviton. Thus SUSY seems to be a good candidate for a theory

of all interactions, or at least to play an important role in any such theory. In
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addition, Great Unifications Theories (GUT) also provide good motivation for the
existence of supersymmetry. One can use the running of the three couplings of the
SM, measured at the electroweak scale, and find that, at a certain GUT scale of
10*® GeV, the couplings almost become the same value [30]. But if one considers
SUSY then the couplings are modified in such a way that they become precisely
the same value at the GUT scale. Therefore, it is a strong indication for the need
of SUSY. However, some people claim that there is nothing special on that [31]
provided that other models could do it if they introduce as many parameters as
SUSY does.

In addition to gauge coupling unification, SUSY is also a key ingredient for GUT.
These theories have interesting predictions such as a small neutrino mass of the or-
der of m, ~ m%v/mGUT ~ 1072 eV/c2 and it can lead to the understanding of the
different quark and lepton quantum numbers. But without SUSY the lifetime of
the proton would be too small and the prediction for sin? 8y would differ from the
experiment [31-33]. In addition, SUSY has been of greatest interest in string the-
ories since it is the mechanism which provides a coherent and complete framework

which avoids negative square masses in some vibrational modes (tachyons) [34].

Furthermore, some SUSY models predict the presence of a lightest supersymmetric
particle, which is a candidate for dark matter in the universe, provided that it is

neutral, weakly interacting and absolutely stable.

As a final remark, recent fits on the electroweak precision observables, such as
the effective leptonic weak mixing angle, sin” 6, ff, seem to favor supersymmetric
models in front of the SM alone [35]. This can be seen in , where the SM predictions
for the My, as a function of m; is being compared with the predictions from the
unconstrained Minimal Supersymmetric Standard Model (MSSM), which will be
described in the next subsection. The predictions within the two models give rise
to two bands with only a relatively small overlap region. The allowed parameter
region in the SM arises from varying the only free parameter of the model, the
mass of the SM Higgs boson from Mj,,, = 114 GeV/c? (upper edge of the band)
to 400 GeV/c? (lower edge of the band). For the MSSM area, SUSY masses close
to their experimental limit are assumed for the upper edge, while the MSSM with
large masses yields the lower edge of the blue area (dark-shaded). The 68% C.L.
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experimental results slightly favours the MSSM over the SM?.
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Figure 2.5: My as a function of m: as predicted by the SM in red (medium-
shaded) and blue (dark-shaded) bands and with the MSSM prediction in green (light-
shaded) and blue (dark-shaded) bands. The perspectives for the present and future
generation colliders, are also stated.

2.2.4 The Minimal Supersymmetric Standard Model

Similarly to the SM construction, that was conceived to be the minimal group
viable to explain the electroweak sector, the MSSM [36] is the minimal viable su-
persymmetric extension of the SM. The MSSM obeys the same SU(3) ,®SU(2), ®
U(1)y gauge symmetries of the Standard Model but doubles the spectrum of new
particles since for every particle in the SM, a superpartner is postulated which
differs by half a unit of spin. The superpartners are conveniently described by a
notation with close correspondence to the SM notation for bosons and fermions.
Hence, the superpartners are written with the same letter of their partner but
with a tilde over it and the superfields are written with a “hat” superscript. In
addition, the bosonic partners of the fermions are denoted starting with an extra

“s” (e.g. selectron is the superpartner of the electron) and the fermionic partners

2Last top mass measurements from the Tevatron [5] indicate even a lower mass for the top:
my = 171.4 4 1.2(stat) £ 1.8(syst) GeV/c2.
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of the bosons finish with the suffix “ino” (e.g. gluino is the superpartner of the

gluon).

For simplicity and to avoid unnecessary repetitions, consider the case of one gener-
ation of quarks, leptons and their superpartners. One can define Q as the superfield

containing an SU(2), doublet of quarks:

Q=" (2.55)
dr,

and their scalar partners which are also in an SU(2), doublet,

o= _ (2.56)

In an analogous form, the superfield U¢ (D) contains the right-handed up (down)
anti-quark, g (dg), and its scalar partner, @y (d%). Following the same pattern,
leptons are contained in the SU(2)r doublet superfield L which contains the left-

handed fermions,

L= (2.57)
er,
and their scalar partners,
- 1%
=" . (2.58)
er,

Finally, the superfield E* contains the right-handed anti-electron, ér, and its scalar

e
partner, €p.

Similarly, for every gauge boson it exist a Majorana fermion (gaugino). G is
defined as a superfield that contains all the gluons, g%, and their fermion partners
the gluinos, g% W; contains the SU (2)1, gauge bosons, W;, and their fermion

partners, @; (winos); and B contains the U(1) gauge field, B, and its fermion
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partner, b (bino).

In addition, in the MSSM the Higgs sector is enlarged to avoid triangle gauge
anomalies [37-39]. Gauge theories cannot have anomalies and this is simply
achieved by requiring that the sum of all fermion charges vanishes. The Higgs
scalar doublet acquires a SUSY partner which is an SU(2); doublet of Majo-
rana fermion fields, h; (Higgsinos), which will contribute to the triangle SU(2) L
and U(1), gauge anomalies. Since fermions in SM have exactly the right quan-
tum numbers to cancel these anomalies, it follows that the contribution from the
fermionic partner of the Higgs doublet remains uncanceled. The easiest solution
is to require a second Higgs doublet with precisely the opposite U(1),  quantum
number than the first Higgs doublet. Furthermore, in the SM the Higgs doublet
(the complex conjugate of the doublet) can couple to the T3 = +3 (T3 = —3)
fermions and give mass to all the spectrum of fermions. But, in a supersymmetric
theory, any doublet can give mass either to a Ty = —|—% orals= —% fermion but
not both. Thus, two Higgs doublets are needed in order to generate both up-like
and down-like quark masses. As result, one could think of the SM becoming a two
Higgs doublet model (2HDM) [40] prior to introduce the supersymmetric sector.

In Table 2.3 the spectrum of the MSSM fields is summarized.

With two SU(2) doublets, the theory has eight real scalar fields and three mass-
less gauge bosons, which accounts for fourteen degrees of freedom. After SUSY
breaking, the three gauge bosons acquire masses (nine degrees of freedom), which
means that there should exist five spin-zero Higgs fields in the spectrum: three
neutral scalars (h, H, A) and two charged pairs (H*, H™).

The parameters of the supersymmetry-conserving sector consist of:

e Gauge couplings: g5, g and ¢, corresponding to the Standard Model gauge
group SU(3)- ® SU(2), ® U(1)y, respectively.

o Higgs mass parameter, p.

e Higgs-fermion Yukawa coupling constants: A,, Agq, and A, corresponding
to the coupling of quarks or leptons and their superpartners to the Higgs

bosons and higgsinos.
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SU®)¢
Names 2HDM particle | SUSY partner SU(2),
U()y
) d 1 ir, d 0 3,2,1
squarks, quarks C? (uLT ) 2 (uLN* r) E T 33
( x 3 families) [{ uf 2 Up 0 (3,1,-3)
1 * Q 2
[/\7 dp 5 dy 0 (37 1, §)
sleptons, leptons L (ver) 1 (veér) 0 (1,2,-1)
(x 3 families) £ el ! & 0 (1,1,2)
T 1 2 3 1 17772 3 1 1
EWK bosons VE/ wEwEw W Mi LA (1,3,0)
B B 1 B 1 (1, 1, 0)
Strong bosons G, Ja 1 Ja % (8,1,0)
v | (HEHY 0| (HFH) 3 (1,2, 1)
Higgs, higgsinos . 0 pr— ~0 Fr— 1
d (H) Hy) 0 (Hy Hy) 3 (1,2,-1)

Table 2.3: Superfields and particle content of the MSSM. Symbols for each of the
chiral supermultiplets as a whole are indicated in the second column.

The supersymmetry-breaking sector contains the following set of parameters:

¢ Gaugino Majorana masses M3, My and M, associated with the SU(3), SU(2),
and U(1)y subgroups, respectively. These masses may be connected in some

cases as will be seen later.

e Five scalar squared-mass parameters for the squarks and sleptons: M2, M [2],

Mj%, M% and M%, corresponding to the five electroweak gauge multiplets.

e Trilinear interaction terms of the form Higgs-squark-squark and Higgs-slepton-

slepton, with coefficients A4, Ay and A..

e Three scalar Higgs squared-mass parameters, two of which (m? and m3) con-
tribute to the diagonal Higgs squared-masses and a third which corresponds
to the off-diagonal terms m?2, = uB. These three parameters can be re-

expressed in terms of the two Higgs vacuum expectation values (vqg =< H, 3 >
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and v, = <H3>)3, usually taken through the ratio

tan 3 = Ju , (2.59)
Vq

and one physical Higgs mass*.

The gluino is the color octet Majorana (there is no distinct antigluon) fermion
partner of the gluon. It has 16 degrees of freedom since there are 8 massless glu-
ons (2 spin degrees of freedom, each). The supersymmetric partners of the elec-
troweak gauge and Higgs bosons (gauginos and higgsinos) can mix. As a result,
the physical mass eigenstates are model-dependent linear combinations of these
states, called charginos and neutralinos, which are obtained by diagonalizing the
corresponding mass matrices. There are two charginos ()Zl-i ) and four neutralinos
(x?), which are by convention ordered in masses (Y= is the lowest chargino and
X! is the lowest neutralino). Depending whether the chargino or neutralino eigen-
state approximates a particular gaugino or higgsino state, they can become more

photino-like, bino-like... and result in strikingly different phenomenology.

The supersymmetric partners of the quarks and leptons are spin-zero bosons and
the resulting squarks and sleptons can also mix their left- and right-handed com-
ponents yielding the mass eigenstates (denoted by the indices 1,2 instead of L, R).
This mixing is proportional to the mass of the SM partner quark or lepton and to
tan 3. Thus, the mixing can lead to an important splitting in the mass spectrum
of heavy squarks, specially at large tan 8. In contrast, the first two families can
be considered degenerate in mass. All physical particles of the MSSM are given in
Table 2.4.

2.2.4.1 MSSM Lagrangian and R-parity

The MSSM Lagrangian is constructed using the already defined particle content

and following an analogy with the Lgy. Following a similar notation as in the SM,

3Notation vy (vg) is used to distinguish vacuum expectation values of the Higgs field which
couples exclusively to up-type (down-type) quarks.

4Note that v3 + vZ = 4MZ, /g% = (246 GeV/c?)? is fixed by the W mass and the gauge
coupling, but tan 3 is a free parameter of the model.
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2HDM particle spin | SUSY particle spin
quarks: q % squarks: q1, G2 0
leptons: l % sleptons: l~1, ly 0
gluons: Ja 1 gluinos: Ja %
gauge bosons: W *, Z0 4 1 neutralinos: XN(I), XNS, )5(3), XNQ 3
Higgs bosons: A0, HO, A% H=* 0 charginos: x;i, X;i %

Table 2.4: The particle content of the MSSM.

the kinetic term of the Lagrangian can be written as:
i
Lkp= Y {(DHSM(D”S» - §ww*‘Dm}

i

1 A puvA iy
+ Z{—ZFMUF’ +§)\AD/\A} :
A

(2.60)

Here, S; (v;) is the scalar (fermion) component of the i!" chiral superfield, D
is the SU(3) x SU(2)L x U(1) gauge invariant derivative, Flﬁj is the Yang-Mills
gauge field and A4 is the gaugino superpartner of the corresponding gauge boson.
It is worth noticing that the ), is a sum over all fermion fields of the SM, the
scalar partners and the 2 Higgs doublets with their fermion partners. On the other
hand, ) , is over the SU(3)., SU(2)r and U(1)y gauge fields with their fermion

partners, the gauginos.

The interactions between bosons and fermions are completely determined by the

gauge symmetries and by the supersymmetry:

Lint =— \/529,4 [SQ“TA&Z-L)\A +h.c.]
A

2
1 *mA

(2.61)

1
2

gauge coupling constants. It can be seen that there are no adjustable parame-

where 1; = 1 (1 —~5)4, T4 is the matrix of the group generators and g4 the

ter, hence, all interaction strengths are completely fixed in terms of SM coupling
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constants.

Once the superfields and the gauge symmetries are chosen, the only freedom in
constructing Lyrssas is contained in a function called superpotential, VW. This is

an analytic form of the chiral superfields, S, that has the form:

W = e nHiLHD + ¢ [/\Lﬁ;ijé S HIOD - \pHIQUU | + Wrp (2,62
where ¢ and j are SU(2)r, doublet indices and €;; = —¢ji (with €12 = 1) contracts
the SU(2)r doublet fields. No derivative interactions are allowed in order that
W be an analytical function. The term ufl&ﬂ g gives mass terms for the Higgs
bosons and so p is often called the Higgs mass parameter. The terms in the square
brackets proportional to A\p, Ap and Ay give the usual Yukawa interactions of the
fermions with the Higgs bosons. Hence, unlike the SM case, these coeflicients are
determined in terms of the fermion masses and the vacuum expectation values of

the neutral members of the scalar components, and are not arbitrary couplings.

In the most general superpotential one can add more terms which are grouped

under Wgp in equation (2.62). These terms are of the form:
Wirp = Aagy LALPEY + N5 L2°QPDY + X1, UDPDY + (/L H (2.63)

where the indices o, 3 and « label the 3 generations of quarks and leptons. These
terms constitute a problem in the sense that the first two contribute to lepton
number violation interactions and the third one to baryon number violation inter-
actions®. The combination of lepton and baryon violation terms can contribute to
the proton decay at tree level through the exchange of the scalar partner of the
down quark. Since this process is experimentally restricted [42-45]46—49] it put
into question the validity of the model. One solution is to assume that the param-
eters are small enough to avoid experimental limits. Even this is certainly allowed
experimentally, this would imply the introduction of an artificial tuning. The other

solution is to introduce a new symmetry called R-parity [50-56]. R-parity (R,) is

5The fourth term can be ignored since one can implement a rotation in the lepton field L such
that this term vanishes [41].
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a multiplicative quantum number defined as:
R = (—1)*P-0t2s (2.64)

where B and L are the baryon and lepton quantum numbers and s is the spin of
the particle. Thus, all SM particles have R, = +1 while their SUSY partners have
R, =—-1.

The assumption of such a symmetry prevents lepton and baryon number violating
terms but has also dramatic phenomenological consequences: there can be no
mixing between the sparticles and the Rp = 1 particles, SUSY particles can only be
pair-produced in the collisions of SM particles and a SUSY particle would undergo
a chain of decays until the lightest SUSY particle (LSP) is produced. Then, this

LSP cannot decay further and constitutes a cold dark matter candidate®.

2.2.5 The Minimal Supersymmetric Standard Model Higgs Sec-
tor

As stated in Section 2.2.4, the MSSM Higgs sector extends the SM Higgs sector
with a second Higgs doublets. These two doubles generate eight scalar degrees of
freedom. Three of them become the longitudinal components of the electroweak
bosons, W* and Z°, from the three Goldstone bosons generated with spontaneous
symmetry breaking. The remaining five degrees of freedom should manifest as
physical states, three neutral and two charged Higgs bosons: the pseudoscalar A°,
the CP-even h® and H°, and the charge H*.

Similarly to the spontaneous symmetry breaking in electroweak theory, Section 2.1.3,
provided that the Higgs potentials have a non-zero vacuum expectation value, the

fields could be expressed, at tree level, as shown in equation (2.65):

1 VU1 1

0
U2

(2.65)

SDue to cosmological constraints, a cold dark matter candidate need to be stable and neu-
tral [57,58].
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with v; and ve being the minimum Higgs potential such as

2

4M2
2 2 W
Ve = Ul + Uz = 3

= (246 GeV)? (2.66)

Moreover, these two parameters, v; and vs, are directly related to the Higgs cou-
plings to the down-type and up-type quarks [40,59]. The ratio of the the vacuum

expectation values defines one of the main parameters of the Higgs sector

tan § = -2 (2.67)

U1

While the two CP-even neutral Higgs bosons derive from the real part of the mass

matrix

ho cosa  sina Redd* — v
-2 oo (2.68)

HO —sina  cosa Repd* — vo
the CP-odd neutral Higgs boson is obtained from the imaginary part
A =2 (—Img{* sin B + Img3* cos 3) (2.69)
Finally, the charged Higgs bosons

HE = —¢F sin 8+ ¢5f cos3 . (2.70)

The mass of the charged Higgs bosons is the same, therefore the total number
of free parameters is six, corresponding to the four masses, the mixing angle «
and the ratio of the vacuum expectation values tan 3. At tree level, however only
two of these parameters are relevant: tan and one of the masses (customary

mao) [60]. The other parameters can be derived from these two, according to the
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following equations

mie = mio+miy (2.71)
2 1 2 2 2 2 2,2 2
Moo = 5 | Mao +myz + (on + mz) —4mzm3,cos?20 | (2.72)
e +
tan2a = tan2f | —5——= (2.73)
g0 — M7z

At large tan 3, A is almost degenerate in mass with either h® or HY, Figure 2.6.
For low mass A°, this boson is degenerate in mass with h”. For high mass, however,
it is degenerate in mass with H°. The divide between these two regimes is around
the Z° mass pole, as can be read from equation (2.71). From the experimental
point of view, this behavior doubles the effective sensitivity to find a neutral MSSM

Higgs boson.

50 tanf=2

0 1 1 1 1 1
0 30 00 1BO 200 250 300

my (GeV/c?)

Figure 2.6: For large tan 8, the pseudoscalar boson A is degenerated in mass
with either hO or HO, referred as ¢

In this model, the couplings of two Higgs bosons that are degenerate in mass to
up-type quarks is enhanced by a factor ~ tan? 3, while the third boson remains
SM-like. This is a favorable scenario for the Tevatron, where the dominant pro-

duction mechanisms are gluon fusion, mediated with a b-quark triangle, and b b
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annihilation, Figure 2.7. The Standard Model Higgs is produced by similar dia-
grams, but with t quarks instead of b quarks. The enhancement of the production
diagrams with b-quarks by a factor of ~ tan? 3 beats the mass suppression factor
my/my that dominates the Standard Model cross sections. The production cross
section enhancement at the Tevatron is very significant, as shown in Figure 2.8

and Figure 2.9.

Figure 2.7: The main production mechanisms, at tree level, of neutral MSSM
Higgs bosons is represented by these two diagrams. Gluon fusion or quark annihilation
prefer b-quarks to t-quarks, at large tan 3 due to the coupling enhancement
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Figure 2.8: Standard Model Higgs boson production cross sections at the Teva-
tron, in pb.

The branching ratios of the Higgs bosons are, to first order, almost constant for
the ranges of tan 5 and m o of interest, [60]. A pair of b-quarks is the main decay
mode, with a relative width of a ~90%. The remaining ~ 10% is taken by the
di-tau decay mode. The b b decay channel has a big advantage with respect to the
di-tau channel in terms of branching ratio, Figure 2.10. However, given the nature
of a hadron collider like the Tevatron where the b b production cross section via

QCD processes is of the order of the ub, a search for a mass resonance in this
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Figure 2.9: Pseudoscalar MSSM Higgs boson production cross sections at the
Tevatron, in pb, for tan 8 = 30.
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Figure 2.10: Pseudoscalar MSSM Higgs boson branching ratios, for tan 8 = 6
and tan 8 = 30.
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channel is experimentally inaccessible. With a smaller branching ratio, the di-tau
decay channel competes against more rare electroweak processes, promoting this
channel’s sensitivity. Moreover, the level of understanding of electroweak boson

and di-boson production is very well understood in CDF.

Tau leptons have a mean life of ¢ = 87.11 us. The leptonic decays, 7 — ev v,
and 7 — pv,v,, account for ~35% of the branching ratio [4]. The semi-hadronic
decays involve more complicated signatures, with final states involving neutral and

charged mesons.




Chapter 3

Experimental setup

The Fermilab Tevatron is the highest energy hadron collider now in operation.
After a major upgrade, the Tevatron Run I provides proton-antiproton (pp) col-
lisions with a center of mass energy of 1.96 TeV and a bunch crossing period of
396 ns. Two detectors were desingned to extract the full scientific potential of
these collisions: CDF, the Collider Detector at Fermilab and D@. Both of them
follow the usual structure of high energy physics experiments with a tracker, a

calorimeter and a muon spectromenter, aranged in concentrical layers.

The results presented in the thesis make use of approximatelly 1.8 fb ! worth of
data collected by CDF. A brief descrition of the accelerator chain and the detector
is presented in the following sections. Also, a brief introduction to the measurment

of luminosity in CDF as well as the trigger system is sketched.

3.1 The Tevatron Collider

The Tevatron Collider [61] located at the Fermi National Accelerator Laboratory
(Fermilab) in Batavia (Illinois, USA) is a proton-antiproton (pp) collider with a
center-of-mass energy of 1.96 TeV. As shown in Figure 3.1, this complex has five

major accelerators and storage rings used in successive steps, as is explained in

39
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detail below, to produce, store and accelerate the particles up to 980 GeV.

The acceleration cycle starts with the production of protons from ionized hydrogen
atoms H~, which are accelerated to 750 KeV by a Cockroft-Walton electrostatic
accelerator. Pre-accelerated hydrogen ions are then injected into the Linac where
they are accelerated up to 400 MeV by passing through a 150 m long chain of
radio-frequency (RF) accelerator cavities. A carbon foil strips off the electrons of
the H~ ions, thus producing protons. Inside the Booster the protons are merged
into bunches and accelerated up to an energy of 8 GeV prior to entering the Main
Injector. In the Main Injector, a synchrotron with a circumference of 3 km, the
proton bunches are accelerated further to an energy of 150 GeV and coalesced!

together before injection into the Tevatron.

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR
/
TEVATRON \K
= N

— \\
\
)
DZERO \: TARGET HALL

X ANTIPROTON
SOURCE
\ CDF t
- ()~ BOOSTER

A >
? > LINAC
'\ <7 ¥

COCKCROFT-WALTON

PROTON

Antiproton Proton
Direction Direction

NEUTRINO

Fermilab 00-635

Figure 3.1: The Tevatron Collider Chain at Fermilab.

The production of the antiproton beam is significantly more complicated. The

cycle starts with extracting a 120 GeV proton beam from the Main Injector onto a

Lcoalescing is the process of merging proton bunches into one dense, high density beam
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stainless steel target. This process produces a variety of different particles, among

2. The particles come off the target at many different

which appear antiprotons
angles and they are focused into a beam line with a Lithium lens. In order to
select only the antiprotons, the beam is sent through a pulsed magnet which acts
as a charge-mass spectrometer. The produced antiprotons are then injected into
the Debuncher, an 8 GeV synchrotron, which reduces the spread in the energy
distribution of the antiprotons. After that, the antiproton beam is directed into
the Accumulator, a storage ring in the Antiproton Source, where the antiprotons
are stored at an energy of 8 GeV and stacked to 10'? particles per bunch. The
antiproton bunches are then injected into the Main Injector and accelerated to

150 GeV.

Finally, 36 proton and antiproton bunches are inserted into the Tevatron, a double
acceleration ring of 1 km of radius, where their energy is increased up to 980
GeV. Proton and antiproton bunches circulate around the Tevatron in opposite
directions guided by superconducting magnets and where their orbits cross at the
two collision points, BO and D0. These interactions are observed by the CDF and
D@ detectors, respectively.

In the absence of a crossing angle or position offset, the luminosity at the interac-

tion points is given by the expression:

_ SocNoNpNp (Ul) , (3.1)

o 27r(012) + 0123) @

where f. is the revolution frequency, IV, is the number of bunches, N, is the
number of protons (antiprotons) per bunch, and o) is the transverse and longi-
tudinal rms proton (antiproton) beam size at the interaction point. F' is a form
factor with a complicated dependence on beta function, §*, and the bunch length,
o7. The beta function is a measure of the beam width, and it is proportional to
the beam’s x and y extent in phase space. Table 3.1 shows the design Run II

accelerator parameters [62].

Figure 3.2 and Figure 3.3 show, respectively, the evolution in the integrated lumi-

nosity, defined as £ = [ L dt, and the instantaneous luminosity delivered by

2The production rate, for 8 GeV antiprotons, is about 18 p per 106 p
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Parameter Run IT
number of bunches (V) 36
revolution frequency [MHz] (f.) 1.7
bunch rms [m] oy 0.37
bunch spacing [ns] 396
protons/bunch (N,) 2.7 x 101
antiprotons/bunch (Nj) 3.0 x 100
total antiprotons 1.1 x 1012
B* [em) 35

Table 3.1: Accelerator parameters for Run II configuration.

Tevatron since the machine was turned on up to January 2008. The progressive in-

crease in the integrated luminosity and the continuous records in the instantaneous

luminosity 3 prove the good performance of the accelerator.
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Figure 3.3: Tevatron Collider Run IT Peak Luminosity. The blue squares show the
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3.2 CDF Run Il detector

Peak Lum 20x Average

The CDF Run II detector [63], in operation since 2001, is an azimuthally and

forward-backward symmetric apparatus designed to study pp collisions at the Teva-

tron. It is a general purpose, cylindrical-shaped detector which combines:

momenta, event z vertex position and detects secondary vertices.

e A Time-of-Flight system, to identify charged particles.

A tracking system, that provides a measurement of the charged particle

e A non-compensated calorimeter system, with the purpose of measuring the

energy of charged and neutral particles produced in the interaction.

Drift chambers and scintillators for muon detection.

The detector is shown in Figure 3.4 and Figure 3.5. CDF uses a coordinate system

where the positive z-axis lies along the direction of the incident proton beam, ¢

is the azimuthal angle, 6 is the polar angle (measured from the detector center),

and pr is the component of momentum in the transverse plane. A description of
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Figure 3.4: Isometric view of the CDF Run II detector.

all the systems starting from the devices closest to the beam and moving outward
is presented in the next sections, where the detectors most relevant in the analysis

are explained in more detail.
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Figure 3.5: r x 7 side view of the CDF Run II detector.
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3.2.1 Tracking and Time of Flight systems

The tracking and time of flight systems are contained in a superconducting solenoid,
1.5 m in radius and 4.8 m in length, which generates a 1.4 T magnetic field parallel

to the beam axis.

The part of the tracking system closest to the beam pipe is a silicon microstrip de-
tector [64], which must be radiation-hard due its proximity to the beam. It extends
from a radius of 1.5 cm, the beam pipe, to 28 cm, covering |n| < 2 and has eight
layers in a barrel geometry. The innermost layer is a single-sided silicon microstrip
detector called Layer 00 (L00) which provides a r x ¢ position measurement. The
first five layers after the LOO constitute the Silicon Vertex Detector (SVXII) and
the two outer layers comprise the Intermediate Silicon Layers system (ISL). These
seven layers are made of double-sided silicon sensors, giving r X ¢ and z position
information. The best position resolution achieved is 9 pym in SVXII and the

impact parameter resolution, including LO0O, arrives to 40 um at pt > 3 GeV/c.

Surrounding the silicon detector is the Central Outer Tracker (COT) [65], the
anchor of the CDF Run II tracking system. It is a 3.1 m long cylindrical drift
chamber that covers the radial range from 40 to 137 cm (|n| < 1). The COT
contains 96 sense wire layers, which are radially grouped into eight “superlayers”,

as inferred from the end plate section shown in Figure 3.6.

Each superlayer is divided in ¢ into “supercells”, and each supercell has 12 sense
wires and a maximum drift distance that is approximately the same for all super-
layers. Therefore, the number of supercells in a given superlayer scales approxi-
mately with the radius of the superlayer. The entire COT contains 30,240 sense
wires. Approximately half the wires run along the z direction (“axial”). The other
half are strung at a small angle (2°) with respect to the z direction (“stereo”). The
combination of the axial and stereo information allows the measurement the z po-
sitions. Particles originated from the interaction point, which have |n| < 1, pass
through all 8 superlayers of the COT.

The supercell layout, shown in Figure 3.7 for superlayer 2, consists of a wire plane

containing sense and potential wires, for field shaping and a field (or cathode)
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Figure 3.6: Layout of wire planes on a COT endplate.

sheet on either side. Both the sense and potential wires are 40 um diameter gold
plated tungsten. The field sheet is 6.35 pm thick Mylar with vapor-deposited gold
on both sides. Each field sheet is shared with the neighboring supercell.

The COT is filled with an Argon-Ethane gas mixture and Isopropyl alcohol (49.5 :
49.5 : 1). The mixture is chosen to have a constant drift velocity, approximately 50
pm/ns across the cell width and the small content of isopropyl alcohol is intended
to reduce the aging and build up of debris on the wires. When a charged particle
passes through, the gas is ionized. Electrons drift toward the sense wires. Due
to the magnetic field that the COT is immersed in, electrons drift at a Lorentz
angle of 35°. The supercell is tilted by 35° with respect to the radial direction to
compensate for this effect. The momentum resolution of the tracks in the COT
chamber depends on the pr and is measured to be approximately 0.15%, with
corresponding hit resolution of about 140 xm [66]. In addition to the measurement
of the charged particle momenta, the COT is used to identify particles, with pp >

2 GeV, based on dE/dx measurements.
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Figure 3.7: Layout of wires in a COT supercell.

Just outside the tracking system, CDF II has a Time of Flight (TOF) detec-
tor [67-69]. It consits on a barrel of scintillator, almost 3 m long, located at
140 cm from the beam line with a total of 216 bars, each covering 1.7° in ¢ and
pseudorapidity range || < 1. Particle identification is achieved by measuring
the time of arrival of a particle at the scintillators with respect to the collision
time. Thus, combining the measured time-of-flight and the momentum and path
length, measured by the tracking system, the mass of the particle can then deter-
mined. The resolution in the time-of-flight measurement has achieved = 100 ps
and it provides at least two standard deviation separation between K * and 7%+

for momenta p < 1.6 GeV/e.

As a summary, Figure 3.8 illustrates the Tracking and Time of Flight systems.

3.2.2 Calorimeter system

The calorimeter system surrounding the CDF tracking volume, outside of the
solenoid coil. The different calorimeters that compose the system are scintillator-
based detectors, segmented in projective towers (or wedges), in 1 X ¢ space, that

point to the interaction region. The total coverage of the system is 27 in ¢ and
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Figure 3.8: The CDF II tracker layout showing the different subdetector systems.

about |n| < 3.64 units in pseudorapidity.

The calorimeter system is divided in two regions: central and plug. The central
calorimeter covers the region |n| < 1.1 and is split into two halves at |n| = 0. It
conceived as a hybrid system of sampling scitilators and strip wire proportional
chambers. The forward plug calorimeters cover the angular range corresponding
to 1.1 < |n| < 3.64, as it is shown in Figure 3.9. Due to this structure, two “gap”

regions are found at || = 0 and |n|~1.1.

3.2.2.1 Central Calorimeters

The central calorimeters consist of 478 towers, each one is 15° in azimuth times
approximately 0.11 in pseudorapidity. Each wedge consists of an electromagnetic
component backed by a hadronic section. In the central electromagnetic calorime-
ter (CEM)[70], the scintillators are interleaved with lead layers. The total material
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Figure 3.9: Elevation view of 1/4 of the CDF detector showering the components
of the CDF calorimeter: CEM, CHA, WHA, PEM and PHA.

has a depth of 18 radiation lengths (Xg) . The central hadronic section (CHA)[71]
has alternative layers of steel and scintillator and is 4.7 interaction lengths deep
(MAo) ®. The endwall hadron calorimeter (WHA), with similar construction to
CHA, is located with half of the detector behind the CEM/CHA and the other
half behind the plug calorimeter. The function of the WHA detector is to provide a
hadronic coverage in the region 0.9 < |n| < 1.3. In the central calorimeter the light
from the scintillator is redirected by two wavelength shifting (WLS) fibers, which
are located on the ¢ surface between wedges covering the same pseudorapidity

region, up through the lightguides into two phototubes (PMTSs) per tower.

The energy resolution for each section was measured in the testbeam and, for a

4The radiation length X describes the characteristic amount of matter transversed, for high-
energy electrons to lose all but 1/e of its energy by bremsstrahlung, which is equivalent to % of
the length of the mean free path for pair ete™ production of high-energy photons. The average

energy loss due to bremsstrahlung for an electron of energy E is related to the radiation length
by (‘é—f) = _XED and the probability for an electron pair to be created by a high-energy
brems

photon is %XO.

5An interaction length is the average distance a particle will travel before interacting with
a nucleus: A = —4— where A is the atomic weight, p is the material density, o is the cross
poN 4
section and N4 is the Avogadro’s number.
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perpendicular incident beam, it can be parameterized as:
(0/E)* = (01/VE)* + (02)%, (3.2)

where the first term comes from sampling fluctuations and the photostatistics of
PMTs, and the second term comes from the non-uniform response of the calorime-
ter. In the CEM, the energy resolution for high energy electrons and photons is
U(ELTT) = 13—\/E5—ZE’ ®1.5%, where Er=Fsinf, being 6 the beam incident angle. Charge
pions were used to obtain the energy resolution in the CHA and WHA detectors

that are U(ELTT) = \5/071; @ 3% and U(ELTT) = \7/571; & 4%, respectively.

3.2.2.2 Shower Maximum Detector

The Electronmagnetic Calorimeter includes proportional wire strip chambers, the
shower maximum detector (CES) [72,73]. These chambers are embeded in the
calorimeter, at a depth equivalent to 5.9 X. This is the point where the maximum
deposition of energy of the shower is expected for a 15 GeV electron [70]. The wires
and strips in the CES run orthogonally and are digitized inpedependently, thus

providing two dimensional information of the shower position and development.

The chambers are located at a distance of 184 cm perpendicular to the beam line.
There are 64 golden-plated tungten wires running along the module, shileded by
indivudual cells in a three piece aluminum extrusion. Each chamber is divided
into two sections subsequent along the z-axis. A small inactive region is created

where both regions meet.

The strips, made of copper, are attached to the aluminum extrusion with multiple
layers of epoxy. The gain of the strips have been found to vary up to a 40% due to
small distorsions of the shape. There are 128 strip, 69 in the section closer to the
central plane of the dectector, and 59 in the outter section. In the later section,

the strips are wider, thus fitting a smaller number in the same length.

This detector is instrumental for the reconstruction of hadronically decaying tau
leptons, as it allows the definition of the impact position of 7°. Previous studies
with photons have shown that the combination of the energy measurement of the

calorimeter towers and the positioning of the shower with the CES is capable of
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Figure 3.10: Invariant mass of 7° candidates, reconstructed from two resolved

photons.

resolving photons from a 7° decay, Figure 3.10, and even p mesons, [74]. The CES

also plays a very important roll in the trigger system, especially for electrons [75].

3.2.2.3 Plug Calorimeters

One of the major upgrades for the Run II was the plug calorimeter [76]. The new
plug calorimeters are built with the same technology as the central components and
replace the Run I gas calorimeters in the forward region. The 1 X ¢ segmentation
depends on the tower pseudorapidity coverage. For towers in the region |n| < 2.1,
the segmentation is 7.5° in ¢ and from 0.1 to 0.16 in the pseudorapidity direction.
For more forward wedges, the segmentation changes to 15° in ¢ and about 0.2 to

0.6 in 7.

As in the central calorimeters, each wedge consists of an electromagnetic (PEM)
and a hadronic section (PHA). The PEM, with 23 layers composed of lead and
scintillator, has a total thickness of about 21 X . The PHA is a steel/scintillator
device with a depth of about 7 Ag. In both sections the scintillator tiles are read
out by WLS fibers embedded in the scintillator. The WLS fibers carry the light
out to PMTs tubes located on the back plane of each endplug. Unlike the central

calorimeters, each tower is only read out by one PMT.
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Testbeam measurements determined that the energy resolution of the PEM for

electrons and photons is & = %’ ® 1%. The PHA energy resolution is £ =

E
% ®5% for charged pions that do not interact in the electromagnetic component.

Table 3.2 summarizes the calorimeter subsystems and their characteristics.

Calorimeter Coverage Thickness | Energy resolution (E in GeV)
13.5%

CHA Inl < 0.9 4.7 Xo &@ ® 3%

WHA 0.9<n <13 4.7 o 4%

PEM 1.1< | <3.6 | 21 Xo, 1 Ao % o 1%

PHA 1.2 < |y <3.6 7 Xo % @ 5%

Table 3.2: CDF II Calorimeter subsystems and characteristics. The energy reso-
lution for the EM calorimeter is given for a single incident electron and that for the

hadronic calorimeter for a single incident pion.

The forward calorimeter also has a shower profile detector, the Plug Shower Max-
imum (PES), equivalent to the CES in the central region. Also the Central Prera-
diator (CPR) and the Plug Preradiator (PPR) are located at the inner face of the
calorimeters, and are also used in particle identification, separating e *, v and 7°

and jets.

3.2.3 Muons system

The muon system, which consists of sets of drift chambers and scintillators, is
installed beyond the calorimetry system as the radially outermost component of
CDF Run II detector (r~ 3.5 m). The muon system [77] is divided into different
subsystems: the Central Muon Detector, CMU, the Central Muon Upgrade De-
tector, CMP, the Central Muon Extension Detector, CMX, and the Intermediate
Muon Detector, IMU.

The coverage of the muon systems is almost complete in phi, except some gaps,
and spans in polar angle up to || & 1.5, Figure 3.11. Attached to the calorimeter
modules, the CMU consists of a stack of 4 layers of drift chambers. The different
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layers are slightly shifted in phi for better performance. These chambers are single-
wired and the read-out is equiped with a TDC and an ADC at each end of the
wire. The ¢-position is then calculated from the dirft time, measured with the
TDC, while the hit z-positio is found through harge division with the ADC.

The central muon upgrade detector, CMP, forms a box around the detector of
stacked drift chambers. A layer of 60 cm of steel, partially used for the magnetic
field return, provides the needed shielding to absorb particles, other than muons,
leaking the calorimeter. This system overlaps with the CMU, and covers the

central part

Beyond the CMU and CMP detectors, the central muon extension detector, CMX,
This detector consists of stacked cells of drift tubes conforming a conical section.
The chambers are stacked at a small angle, allowing for polar angle mesurement.

Given the space constrains in the collision hall, the coverage is not complete in ¢.

The main component of the IMU are the Barrel Chambers (BMU). This detector
is shaped as two contigous barrels of dift chambers located on the outer radius of
the toroids. These chambers expand the muon coverage of CDF up to |n| ~ 1.5,

but on cover the upper 270deg in azimuth.

Sets of scintillators were also installed for triggering and spurious signal rejection.
The central muon scintillator upgrade, CSP, are counters installed on the outer
surface of the CMP chambers. Two layers of scintillators are mounted on the
internal and external sides of the CMX, the so-called central muon extension scin-
tillator, CSX. Finally, the IMU incorporates two scintillator systems: the barrel
scintillator upgrade, BSU, and the Toroid Scintillator Upgrade, TSU. The BSU
detector is made of rectangular scintillators mounted on the outside of the BMU
chambers and with the same azimuthal coverage. The TSU detector is made of
trapezoidal scintillators mounted on the inner face of the toroid and covering 27

in azimuth.




54 3.3. Luminosity Measurement
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Figure 3.11: n-¢ coverage of the different muon subsystems: central muon detector
(CMU), central muon upgrade detector (CMP), central muon extension (CMX), and
the intermediate muon detector (IMU). The IMU includes the barrel chambers (BMU)

and some scintillators.

3.3 Luminosity Measurement

3.3.1 CLC detector

In CDF, the beam luminosity is determined using gas Cerenkov counters (CLC)[78]
located in the pseudorapidity region 3.7 < |n| < 4.7, which measure the average
number of inelastic interaction per bunch crossing. Each module consists of 48
thin, gas-filled, Cerenkov counters. The counters are arranged around the beam
pipe in three concentric layers, with 16 counters each, and pointing to the center
of the interaction region. The cones in the two outer layers are about 180 cm long
and the inner layer counters, closer to the beam pipe, have a length of 110 cm.
The Cerenkov light is detected with photomultiplier tubes located at the end of
the tubes, Figure 3.12.
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Figure 3.12: Schematic drawing of a cone of the Cerenkov luminosity counters,
CLC. An aluminum light collector directs the light reflected in the mylar cone to the
photomultiplier, PMT, attached at the end of the tube.

3.3.2 Measurement of the luminosity

The average number of primary interactions, u, is related to the instantaneous

luminosity, £, by the expression:

,u'fbc:Utot'E ) (33)

where fp. is the bunch crossings frequency at Tevatron, on average 1.7 MHz for

36 x 36 bunch operations, and o, is the total pp cross section.

Since the CLC is not sensitive at all to the elastic component of the pp scattering,

the equation (3.3) can be rewritten using the inelastic cross section, ¢;,, as

Lzu'fbc’ (34)

where now u is the average number of inelastic pp interactions. The method
used in CDF for the luminosity measurement is based on the counting of empty
crossings [79]. This method determines p by measuring the first bin of the distri-
bution which corresponds to the probability of having zero inelastic interactions,

Py, through the relation:
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Po(p) =e™*, (3.5)

which is correct if the acceptance of the detector and its efficiency were 100%.
Given the limited extent of this statement, there are some selection criteria, «,
to define an “interaction”. An “interaction” is defined as a pp crossing with hits
above a fixed threshold on both sides of the CLC detector. Therefore, an empty
crossing is a pp crossing with no interactions. Given these selection criteria, the

experimental quantity Py, called P;*"{a}, is related to yu as:

Pe{pa} = (e # e h 1) e () m, (3.6)

where the acceptances €p and €, /. are, respectively, the probability to have no
hits in the combined east and west CLC modules and the probability to have
at least one hit exclusively in west/east CLC module. The evaluation of these
parameters is based on Monte Carlo simulations, and typical values are €9=0.07
and €,/.=0.12.

To obtain the luminosity measurement using the equation (3.4), the value of oy,
is still needed. At the beginning of Run II, an extrapolation to 2 TeV of the
value measured at /s= 1.8 TeV by CDF [80] was used. The cross section would
be 0;,=60.4 mb. To facilitate the comparison of CDF and D@ cross section
measurements in Run II, the collaborations agreed to use a common inelastic cross
section [81], 0;,=59.3 mb that is about 1.9% smaller than previous value. Since
CDF never modified the value used online and offline, the CDF quoted luminosity
is multiplied offline by a factor of 1.019.

Different sources of uncertainties have been taken into account to evaluate the
systematic uncertainties on the luminosity measurement [82]. The dominated con-
tributions are related to the detector simulation and the event generator used,
and have been evaluated to be about 3%. The total systematic uncertainty in
the CLC luminosity measurements is 5.8%, which includes uncertainties on the

measurement, 4.2%, and on the inelastic cross section value, 4%.
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3.4 Trigger and Data Acquisition

The average interaction rate at the Tevatron is 1.7 MHz for 36 x 36 bunches. In
fact, the actual interaction rate is higher because the bunches circulate in three
trains of 12 bunches in each group spaced 396 ns which leads to a crossing rate of
2.53 MHz. The interaction rate is orders of magnitude higher than the maximum
rate that the data acquisition system can handle. Furthermore, the majority of
collisions are not of interest. This leads to implementation of a trigger system
that preselects events online and decides if the corresponding event information is

written to tape or discarded.

The CDF trigger system consists of three trigger levels, see Figure 3.13 and Fig-
ure 3.14. The first two levels are hardware based, while the third one consists on a
processor farm. The decisions taken by the system are based on increasingly more
complex event information. The two hardware levels are monitored and controlled
by the Trigger Supervisor Interface, TSI, which distributes signals from the dif-
ferent sections of the trigger and DAQ system, a global clock and bunch crossing

signal.
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Crossing rate 2.53 MHz
(396 ns clock cycle)

2.53 MHz synchronous pipeline
L1 storage Latency 5544 ns
pipeline; Accept rate < 50 kHz
14 clock
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- Asynchronous 2-stage pipeline
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Tr’ig-‘-ger. Accept rate 300 Hz
L2 buffers: e
4 events L1+L2 rejection factor: 25,000
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Mass
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DAQ buffers / Accept rate <75 Hz
Event Builder Rejection factor: >4

Figure 3.13: Block diagram showing the global trigger and DAQ systems at
CDF II.
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3.4.1 Level 1 trigger

The Level 1 trigger is a synchronous system that reads events and takes a decision
every beam crossing. The depth of the L1 decision pipeline is approximately 4 us,
L1 latency. The L1 buffer must be at least as deep as this processing pipeline or
the data associated with a particular L1 decision would be lost before the decision
is made. The L1 buffer is 14 crossings deep (5544 ns at 396 ns bunch spacing) to
provide a margin for unanticipated increases in L1 latency. The Level 1 reduces
the event rates from 2.53 MHz to less than 50 kHz.

The Level 1 hardware consists of three parallel processing streams which feed
inputs of the Global Level 1 decision unit. One stream finds calorimeter based ob-
jects, L1 CAL, another finds muons, .1 MUON, while the third one finds tracks in
the COT, L1 TRACK. Since the muons and the calorimeter based objects require
the presence of a track pointing at the corresponding outer detector element, the
tracks must be sent to the calorimeter and muon streams as well as the track only

stream.

e The L1 CAL calorimeter trigger is employed to detect electrons, photons,
jets, total transverse energy and missing transverse energy, ERisS. The
calorimeter triggers are divided into two types: object triggers (electron,
photons and jets) and global triggers (> Er and Efrniss). The calorimeter
towers are summed into trigger towers of 15° in ¢ and by approximately 0.2 in
1. Therefore, the calorimeter is divided in 24 x 24 towers in 1 X ¢ space [83].
The object triggers are formed by applying thresholds to individual calorime-
ter trigger towers, while thresholds for the global triggers are applied after

summing energies from all towers.

e The L1 TRACK trigger is designed to detect tracks on the COT. An eX-
tremely Fast Tracker, XFT, [84] uses hits from 4 axial layers of the COT to
find tracks with a pr greater than some threshold, ~ 2 GeV/c. The result-
ing track list is sent to the extrapolation box, XTRP[85] that distributes the
tracks to the Level 1 and Level 2 trigger subsystems.

e L1 MUON system uses muon primitives, generated from various muon de-

tector elements, and XFT tracks extrapolated to the muon chambers by the
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XTRP to form muon trigger objects. For the scintillators of the muon sys-
tem, the primitives are derived from single hits or coincidences of hits. In the
case of the wire chambers, the primitives are obtained from patterns of hits
on projective wire with the requirement that the difference in the arrival
times of signals be less than a present threshold. This maximum allowed
time difference imposes a minimum pr requirement for hits from a single

tracks.

Finally, the Global Level 1 makes the L1 trigger decision based on the objects of
interest found by the different Level 1 processes. Different sets of Level 1 conditions
are assigned to the Level 1 trigger bits. If these conditions are met, the the bit is
set to true. All this information is later hadled the the TSI and transfered to the

other trigger levels, and eventually, to tape.

3.4.2 Level 2 trigger

The Level 2 trigger is an asynchronous system which processes events that have
received a L1 accept in FIFO (First In - First Out) manner. It is structured as a
two-stage pipeline with data buffering at the input of each stage. The first stage
is based on a dedicated hardware processor which assembles information from a
particular section of the detector. The second stage consists of a programmable
processors operating on lists of objects generated by the first stage. Each of the L2
stages is expected to take approximately 10 us giving a latency of approximately
20 ps. The L2 buffers provide a storage of four events. After the Level 2, the event
rate is reduced to about 300 Hz.

In addition of the trigger primitives generated for L1, data for the L2 come from
the shower maximum strip chambers in the central calorimeter and the r x ¢ strips
of the SVX II. There are three hardware systems generating primitives at Level 2:
Level 2 cluster finder, L2CAL, shower maximum strip chambers in the central
calorimeter, XCES, and the Silicon Vertex Tracker (SVT).

e The L2CAL hardware carries out the hardware cluster finder functions. It
receives trigger tower energies from the L1 CAL and applies seed and “shoul-

der” thresholds for cluster finding. It is basically designed for triggering on
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jet.

e The shower maximum detector provides a much better spacial resolution
than a calorimeter tower. The XCES boards perform sum of the energy
on groups of four adjacent CES wires and compare them to a threshold
(around 4 GeV). This information is matched to XFT tracks to generate a
Level 2 trigger. This trigger hardware provides a significant reduction in

combinatorial background for electrons and photons.

e Silicon Vertex Tracker, SVT, [86] uses hits from the r x ¢ strips of the SVX
IT and tracks from the XFT to find tracks in SVX II. SVT improves on the
XFT resolution for ¢ and pr and adds a measurement of the track impact
parameter, dy. Hereby the efficiency and resolution are comparable to those
of the offline track reconstruction. The SVT enables triggering on displaced

tracks, that have a large dy.

When the objects reconstructed by the Level 2 processors meet the conditions
stated in the trigger table for the Level 2, the event is assigned the corresponding
Level 2 trigger bit, provided that the corresponding Level 1 bit is already set.
Now, the TSI sends the event to the Level 3 farm.
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Figure 3.14: Block diagram showing the Level 1 and Level 2 trigger systems.
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3.4.3 Level 3 trigger

After an event is accepted at Level 2, it has to be read out completelly. This
operation involves collecting data from over a couple of hundreds of VME Readout
Buffers (VRBs). The purpose of the Event Builder is assembling the event from
pieces of data from the L2 system into complete events. It is divided into 16 sub-
farms, each consisting of 12 to 16 processor nodes. Once the event is built, it is
sent to one node in the Level 3 farm. The Level 3 trigger reconstructs the event
following given algorithms. These algorithms take advantage of the full detector
information and improved resolution not available to the lower trigger levels. This
includes a full 3-dimensional track reconstruction and tight matching of tracks to
calorimeter and muon-system information. Events that satisfy the Level 3 trigger
requirements are then transfered onward to the Consumer Server/Data Logger
(CSL) system for storage first on disk and later on tape. The average processing
time per event in Level 3 is on the order of a few seconds. The Level 3 leads to a

further reduction in the output rate, roughly 50 Hz.

A set of requirements that an event has to fulfill at Level 1, Level 2 and Level
3 constitutes a trigger path. The CDF II trigger system implements about 200
trigger paths. An event will be accepted if it passes the requirements of any one
of these paths and, depending of the trigger path, it will be stored in a trigger
dataset. A complete description of the different datasets at CDF Run II can be
found in [87].

Another important feature of the tirgger system of CDF is that Level 2 accepts can
be prescaled. This means that only a fraction of the events that fullfil the trigger
requirements are actually accepted. Even if this implies loosing potential good
events, it becomes necessary at high luminosity. Given the continously improving
performance of the Tevatron, prescaling trigger has become common practice in the
last years. Moreover, the trigger system allows for dynamic prescaling of trigger
accepts, meaning that the scaling factor varies with the instantaneous luminosity,

so the output bandwidth is maximally utilized.
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Chapter 4

Data Samples and Simulation

As stated in Chapter 1, this analysis combines three different final states: 7.7,
Tymhand 7.7, where 7, represents a tau lepton decaying to an electron, 7, repre-
sents a tau lepton decaying to a muon and 7y, represents a tau decaying hadroni-

cally.

The data is collected for each channel uses different trigger requirements, so-called
trigger paths in CDF. The trigger requirements introduce inefficiencies that have

to be taken into account when comparing real data vs simulation distributions.

The analysis described in the following chapters is based on ~ 1.8 fb™! of data,
collected from almost the beginning of Runll and up to the end of March 2007.
In CDF nomenclature, this correspond to the data taken from period 0 to period
11, runs 138425 to 237795. This period of time spans over several years, in which
the definition of the trigger paths evolved. This evolution included the addition
of pre-scaling of the L2 trigger and the disabling of some trigger paths above some
luminosities. For this reason, the integrated luminosities over this period of data-

taking varies for different trigger paths.
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4.1 Data

For the exploration of the 7.7, channel we use data collected with the “SUSY
dilepton” trigger paths: datasets edilad, edilbh, edilai, edilaj. The data is taken
from the officially produced Stntuple samples.

The ”SUSY dilepton” triggers select two leptons (I = e, u) with with pr > 4 GeV
(during period 4, the threshold for one of the leptons was increased to 8 GeV). At
least one of the leptons is in the central region. In this analysis we use only the
trigger paths that select one electron and one muon, both in the central detector
region. Same-flavor leptons are used for consistency checks and study of lepton

isolation consistency between the data and MC.

The same triggers are used in several of the trilepton SUSY searches. We use the
efficiency for the electron leg of the trigger from parallel studies [88]. After a turn
on, it reaches a constant value of ~0.96 for electrons above 10 GeV. The trigger
efficiencies for the muon leg of the trigger are well understood in CDF [89]. In the
high-FEr (pr) ranges the results for both legs agree with the JP values obtained

for the inclusive electron(muon) samples.

For the final states with a hadronically decaying tau we use the ”lepton+track”
triggers that require a central electron or muon, and an isolated track (used as a

starting point for tau reconstruction).

The ”track” (tau) leg of the ”lepton+track” triggers is described in the Chapter 5,

where we also present the results of the efficiency studies.

For the trigger efficiency of the muon leg we use the results for the high-p7 muon
trigger - except for the pr threshold the requirements are the same. Our muon
trigger efficiency studies in 5.3.3 data show that for muons with pyr > 10 GeV we
are at the plateau of the efficiency, and that it is consistent with the results for the
high-pr muons in the region pr > 20 GeV. The trigger efficiency for the electron
leg is obtained with the same samples and procedures as for the SUSY dilepton

trigger, and uses the same parametrization.

The overall trigger efficiencies for our final states are product of the efficiencies

of the two legs used in event selection. They are applied to the MC samples by
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assigning a weights to each selected MC event event.

In this analysis we use Run 2 data in the run range 150145-2 and apply the
Top/EWK /Exotics good run list v17 (good electron, muon, no Si requirement, ex-
cluded COT compromised runs). This run range has both the CMX and CMU+CMP

systems operational. The integrated luminosity of our sample is ~ 1.8 fb~1.

4.2 Monte Carlo

Simulation is a very powerful tool to predict the composition of the final state
distributions and the contributions of not-yet-observed processes. Moreover, re-
construction and identification efficiencies as well as event acceptance calculation
rely on an accurate performance of the simulation. Monte Carlo, MC, techniques
are used to simulate p p collisions and the signal read out by the CDF. The colli-
sions are generated using PYTHIA [90] and the interaction of the collision products
with the detector is simulated with GEANT3[91]. A special package is used to em-
ulate the first and second level trigger. Finally, the simulated events are processed
with the same code used for real data [92]. The beam and detector conditions
are also taken into account in the simulation. This is specially important when
considering the effects of multiple interactions. This run dependent MC tries to
reproduce data by retrieving the status of the different systems from the detec-
tor data base and overlaying multiple interactions according to the instantaneous

luminosity.

The hard scattering processes were generated using PyTHIA. For SM background
estimation, the CDF validated version was used, PYTHIA 6.216. For signal ¢ — 77
Monte Carlo, however, a newer version was used, a customized release PYTHIA
6.409. PYTHIA generator uses a leading order matrix element calculation for the

hard scattering, with a tuned parton showering for radiation effects.

Pseudoscalar MSSM Higgs boson production via inclusive quark annihilation,
bb — A?, process 157, shows a softer spectrum than the exclusive channel gg — A%+
b, process 189. This was also the case for the outgoing b-quark pr in inclusive
bb — Z (PyYTHIA process 1) and the exclusive channel gg — Z+b (PYTHIA process
31), Figure 4.1. This issue was fixed after PYTHIA 6.4 for the neutral electroweak
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boson and a few releases later for the MSSM Higgs bosons.
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Figure 4.1: Comparison of the highest-pp b-quark produced in the hard scattering
in different processes in PYTHIA 6.216. The inclusive processes, 1 and 157, show a

softer spectrum than the exclusive counterparts, 31 and 189

Both tree level processes, gg — A and bb — AY, were generated separately and
weighted accordingly. Given the expected sensitivity of this search, the sam-
ples were generated setting tan 3 = 50 and 14 mass points sweeping the range
90<mp0<250 GeV. The other sPYTHIA parameters are set to the Snowmass E3

(LC) group benchmark, parameter set 2, for heavy sparticles.

These samples were run-dependent generated, thus taking into consideration the
detector conditions and overlying minimum bias. Electroweak and t t backgrounds
were estimated from MC samples, also generated with PYTHIA. All of these sam-
ples used leading order set of parton distribution functions, PDF, CTEQ5L [11].
Tau lepton are set to be treated as stable particles by PYTHIA, because the decays
are better simulated with TAUOLA [93].




Chapter 5

Trigger efficiency

5.1 Introduction

This chapter presents a measurement of the trigger efficiency of the track leg of
the “lepton plus track” trigger paths. We measured the efficiency of these trigger
paths with respect to fully reconstructed 7s using jets and di-lepton samples. We
defined relevant variables to account for inefficiencies of the XFT track matching,
L2 cluster matching and L3 isolated track finding. The overall trigger efficiency is

the product of those three components.

5.2 Trigger paths description

The “lepton plus track” dataset contains events from several different trigger paths.
Three families of those paths are relevant for this analysis. Two of them require
a p and an isolated track, “CMUP plus track” and “CMX plus track”. A third
family triggers on a central electron and an isolated track, “Electron plus track”.
The paths involving us were “dynamically prescaled” or “luminosity enabled” in
the last periods of data taking. The whole list of trigger paths studied can be
found in table 5.1.
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Trigger Path Family Trigger Paths involved
“Electron plus track” TAU_ELECTRONS_TRACK51ISO
“CMUP plus track” TAU_CMUPS_TRACKS51ISO, tag 1 to 9

TAU_CMUP8_TRACK5_ISO_L2_LOOSE_DPS
TAU_CMUPS8_TRACK5_ISO_L2_.LOOSE_LUMI_240
TAU_CMUPS8_TRACK5_ISO_L2_.LOOSE_LUMI_260
“CMX plus track” TAU_CMX8_TRACK5_1ISO

TAU_CMX8_TRACK5_ISO_LUMI_200

TAU_CMX8_TRACK5.ISO_L2_LOOSE_DPS

TAU_CMX8_TRACK5_ISO_L2_LOOSE_LUMI_200

Table 5.1: “lepton plus track” trigger paths used in this analysis

Different versions of these trigger paths had different requirements. Only a few
transitions affected the track leg of the trigger. The “Electron plus track” triggers
underwent a transition after run 209770, when the isolation requirements at level
3 were modified and a level 2 calorimeter cluster was required to match the XFT
track. The “CMUP plus track” and “CMX plus track” trigger paths also suffered
two relevant changes. First, a level 2 XFT track was included simultaneously for
both p families, in the transition from tag 7 to 8 of the TAU_CMUP8_TRACKS5_ISO
path and from tag 6 to 7 of TAU_CMX8_TRACKS5_ISO. Moreover, a second tran-
sition modified the level 3 isolation requirements after run 209770, simultaneous

to the transition in the “Electron plus track”.

5.2.1 Level 2 trigger requirements

An XFT track with a ppr > 5 GeV is required in all the different versions of the
TAU_ELECTRON8_TRACKS5_ISO trigger paths. It is also required from tag 8 of
the path TAU_.CMUP8_TRACKS5_ISO and tag 7 of TAU_CMX8_TRACK5_ISO.

Moreover, this XFT track has to match a cluster for the path TAU_ ELECTRONS -
TRACKS5_ISO, versions 8 and 10. This cluster has to fulfill the requirements

summarized in table 5.2.
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L2 cluster requirements
Er > 4GeV

Number of towers < 5

pass = 2

Table 5.2: L2 cluster cuts.

L3 track requirements
pr > bGeV
Inl < 1.5

isolation

Table 5.3: Level 3 track cuts.

5.2.2 Level 3 trigger requirements

The level 3 trigger requirements are summarized in table 5.3. The isolation re-
quirement is fulfilled when no shoulder tracks with sufficient py and close enough
in Z lay in the isolation annulus. The definition of the isolation annulus and the
cuts applied to select shoulder tracks was modified after run 209770. We refer
to the trigger settings before this run as the “old trigger” and to the ones after

that change as “new trigger”. Table 5.4 shows the definition of isolation for both

triggers.
“old trigger” “new trigger”
L3 isolation annulus | 0.175 < AR < 0.524 | 10degrees < Angle < 30degrees
|AZ] < 15 ¢cm |AZ| <5 cm
track cuts
pr > 1.5 GeV pr > 1.5 GeV

Table 5.4: Isolation annulus definition, and cuts for shoulder tracks
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5.3 Data Samples and event selection

For this trigger study, we chose to use jet samples because they do not include
track related requirements in their trigger paths. Therefore, these events are not
correlated with the “lepton plus track” sample. This dataset, however, has the
inconvenience of being populated mainly by fake 7s. This introduces a bias in the
study of trigger level isolation, due to the differences in track multiplicity between
jets and 7s. Moreover, a measurement of the efficiency of the level 2 calorimeter
cluster requirement added to the “electron plus track” trigger path would be biased

if measured in the jet samples.

We selected tight 7s in the runs marked as good by the “good run list, em mu”
version 13. Note that tight 7 ID includes offline replication of level 3 isolation.
After selecting 7s, we checked whether those 7s would have passed the trigger

requirements of the track leg of the different “lepton plus track” paths.

We also used high pr samples of both us and electrons for obtaining the absolute
normalization of the level 3 efficiencies. We selected events in the “good run list,
em mu”, version 13, that had two almost-tight electrons or two almost-tight us
with an invariant mass consistent with the Z mass peak. By almost-tight we mean
that we applied all the standard ID cuts except isolation. For the tracks of each of
the leptons, we calculated the isolation related variables we use for 7s. We applied
the same isolation cuts we apply to 7s and then check whether these tracks would

have passed the requirements in the “lepton plus track” paths.

5.4 Level 2 trigger efficiency

As previously stated, there are two kinds of requirements at level 2 that could
potentially be applied in the different paths: XFT track matching and level 2

cluster matching.

We found the main source of XFT track finding inefficiency was related to the
tracks crossing the central plane of the COT at the radius where the axial super-
layers are located. Therefore, when the tracks cross the z = 0 plane, we calculated

and parametrized the efficiency in terms of the radius of crossing of the central
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parameter | old trigger | new trigger
Eplateau 0.9548 0.9539
Ay 0.2646 0.2563
Ch 58.92 58.91
S1 2.3810 2.3504
Agy 0.3468 0.3320
Co 82.17 82.23
So 2.6352 2.624
As 0.4823 0.4604
Cs 105.8 105.8
Ss 2.796 2.812
Ay 0.04457 0.03854
Cy 131.0 130.8
Sy 3.489 3.695

Table 5.5: Fitted parameters for the L2 trigger efficiency as a function of RZ0.

plane of the COT, RZ0. When the tracks do not cross the central plane, then we
found that the efficiency increases with the length of the track inside the COT.

The RZO0 efficiency, figure 5.1, shows a very well defined behavior: a plateau of
very high efficiency with four dips. We fitted the distribution to a flat plateau and

4 Gaussians:

4 (IEC )2
€(x) = €platean — Y Aie” 7. (5.1)
i=1

The fit shows the dips are precisely located at the radius where the axial superlayers
of the COT are placed, table 5.5.

For the tracks that don’t cross the Z = 0 plane, we used the path length of the
track in the r — z plane inside the COT, Lrz. The longer this path is, the higher
the efficiency, figure 5.2. Table 5.6 shows the result of the fit to a turn-on curve:
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Figure 5.1: XFT track finding efficiency for tracks that cross the Z = 0 plane.
We parameterized this efficiency as a function of the radius at which the tracks cross

that plane, RZ0.
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parameter | old trigger | new trigger
Eplateau 0.9750 0.9665
C 1.958 24.63

S 30.32 22.09

Table 5.6: Fitted parameters for the L2 trigger efficiency as a function of Lrz.

€plateau
e(z) = 2 (5.2)
l1+es

Regarding the cluster requirement, there is no dataset that would allow an in-
dependent measurement of the efficiency of a reconstructed 7 to match a level 2
cluster with sufficient statistics. After several studies, we concluded that the only
feasible way to approach this was relaying on Monte Carlo samples, like Z — 77.
Given that the simulation of the trigger, trigSim, is not fully consistent with data,
we would have to scale our measurement of the trigger efficiency with a set of fac-
tors that can be obtained by from QCD Monte Carlo samples and the Jet samples,
figure 5.3.

5.5 Level 3 trigger efficiency

The level 3 trigger requires a COT isolated track. As previously stated, there are
two different implementations of isolation in our current datasets, corresponding
to different time periods. We refer to them as “old trigger” and “new trigger”.
The cuts applied for these two definitions of isolation are summarized in table
5.4. Some of the 7 ID cuts we apply offline are tighter that the ones applied at
L3, like pr or n. In our range of acceptance, the trigger efficiency doesn’t show a

significant dependence on these variables.

However, L3 isolation is closely related to the goodness of the determination of

the track parameters at trigger level. In the case when there are extra tracks in
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Figure 5.2: XFT track finding efficiency for tracks that don’t cross the Z = 0
plane. We parameterized this efficiency as a function of the length of the track path

in the r — z plane.
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the signal cone, the variation of the parameters of these extra tracks could make
them migrate from the signal cone at offline production level to the isolation cone
at trigger level, leading to trigger inefficiency. Some parameters of the track like ¢
or the curvature, i.e. pr, are determined much more precisely at trigger level than
others, like cotf. As it is shown in Figure 5.6 for instance, the trigger efficiency is
related to the closeness of the extra tracks in the signal cone to the boundary of
the cone. Moreover, the presence of tracks due to multiple interactions also has a

dramatic impact on the efficiency of this trigger.

We selected events with 2 almost-tight electrons or two almost-tight us in the
high-Pt samples. By almost-tight we mean we applied all standard cuts, except
isolation. Then for each of the leptons in this events, we defined a 10degree cone,
an got 7-like signal and isolation variables: number of tracks in the signal cone,
number of tracks in the isolation cone, sum of the pr of the tracks in the isolation
cone, sum of the Ep of 7% in the isolation cone, .... We measured the trigger
efficiency for the tracks of those leptons after applying 7-like isolation cuts as a
function of the number of primary verteces. This environment is closer to our
signal, but it only compares to the jets samples in the 1-prong high-pr region.
This measurement of the efficiency takes into account tracks that could lay in the
isolation annulus, both tracks from other interaction, from the underlying event

or fake tracks.

We account for track migration as a source of inefficiency by looking at the close-
ness of the extra tracks in the 7 signal cone to the boundary. For the “old trigger”,
we calculated the Af of each extra track to the L3 signal cone boundary. We pa-
rameterized the efficiency as a function of smallest A§ among those tracks, Af,,in.
For the new trigger, the cone is defined in angle, instead of AR. The natural vari-
able to parameterize the efficiency in this case is, then, the angle to the cone cone
boundary of the closest track to the boundary in the cone, Ac,q,. For these
measurement we ran over the events on the jet samples. However, calculating the
efficiency in the jet samples could introduce a bias in our measurement because
of the differences in track multiplicity between jets and 7s. Most of the 7s we
reconstruct are fakes, which are more likely to fail trigger requirements because of
the presence of low pr tracks in the trigger isolation cone. In order to avoid this
bias, and to make this “track migration” efficiency multiplicative with the overall

efficiency we obtained from the jet samples, we only used 7 candidates that were
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“old trigger” “new trigger”
parameter
no L2 XFT XFT XFT+L2Cluster
Eplateau 0.9848 0.9896 0.9955 0.9958
Eslope —2.011x1072 —2.312x1072 | —2.991 x 10~* 3.9491 x 10~°
C 1.517 x 1072 1.678 x 1072 2.985 x 1073 2.7921 x 1073
S 5.272 x 1072 2.543 x 1072 1.598 x 1072 1.5801 x 102

Table 5.7: Results of the fits to Abpin and Acmin.

surrounded by a very clean environment. This condition was achieved by requiring

no extra tracks in a cone of AR = 0.7

Both the overall efficiency and the track migration need to be calculated for each
different set of L2 and L3 requirements. Figure 5.4 shows the L3 efficiency for the
“old trigger” and Figure 5.5 for the “new trigger”, considering the different L2

requirements in each trigger path.

Figure 5.6 and Figure 5.7 show the “L3 migration” efficiency in terms of Af,,:n

and Aapin, fitted to a turn-on function:

€plateau T Eslope X T
e(z) =+ e (5.3)

l1+e s

The results of the fits are shown in table 5.7.
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Chapter 6

Particle identification

The particles of interest in this analysis are electrons (from 7.), muons (from 7,),
and the products of hadronically decaying taus. The selection criteria for electrons
and muons closely follows the usual CDF recommendations. Our minimum pr/Er
requirements for muons and electrons are set to 6 GeV for the 7.7, channel, and

to 10 GeV for the Thq47e/,, channels.

We apply the standard cuts for tight medium- and high-pr leptons (excluding
isolation), and use the common CDF reconstruction and identification DATA /MC
scale factors. The results for electrons and muons can be found in [94] and [95].
Muon reconstruction efficiencies are consistent in the high and medium-pr samples,

and we use the data/MC scale factors as quoted in CDF official documentation[96].

For the electron and muon selection in the 7,7, channel we do not apply calorimeter
isolation and use a fixed track isolation cuts instead: I2:} = Y~ p¥° < 2 GeV, where
the sum is over all tracks within AR < 0.4 and Azy < 5 cm of the muon or electron
track. For the 777,44 channels, we additionally apply the calorimeter isolation as

defined for low/medium-pr leptons [94,95].
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6.1 Electrons

The following is a list of the electron ID cuts used in the analysis:

o Ep > 10.0 GeV for 7i7hea, E7 > 6.0 GeV for 7.7,
e pr > 8.0 GeV for 7yThad, pr > 5.0 GeV for 7.7,

e Enoa/Frym < 0.0554 0.00045 « E

o L <0.2

e F/P < 2.0 (no cut if Er > 50 GeV)

e 3<¢gAX <15cm

o |[AZ| <3 cm

® X Esstrip < 10

e |z0| < 60 cm

o |d5] < 0.2 cm

e |zcor| < 140.0 cm

e > 3 stereo, 2 axial layers (> 5 hits)

e E$9 < 0.1 or E¥° < 2.0 GeV, not applied for 7.7,
e > pit° <2 GeV (cone 0.4)

e satisfy fiduciality requirements

e not from conversion

Conversion removal is applied to electron candidates by forming all possible op-
positely charged track pairs and rejecting the candidate if at least one satisfies
|Sxy| < 0.2 em, |A)\‘ < 0.04.

The data/MC scale factor of the fixed track isolation cut is determined from ee in

the Z mass peak. We use data from the SUSY dilepton ee sample and Z/y — ee
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Figure 6.1: Invariant mass of the selected electron pairs (1 fb—1 sample).

oficial MC samples. The electrons are required to pass the full electron ID except
for isolation. We find that the MC describes the data quite well and obtain a
data/MC scale factor of 0.997 £ 0.001 for the track isolation cut.

For this type of isolation there should be no dependence on electron E as illus-
trated on Figure 6.2 (shown later in the text), where we plot the scale factor as a
function of electron Ep. To reduce backgrounds in the low- and intermediate-Ep
region, we select only back-to-back electron pairs (A¢ > 3.0). We would like to
note that this distribution is for demonstration purposes to show that there is no
general Fp-trend. The Er < 15 GeV region is probably more sensitive to the
background subtraction rather than the efficiency ratio itself. The other issue re-
garding electrons is the data/MC energy scale. The plots on Figure 6.1 show the
invariant mass of lepton pairs and the data/MC agreement in the position of the

Z-peak (after applying all the recommended corrections in CDF).

6.2 Muons

The analysis uses central muons reconstructed in the CMU and CMP and CMX

detectors, with the following cuts

e pr > 10.0 GeV for 7yThad, pr > 6.0 GeV for 7.7,

e |zp| < 60 cm
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|d6°""] < 0.2 cm

S pise < 2 GeV (cone 0.4)

E'? < 0.1 or EX° < 2.0 GeV, not applied for 7.7,

rel

e > 3 stereo, 2 axial layers (> 5 hits)

pcor > 140 cm

pr > 20 GeV

Erym < 2+ max(0,0.0115 % (p — 100)) GeV

Ehaa < 6 +maz(0,0.028 * (p — 100)) GeV

[AXcpmu| < 3 em and |AXeopp| < 7 em (CMUP)

|AXC]L1)(| < 6 cm (CMX)

pr < 20 GeV

Egy <2 GeV

Ehad < 3.5+ (pr/8.0) GeV

|AXcmu| < 3 emor X2, < 9.0

|AXcmp| <7 cmor xZ,,p < 9.0

|AXch| < 6 cm or XQCMX < 9.0

Just like in the electron case we measure the additional data/MC scale factor for
the track isolation requirement from events in the Z-peak and get a data/MC scale
factor of 1.00 +0.001.

As expected the scale factor has no pr dependence. The distribution, together with
the results for electrons is shown in Figure 6.2. The di-muon mass distributions

in the data and MC are in good agreement - Figure 6.3.
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Figure 6.2: Data/MC scale factor for track isolation of electrons (left), and muons
(right). The scales are plotted as a function muon pr (electron ET).
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Figure 6.3: Invariant mass of selected muon pairs (1 fb—1 sample).
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6.3 Taus

Here and below ”tau reconstruction” refers to the reconstruction of the visible
decay products X}, of taus experiencing semi-hadronic decays: 7 — Xv,. X, can
be a 7+ /K %, or some short-lived intermediate resonance that decays directly (or

through some intermediate states) to final states containing 7 *:0, K *:9,

Details on the tau reconstruction procedure can be found in previous papers|[97, 98]
and the references therein. The selection criteria used in this analysis are similar,
with the exception of the mass cut in the 3-prong taus,and the track isolation
requirement. Here we only list the selection cuts as used in this analysis and the
derived data/MC scale factors.

Tracks and 7%’s in the signal cone are used to construct the four-momentum of the
hadronic system. The four-momentum is used in subsequent event cuts and for
the determination of the mass of the system M (trks 4+ 7%s). In some cases there
is a non-negligible energy loss due to 7° reconstruction inefficiency (mostly when
they hit near the edges of the CES detectors). Therefore, in some cases one has to
apply corrections to the measured tau energy from tracks and 7%s, as discussed

in[99]. Here we apply similar (but simplified) corrections.

Corrections are mostly needed for the 1-prong tau decays, and we correct the
energies only in this case using information on the energy deposited in the tau
calorimeter cluster. We use two corrections that are applied only in cases when
the energy in the calorimeter cluster is larger than the estimate from tracks+n?’s.
First, we want to account for the case with possible 7" losses. This correction is
applied when we have substantial EM energy in the cluster (Egps/FEior > 0.2). In
this case the we assign as tau pr the sum of the energy of the charged track and the
EM energy contained in the cluster (minus MIP energy). To avoid overestimation
due to large EM energy deposition from the track, we require that Ejqq > 0.3p!"".
In cases where the conditions for this correction are not met we look for cases
of potentially large hadronic energy contribution (possibly due to Kr): p!"™* <
rel

Evad — Ohad, Where opqq = 0.5v/Ep.q. In this case we assign ET% as tau pr
instead of pr(trks + 7%s).

We define the variable £’ to suppress electrons and muons depositing large amount
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of EM energy.

FEiot Erpym
' = 0.95 — , 6.1
i < > 6.1)

where FEiot, Epy, Eneq are the total, electromagnetic and hadronic tau cluster

energies, and p are the momenta of charged tracks associated with the tau.

To suppress electrons accompanied by bremsstrahlung, we reject 1-prong tau can-
didates if a 7° candidate with |Azcgs| < 2.0 cm of the projection of the track and
in ¢ lies between the CES intersect of the track helix and its tangential. To account
for CES position, and track extrapolation resolution, the veto region is extended
by 0.01 rad beyond the points of the tangential intersect track hit in CES. This
procedure is similar to the one used in before [74]. In the previous analysis we also
suppressed electrons not accompanied by bremsstrahlung using information from
the CES clusters matched to the track. It is a very powerful electron removal tool,
but it is not used in this iteration of the analysis. It will be reintroduced after
some additional studies are performed on CES calibration and data/MC removal
efficiency. The track in one-prong taus in the 7,744 channels are restricted to the
fiducial part of the CES detector |xcgs| < 21 cm. This restriction is imposed to
avoid the effect of deficiencies in the simulation of detector response to electrons

near the ¢ cracks.

The following is a summary of the tau reconstruction and ID cuts.

Egeed tor > 6.0 GeV

Eghtvr > 1.0 GeV

° Ntwr S 6

5.0 rad/GeV

o 05y = min(0.17, Tl

yrad 1!

e 0,50 = 0.52 rad

ITo prevent the signal cone from becoming too small and sensitive to track/7® direction
resolution we set limits 0.05 < ;4 rad for tracks, and 0.1 < fs;4 rad for 70%s
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o pired itk > 6.0 GeV 2

o Pl IR > 1.0 GeV

e E7¥ > 9.0 GeV

e pr > 15.0 GeV for 1-prongs, pr > 20 GeV for 3-prongs
o Azshirk <50 cm

e 9.0 < |z&ed k| < 230.0 cm

e traverse all 4 axial SL’s in COT

. Zpgffzrk < 2 GeV, no tracks with pr > 1.5 GeV
. ZE}SSTD <1 GeV

o NIk =1,3

.  |XQUF =1

o M(trks + %) < 1.8 GeV

& >0.1

Tau detection efficiency is affected by the requirements imposed on tracks and 7°’s
in the isolation annulus. Possible difference between data and MC can appear due
to deficiency in the simulation of the underlying event and multiple interactions.
To compare data and MC we select muons and electrons from Z — pp and Z — ee
events and compare the tau-style isolation efficiencies. In this case the isolation
annulus is fixed to be between 10° — 30° degrees with respect to the selected
lepton. In principle this comparison can be done by randomly selecting regions of
the detector, but the use of Z events ensures environment that is similar to our

event selection.

The electrons (or muons) are required to have opposite charge, pass the standard

tight ID cuts for high-pr leptons (up to isolation), and have an invariant mass
66 < M; < 116 GeV.

2Seed track quality: > 3 stereo, > 2 axial layers with at least 5 hits
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For the selected leptons we replicate the L3 isolation offline (just like for tau selec-
tion) and determine the data/MC scale factors and uncertainties for the isolation
requirements Y pi9,, < 2 GeV, 3" E*%, < 1 GeV. The isolation efficiencies ob-
tained from electrons and muons as a ﬁmction of number of primary verteces are
shown in Figure 6.4. One can clearly see the deterioration with increased number
of interactions in the event. For practical purposes we derive one single scale fac-
tor and uncertainty by integrating over all vertex multiplicities. The average scale
factor from electrons and muons is €59 /€4 = 0.989 £0.001 (runs< 209769),
and €59, /et = 0.984 £0.001 for (runs> 209769).

We use the same procedure to determine the scale factor for the offline replication
of the L3 isolation requirements, given that the tau isolation requirements are
satisfied. We find €3, 750 /ek3 150 = 0.997 +£0.001 for the period of the old trigger”

a

(runs< 209769), and €£3,15° /eL3 50 = 0.999 +0.001 (runs> 209769).

a

Tracks with ppr > 1.0 GeV from the underlying event and multiple interactions
can contribute to track ”multiplicity migration” if they are contained in the signal
cone. We compare the number of additional tracks in a 10° cone with respect
to the muon direction and find an average of 0.025+0.013 additional tracks in
the data, and 0.027 +0.003 in the MC. This corresponds to an uncertainty in tau

selection efficiency due to ”multiplicity migration” of 0.3%.

Hadronic scale uncertainty in the MC affects tau acceptance through the require-
ment on minimum tau cluster energy, tau seed tower Ep threshold, and the &’ cut.
In the previous iteration we found an uncertainty of 2%, consistent with the result
obtained in CDF [100].

The effect of the cut on the mass of the hadronic tau decay products m(trks-+n"’s)
on data and MC is examined using a sample of taus from W decays. The data
is selected with the "tau+MET” trigger. For this test we use the 0h+0i samples
(0d stntuples were not available at the time). Tau ID is the same as for the Higgs
search, except for a higher threshold on the seed track: pr > 10 GeV due to the
trigger requirements. To suppress multi-jet backgrounds we impose tight event
cuts: BRI > 30 GeV, no extra jets with E7 > 5 GeV in the detector. The latter
requirement introduces a large dependence on the modeling of jet multiplicities
(including very soft jets), that complicates the exact determination of tau yields

in data and MC. Since we are not attempting to measure the W — 7 production,
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we only need to determine the relative contributions from the major processes that
contribute to the selected events. The relative contributions of the MC events from
EW processes are fixed to the ratios of their cross sections. The number of residual
jet — 7 fakes is obtained by performing a fraction fit of the track multiplicity
distribution with templates from MC and a JET20 sample. The fitted distribution

is shown in Figure 6.5.

Track multiplicity Invariant mass of hadronic tau
o 6000 o 1800,
c F -+ Data = 1600 —*-Data
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Ny m (GeV)
(a) Fitted track multiplicity distribution (b) Mass of the hadronic decay products
for tau candidates from the 7+ K7 sam- (1,3-prong)
ple

Figure 6.5: Track multiplicity and m(trks + 70’s) for tau candidates. Contribu-
tions from W — 7v and various backgrounds are included as shown in the Legend.

The mass cut (m < 1.8 GeV) efficiency for 1-prongs is 0.952 4+0.003 for data and
0.969 £0.003 in the MC. From here we determine €7 ¢ /e <4t = (0.982 4 0.05. To
account for deficiencies in the reconstructed mass in the data we decided to relax
the mass in the 3-prong samples to 2.2 GeV, and find efficiency of 0.944 +0.004
for data and 0.978 +0.003 in the MC, resulting in a data/MC scale factor of
em cut fem cut — (0.965 4 0.005. Due to the discrepancy in the mass distributions
in the high-mass region for 3-prongs we increase the uncertainty on the mass cut

efficiency to 2%.

Based on the data/MC comparisons we assign a 3% systematic uncertainty on
the selection of hadronically decaying taus. When applicable, the MC events are

scaled using the derived scale factors.
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The determination of the tau energy scale is not straight forward. The presence of
neutrinos in tau decays prevent us from making reconstructing narrow resonances
like it is done for electrons and muons. Here we use a comparison of the data
and MC pr distributions of reconstructed taus in W — 7v decays and look for
indication of relative data/MC energy shifts. In the previous iteration of the
analysis[101] we derived corrections of the order of 1% to be applied to the data.
We use the same procedure and confirm, that these corrections are still valid for

the new sample as shown in Figure 6.6.
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Figure 6.6: Distributions of tau p in data and MC after correcting data for the
observed shifts (left), and the resulting KS test (right).

The pr distributions and the corresponding KS test results after applying the

previously derived corrections are shown in Figures 6.6.

6.4 Missing transverse energy

The presence of ERNS in an event (apart from the instrumental part) is an indi-
cation of the presence of ”invisible” particle(s). In the studies topological states
we have three or four neutrinos. Therefore, ErTniSS represents the transverse com-
ponent of the sum of the neutrinos momenta (and it is more appropriate to call

it missing transverse momentum). Most of the events have taus that are almost
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back-to-back in the transverse plane and the neutrino momenta are balanced to
a large degree. As a result the signal signature is not always characterized by a

large EMiss,

EXiss s used both in the event selection cuts and signal extraction. The "raw”
EXs in the event is calculated for the z-position of the primary vertex (if no vertex
is present, the z-position of the leptons is used). We apply muon corrections when
a track passes the muon ID requirements, by replacing the transverse energy in the
hit tower(s) by the track pr. Similarly, the tau calorimeter cluster Er is replaced
by the calculated tau pp. Calorimeter response to jets is taken into account by
applying the jet energy corrections up to (and including) Level 5 to all jets with
Er > 10 GeV in the region |n| < 2.4 (if they are not identified as e, u, or 7).
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Chapter 7

Event Selection and

Background Estimation

7.1 Fake Rate Measurement and Consistency Checks

Using ST5, JET 20, 50, 70, 100 samples we have determined the jet — 7 fake
rates to be used in QCD background estimation. We are interested in relative
fake rates. We used parametrization in terms of E%l + E%“l 80 niet, and track
multiplicity in the signal cone. Apart from the change in parametrization, the
procedure for the fake rate determination is the same as the one described in
previous publications [97]. Here we present the results obtained for the current set
of tau identification cuts, and applicable to the larger data sample used in this

analysis.

In the fake estimations we use the highest- and second-highest energy jets in the
event. The reasoning behind this choice is that the jet — 7 backgrounds in our
sample are dominated by di-jet and multi-jet events. We take the average of
the two estimates as central value and assign the half-difference as systematic
uncertainty. There is no discrepancy between the fake rates obtained with the

different samples.

99
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The next important step is to verify that these fake rates provide adequate de-
scription of the backgrounds expected to pass our final selection. The sources
contributing to the jet — 7 backgrounds were listed in Section 7.3.3. We identify
three independent samples that allow testing of the fake rate predictions against
the actual number of observed events. The source are examined separately to

account for possible jet property differences.

e multi-jet sample passing event cuts:
Non-isolated leptons (or lepton fakes) selected by explicitly requiring tracks
in the isolation cone around the lepton candidate (e, u). Event cuts are

applied without modification.

o W+ jet(s):
Select control region in the Py vs Pgis plane as indicated on Figure 7.7 .
Obviously the ¢ cut is replaced, however, this should have no effect on the jet
properties. Because of the different kinematics, W + jet(s) backgrounds are

quite efficiently suppressed and have small contribution to our final sample.

o v+ jet(s):
Relevant only for 7.7;, channel, represents the source of background events
with an electron from non-removed conversion (probably with one very soft
leg). All event cuts applied as for signal, the selected electron is required to

be a conversion leg.

These control samples allow us to test the fake rate predictions in an environment
that is compatible with the signal region. Tau contamination and backgrounds

cross-contamination in these samples are minimal.

We compare the several distributions to check the consistency of the predicted and
observed fake taus. The shape of the distributions should not be compared with
the expectation in our final sample. This is especially true for W + jet(s) sample
selected from data. In this case the topology is quite different from our signal due

to redefinition of the ( region.

The comparisons are presented in the following plots. he distributions of the

predicted/observed tau fakes agree within the assigned uncertainties.
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The observed distributions give us confidence in the prediction of the effective

mass shape for jet — 7 fakes. The predicted number of fakes taus is well contained

between the upper and lower bands (half-spread of the order of 15%).
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Figure 7.1: Consistency checks of jet — 7 fake predictions using the y+jet sample.
The upper and lower bounds come from using the fake rates from the highest and
second-highest E7 jet in the event.
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Figure 7.2: Consistency checks of jet — 7 fake predictions using the non-isolated
electron sample. The upper and lower bounds come from using the fake rates from
the highest and second-highest Er jet in the event.
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Figure 7.3: Consistency checks of jet — 7 fake predictions using the non-isolated
muon sample. The upper and lower bounds come from using the fake rates from the
highest and second-highest E7 jet in the event.
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Figure 7.4: Consistency checks of jet — 7 fake predictions using region dominated
by W + jet(s), W — ev. The upper and lower bounds come from using the fake rates
from the highest and second-highest Er jet in the event.
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Figure 7.5: Consistency checks of jet — 7 fake predictions using region dominated
by W + jet(s), W — pv. The upper and lower bounds come from using the fake rates
from the highest and second-highest Er jet in the event.

7.2 Event cuts

Apart from the irreducible background from Z/+* — 77 the major other back-
grounds in this analysis are Z/v* —1l, W — v + jet(s) (I = e, pu), and "QCD”
(pp — jets). The event cuts are designed as a compromise between effective sup-
pression of the major reducible backgrounds and maintaining sufficient signal effi-
ciency. Other backgrounds, such as tf and di-boson events are taken into account

in the analysis (and are also suppresses by some of the cuts), but due to their
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small contribution played limited role in designing the cuts.

7.2.1 General requirements

The two leptons must come from the same interaction: |zél) - 2(82)| < 5 cm.
To increase signal detection efficiency we do not require a reconstructed primary
vertex in the event. The pp interaction point |z{"| is taken as the average zo’s of
the two leptons: zi" = 0.5 x (zél) + 262))7 and must be in the luminous region:

|zi"] < 60 cm. The electron and muon are required to have opposite charge:

QWQ® = 1.

7.2.2 ( cut

The ”¢ cut” in an attempt to discriminate events with EX1SS that are not consistent
with a particle decaying to two taus. It is targeted at di-boson, W — v + jet(s),
but also helps to suppress QCD, and tf events.

We define a bisection axis ¢ in the transverse plane for the directions of the visible
tau decay products (in this case the electron and muon) -see Figure 7.6. The

transverse momentum of ¢ (or any other particle decaying to two taus) is
P§ = PY*(1)) + P45 (1) + Emiss,

where we assume that E%‘iss is the sum of the transverse momenta of the neutrinos

from tau decays. The transverse momentum of the tau visible products is
P%is T = P%is(ﬁ) + P?S(Tz).
The projections of P? and P4 7 onto the defined ¢ axis are
Pf =P}

and
Pgis T _ PELZ)—:LS T.C,

respectively.
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Transverse
Plane

Figure 7.6: Tllustration of the definition of parameters used in the ¢ cut.

Figure 7.7 shows the Pr vs Pgis 7 distribution for ¢ — 77, and W — v + jet(s)
MC events. The distributions are plotted after applying the other event cuts. The
graphical cut shown on these plots results in small efficiency loss and substantial

background suppression.

The rational behind this cut is simple: both the neutrinos and the visible decay
products from tau decays go at small angles from the initial tau direction. There-
fore, the sum of the neutrino’s momenta should not go opposite to the direction
of the sum of visible products. The defined acceptance region implicitly takes into
account MET resolution. The cut placement is determined by inspecting the pre-
dicted distributions and minimizing the signal losses. Figure 7.7 shows the effect

of the cut on signal (Higgs) and several of the backgrounds.

Given the choice to apply a 2D cut, we can only show the data/MC comparison of
the projections of the events on the two axis. The plots in Figure 8.1 (section 8.1)

show the distributions before the application of the bisector-related cuts.

7.2.3 Suppression of QCD backgrounds.

Jets are suppressed to a significant degree by the lepton ID cuts and the isolation

requirements. However, at low Er their number is so large that event cuts are
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7.2. Event cuts
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Figure 7.7: Effect of the ¢ cut.

needed to clean up the sample.

For the 77,44 we define Hr = |p£f| +|p% |+ Elrniss. Previously we placed a uniform

cut of Hp > 50 GeV. In this analysis we apply different cuts, based on track

multiplicity of the tau candidates. 3-prong tau decays have larger contamination

from misidentified jets and we raise the threshold to Hr > 55 GeV. For 1-prong

tau decays in the 7.7pqq channel we keep the cut at 50 GeV. The jet contamination

in 1-prong decays in the 7,7hqq is the smallest, and we use a cut of Hy > 45 GeV

to recover some efficiency in the low-mass Higgs region. The cuts are placed based
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on the inspection of the distributions of same-sign events in the data.

For the 7.7, the jet backgrounds can be reduced significantly with sufficiently high
lepton pr. However, this leads to a loss in signal efficiency. As compromise require
|ES.| 4+ |ph| > 30 GeV, that allows us to keep the jet backgrounds under control.
Figure 7.8 shows the distributions for like-sign events in the data, and the lowest-
mass Higgs boson (m4 = 90 GeV) considered in this search, and Higgs with mass
ma = 200 GeV. In addition for approximating the shape, like-sign events also give
us an approzimate estimate of the number of background events that will enter the
sample. The cut value is chosen to cut out the bulk of the exponentially increasing

background events.
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1600 - m, =90 GeV
E m, =200 GeV
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00 || e »
1000 -
800 -
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400 -
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Figure 7.8: Effect of the |E%| + |p4.| cut on like-sign data events and Higgs signal
(ma =90, 200 GeV). The normalization of the Higgs signal is arbitrary.

7.2.4 Z — pp removal

In the 7,Theqa channel we apply a cut to reduce the background from Z — upu
events. We veto events with 1-prong tau decays if the invariant mass of the tau
track and the muon is within 10 GeV of mz in cases when the track points to the
¢ cracks, or the calorimeter cluster Er is smaller than the maximum of 10 GeV,
and 40% of the seed track pr.
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7.3 Backgrounds and estimation methods

731 Z-ll

This group includes Z — 77 decays to the same final states as the signal. Apart
from di-tau mass (and related parameters) these events are practically indistin-
guishable from the signal !. This is the largest expected background for this anal-
ysis. We do not make any attempt to suppress the Z background. Any differences
in di-tau mass related parameters are used at the time of signal extraction/ limit
setting procedure. Z — ee and Z — uu also contribute some background events
due to particle misidentification. These backgrounds are also estimated using MC
samples. The contribution of these backgrounds is estimated using the MC sim-
ulated events. The samples are normalized to the CDF measurement of the Z

production cross section in Z — ee (lepton universality is assumed).

7.3.2 Di-boson, W + ~, and tt

These are small backgrounds (due to small production cross sections). The final
states contains the particles expected in our signal final state (in the W + v case
there must be an unremoved photon conversion). These backgrounds are substan-
tially suppressed by the ”¢ cut”. All these backgrounds are estimated using MC

samples.

7.3.3 Backgrounds with misidentified or non-isolated e or p in
the 7.7, detection mode

The leptons in this group come either from a misidentified particle in a jet, or a
real lepton contained in a jet. We do not separate these two sources and use a
procedure based on the selecting events with non-isolated leptons to estimate the
contamination in our final sample and predict the shapes in the distributions of

interest.

1In principle, there are some differences due to boson spin resulting in differences in 7 polar-
izations. This information will be used in an update of the analysis with the use of a NN for
signal selection
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We use the same pp thresholds and isolation requirements for electrons and the
muons that allows us to treat them in a symmetric way. For each lepton we define a
sideband regions in terms of track isolation that is separated from the signal region

(IltF <2 GeV): 4 < IiTK

80 180

< 10 GeV. The other lepton is required to be isolated.
The area of each sideband is larger than the size of the signal region to increase the
statistics of the selected events. The sum of the events in the two lepton sidebands
are used to approximate the background shapes for events that are contained in
the signal region. The sample is normalized to account for the different area in
the sidebands. The distribution of track isolation is not guaranteed to be flat in
signal and sideband regions. This effect is handled using information from the
like-sign events: we estimate the expected number of like-sign events using the
sidebands and compare with the observed number of isolated like-sign ey pairs
(after subtracting contributions from the other background sources). The ratio
is used as an additional scale factor fs, for the background in the opposite-sign
sample. The distributions in the sidebands of like-sign electrons and muons is

shown in Figure 7.9. From these distributions we obtain fg = 1.1540.20.
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Figure 7.9: Track isolation for electrons and muons in same-sign events passing
all other selection criteria.

This procedure fully accounts for multi-jet backgrounds. In this case both leptons
originate from jets. Another source we have to consider is W+jets, where only
one of the leptons is misidentified, and the other one is from W —[v. For this

case the above procedure will account only for half of the events from this source
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(each sideband should contain the respective events with one misidentified lepton,
however when taking the average of the two we allow half of these W+ jets events).
W+jets events are effectively suppressed by the (-cut and we their contribution
to the final sample is negligible. To confirm this hypothesis we use inclusive W
MC samples. We do not expect the MC to reliably predict the absolute number of
background events and instead of scaling the MC samples to the data luminosity

we normalize to the excess of events in the data in a control region.

We select W — pv candidates with p4. > 25 GeV and EX'® > 25 GeV and look
for an additional isolated electron candidate. We ask that the events are not in
our signal region by reversing the (-cut. We observe a total of 40 events in the
data sample with expected backgrounds (other than W + jets) of 35.8 events. We
repeat the same procedure for W — ev and find excess of 2.8 events in 31 observed

events in the data.

The MC scale factors have large uncertainty (due to data statistics in the nor-
malization regions), but these comparisons point to the smallness of W + jets
backgrounds. Indeed, after scaling the MC we predict that there are 2 W + jet
events in the signal region that are not accounted for by the sideband subtraction
method. This contribution is very small compared to the total background esti-
mate and these events are not treated as a separate background source. Instead,

we add them to the rest of misidentified/non-isolated lepton backgrounds.

7.3.4 Backgrounds from misidentified jet — Tpoq in the 7;7Tp0q
detection modes

There are three quite different processes that contribute to this group:

o W —lv+ jet(s): one of the jets fakes a hadronic tau

e v + jet: the photon undergoes conversion with one soft/undetected leg,
resulting in reconstruction of an isolated electron; the jet fakes a hadronic

tau

e pp— n jets: one jet fakes a tau, another one fakes an e/
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In the previous searches we have applied two different methods for jet — Tpeq
misidentification: fake rate method, and method based on combined use of same
sign events and W + jets MC. In this iteration we will apply both. At this time
we use the estimates of the former as the ”default” method, and the prediction of
the latter as a cross-check. Since the samples are statistically independent, on can

combine the results to obtain a smoother background shape (will follow soon).

The fake rate method assumes that the jets from the above sources have similar
properties and that differences are covered by assigning systematic uncertainties
(~ 15%). The challenge of applying this method to events selected with the
”lepton+track” triggers is that the tau candidates are already quite isolated (in
terms of tracks). Consequently, when applying fake rates we have to account for
the substantial ” contamination” with real taus. We have developed a method that
accounts for this contamination, and it has been successfully used in our previous

analysis [97] The following is an outline of the method.

Let us start with a simplified case, and consider an initial sample passing loose
tau cuts, and a final sample produced after applying the tight cuts. The number
of real taus and jet — 7 fakes that survive this transition depend on the efficiency

and fake rate (calculated with respect to the loose objects).

Let N be the number of tau candidates passing the loose tau cuts, and denote the
number of candidates passing the tight tau cuts by N. There are three sources
that contribute to the observed events: real taus, leptons (I = e, u), and ”jets”.

This is reflected in the following set of equations
N =N"+ N 4 N
N = N7+ N7 4 N
NT =eNT
NI = fNI*,

where the last two expressions are the definitions of relative efficiency and fake

rate.
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Then it is easy to show that the jet background can be written as

et — I [eN — N] - C,

where Cj is a correction for e,y contributions (which is small for the considered
processes). It has the form
C = / [eNl — NY|,

€ —

where the leptons passing as loose and tight taus can be obtained from MC simu-

lation.

If we take into account that efficiency and fake rate are actually functions of the
parametrization variables (whatever they might be) and write the equations for
infinitesimally small regions in parameter space, we get the same expressions for
the fake tau density in terms of the event densities 7 and n (instead of number of

events)

setqy = — Y e(Q)n(Q) —n —c

where 2 denotes a point in the efficiency/fake rate parametrization space. The

densities 7(Q2) and n(f2) are given by

() = Z 5(2— )

n(Q) = Z 5(Q— Q).

To obtain the number of jet — 7 fakes in the final sample we substitute the above
densities in the expression for n/¢!(Q2) and integrate over the parameter space. The

QCD estimation reduces to a sum over all loose taus which enter with weight

WD — S (S2i)e(Sh)
b)) — f()
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if the candidate did not pass tight tau ID cuts, and

wlP — F()(e(S) — 1)

' () — f()
if it did. It is straight forward to apply the ”lepton correction”.
Using these weights we can obtain the distributions for various event variables.

We choose to parameterize the the fake rates and efficiencies in terms of track
multiplicity, sum of the tau cluster Fr and calorimeter isolation Ep, and 74e¢ of
the tau candidate. The fake rates are obtained from jet samples as described in

section 7.1.

As can be see, the agreement between the predicted and observed tau fakes is
quite good. One can argue that the observed fakes in the W+jets control region
are closer to the upper limit of our prediction. This is not surprising, since the fake
rates reflect the quark/gluon jet composition in multi-jet events. We can account
for this small deviation by using W+jets MC events, normalized to account for
the observed difference in the control region. Using this normalization we can
obtain contribution to the signal region. This procedure allows us to bring the
tau fakes estimated to the level of the central value of the expectation. These
additional contributions are included in the table with the summary of the observed

backgrounds.

7.4 Signal selection efficiency

The Higgs signal selection efficiency for the defined cuts is shown in Figure 7.10 for
the three detection modes. The efficiency is defined with respect to Higgs — 77

production, where both taus can decay in any mode.




116 7.4. Signal selection efficiency

A-1,1,,, Total acceptance | A-1,7,., Total acceptance
1.4 1.4
g — g
s T — g L
8 8
£ 1.2 5120
§ C / § C //
8 1 8 1
c e 0T -
08 08 /
0.6 0.6
04f 04f e
02f 02f
080 100 120 140 160 180 200 220 240 260 080 100 120 140 160 180 200 220 240 260
m, (GeV) m, (GeV)
(a) TeThad (b) TuThad

A—1,1, Total acceptance

°
N
T

o
>

\

[
o

Acceptance (%)

\

o
IS

\

80 100 120 140 160 180 200 220 240 260
m, (GeV)

(€) TeTy

Figure 7.10: Signal selection efficiencies for the three detection modes as a func-
tion of Higgs mass (m4).




Chapter 8

Results

8.1 Observed Events

The final events counts for the observed events are compared with background
estimations in Table 8.1 and Table 8.2. The errors on both tables only account for

statistical effects, unless otherwise quoted.

CDF Run II Preliminary 1.8 fb—!

source events

Z =TT 604.8 + 5.5
Z —ee 1.5 + 04
Z — pp 17.7 £ 0.9
W/Z~, di-bosons  11.4 £+ 0.1
tt 9.1 &+ 0.1
fake/non-ISO 57.3 £ 3.3
Sum BG 701.9 £+ 6.5
DATA 726

Table 8.1: Predicted backgrounds and observed events in the TeTy after applying
all selection cuts. The quoted errors are statistical only.

117
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The systematic errors are included as a gaussian constraints in the likelihood, one
per source of uncertainty. Different uncertainties affect some or all the SM contri-

butions to the final state, thus accounting for correlations between backgrounds.

CDF Run II Preliminary 1.8 fb—!

source TeThad TuThad

Z =TT 1376.9 + 8.3 1353.7 +£ 8.1
Z—ll 69.7 + 2.0 107.3 £ 2.3
di-boson events 4.3 + 0.1 3.3 + 0.05

tt 3.7 £ 0.1 3.0 + 0.07
total jet — 7 fakes 466.5 (£ 15% sys) 283.6 (£ 15% sys)
Sum BG 1921.1 1750.8
DATA 1979 1666

Table 8.2: Predicted backgrounds and observed events in the TeThqq and TuThad
after applying all selection cuts. The quoted errors are statistical only.

The following plots show comparisons of various distributions of the predicted

Standard Model processes and the observed events.

8.2 Systematic uncertainties

Systematic errors are the main source of uncertainty in this search. Some of these
errors affect the overall normalization of the signal or background templates. This
kind of systematic errors, so-called rate systematics, summarize effects that impact
the number of events in the signal and background templates. However, the shapes

of these templates are not affected by these sources of uncertainty.

Contrarily, some other systematic uncertainties make the shapes of the templates
to vary. This second kind of systematic errors, named shape systematics, could
also affect the overall number of events. Particle identification and event selection
are affected by these uncertainties, thus changing the shapes and normalizations
of the templates. These differences in shape are accounted for by producing sets

of shifted templates in parallel to the nominal ones.
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The sources of uncertainty that affect this search could be split in several classes:
trigger efficiency, particle identification efficiency scale factors, event selection,
background estimation deficiencies, PDFs used in MC generation and luminosity
measurement. Most of them affect only the total number of events, but as sum-
marized on Table 8.2, some of them also have impact on the shapes. The fact that
templates shifted to account for the effect of shape systematics could contain a
different total number of events incorporates the systematics associated to event

cuts in a very comfortable way.

The different trigger paths used to collect the data in our final sample require two
different objects. The efficiency for each object has been studied deeply and the
overall efficiency is assumed to be multiplicative of the two factors. The trigger
decision is staggered in three levels, and the efficiencies for each level is calculated
separately. In order to make them multiplicative, the calculation is always done

with respect to objects that passed the previous level.

The trigger efficiency uncertainty has been calculated to be of a 1% for muons, a
0.3% for electrons and a 3% for hadronic taus. These errors are mostly realted to
the limitations in samples used to calculate the efficiency. In the case of hadronic
taus, there is no unbiased pure sample of taus ready for a measurement of the
trigger efficiency. Therefore, the calculation had to be done with jets, instead
of hadronic taus. Given that the identification and selection cuts are above the
turn-on of the trigger efficiencies, these systematic uncertainties affect the rates

but does not affect the shapes.

Signal detection efficiency is estimated with simulation for most background sources
except for jets faking taus and non-isolated leptons. Monte Carlo techniques are
used to predict the particle interactions in the detector. We account for possible
differences between data and MC particle ID efficiencies through the introduction
of scaling factors applied to MC. The uncertainties in determining these factors
are assigned as systematic errors of particle reconstruction and ID efficiency. For
muons and electrons we use the standard ID’s (up to isolation) and assign the cor-
responding official uncertainties for intermediate- and high-pr (E7) muons (elec-
trons). In addition we add in quadrature the uncertainty due to the track isolation
cuts that are not part of the results in these references, which was found to be very

small and independent of the lepton pyr. These are treated as rate uncertainties
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that do not affect the shapes. For the case of electrons and muons the uncer-
tainty in the data/MC scale factor are different below and above 20 GeV. We use
common systematic uncertainties obtained by weighting the fraction of electrons
(or muons) in the low- and high-pr regions. For a conservative estimate we use
the fractions found in the 7.7, channel, which contain the larger portion of soft
leptons. The fraction of muons below (above) 20 GeV is 42% (58%). For electrons,
the fractions below (above) 20 GeV are 43% (57%), similar to the electrons. We
take 1% uncertainty for muons with pr > 20 GeV, and 4% uncertainty for muons
with pr < 20 GeV, and assign overall 2.7% uncertainty to muon reconstruction
and identification. For electrons, we use uncertainties of 0.6% (3.2%) for the case
when electron Er is above (below) 20 GeV. and assign uncertainty for electron
identification of 2.4%.

Deficiencies in the simulation of calorimeter response to jets lead to MC/data
differences in measured £r. These are accounted for by the MC-specific jet energy
corrections. To estimate the systematic uncertainties, we vary the jet corrections
applied to the MC by one sigma to produce ”shifted” templates for the signal
extraction/limit setting. This is an example of a shape uncertainty accompanied

by some change in the event rate coming through the application of the event cuts.

Shape systematic uncertainties are associated not only to the jet energy scale, but
also to the electromagnetic scale and to the tau energy scale. A 1% uncertainty
per electron is used to produce the EM shifted templates. Also, for the tau energy

scale, a 1% uncertainty is applied per tau, due to the limitation of the method.

The systematics related to background estimation from the MC samples are de-

termined by the uncertainties in the cross-sections and branching fractions.

QCD-like backgrounds is estimated with fakes, as previously stated. For non-
isolated leptons or leptons inside jets. The statistical error is added in quadrature
to the error on the normalization scale factor (same-signs to sidebands). This
systematic uncertainty affects the QCD background normalization in the 7.7,

channel.

For the 7.Thqaq and 7, Theq channels, the estimation of the jet — 7 misidentification
is assigned a systematic uncertainty on the normalization of a 15%. This uncer-

tainty is the maximum half difference between the prediction using Fake Rates
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Parameter type Error(%) applies to:
e ID rate 2.4 e in MC
muon reco+ID rate 2.6 u in MC
tau ID rate 3.0 7 in MC

e trig rate 0.3 e in MC
muon trig rate 1.0 w in MC
tau trig rate 3.0 7 in MC
z-vertex cut rate 0.5 all MC
fake/non-iso lepton bg in 7.7,  rate 20.0 fake/non-iso bg
fake Thed IN TeThad rate 15.0 fake tau bg
fake Thaq in TuThada rate 15.0 fake tau bg
ox B(Z—1l) rate 2.2 Z MC

Z — Il backgrounds rate 6 Te/uThad
o(tt) rate 13.4 tt MC
di-boson cross sections rate 10 di-boson MC
PDFs (Higgs) rate 5.7 signal
Luminosity rate 6.0 all MC
JES shape =+ 1o (per jet) all MC
EM scale shape +1.0 e in MC
Tau pr scale shape +1.0 Thad I MC

Table 8.3: Systematic uncertainties by source.

extracted for only the leading jet and for exclusively the subleading jet in the

event.

Because the main production mechanisms of signal events are gluon fusion and
b-quark annihilation, the error on the parton distribution functions have a strong
impact in the signal acceptance. The total systematic uncertainty on signal ac-
ceptance related to the limited knowledge of the PDFs is a 5.7%.

The luminosity uncertainty in CDF has been estimated to be a 6%, due to the
limitations of the modeling of the simulation and performance of the Cerenkov

counters. Table 8.2 summarizes the systematic uncertainties.
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8.3 Fitting Method

An eventual Higgs signal like the one searched in an analysis like this would lay on
top of a very large background from Z/~ * — 77, plus other smaller backgrounds
including fakes and diboson production. Instead of only counting events, a tech-
nique based on fitting templates adds sensitivity because it it uses the information
stored on the shapes. To distinguish the Higgs signal from this background we
use the “visible mass” variable, m,;s, defined as the mass of a pseudo-four-vector
formed from adding together the lepton and reconstructed tau four vectors to the
transverse and total energy components of the ET vector (setting its z component

to zero):

2 2

Myis = ZEqb - Zp(b (81)
¢ ¢

where ¢ refers to 7, 72 and Fr, and

Er—( g4 Ey 0, Er) (8.2)

This variable provides better signal discrimination against background than other
ones, like transverse mass. The fact that the variable has or doesn’t have a phys-
ical meaning is not relevant, as long as the shapes are under control and shows
discriminant power. The distribution shape of this variable for samples of signal

and background is shown in Figure 8.9, only 737,44 channel.
The likelihood function is built with the m,;s spectrum:

Mij s
Hij € 7"

L= H T (8.3)

where n;; is the observed number of events in the m,;s distribution, bin i, for
channel j (where j =1 corresponds to the 7.7, channel, j =2 to 7,7, and j =3

to TeTy), and p;; is the expected number of events in that bin.
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Figure 8.9: Visible mass distributions for Z and Higgs bosons (normalized to the
same area).

The total expected number of events is the combination of all the different sources
(backgrounds and signal, index k). The spectrum of each source is normalized
with the Luminosity L, the cross section times branching ratio oy for source k,

and the detection efficiency in the bin €;;:

Hij = ZLUkGijk . (8.4)
K

In principle if all the parameters except the signal cross section o were known
exactly, we could apply Bayes’ Theorem to arrive at a posterior density P(o},) in

the unknown variable:

L(on)

—— 8.5
foo'muaz E(U;L)dU;L ( )

Pon) =
Here we assume a uniform prior density in the unknown signal cross section up to
some maximum cutoff. This posterior density P(o},) can then be used to determine

confidence intervals and estimate the true value of the signal rate.
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8.4 Nuisance Parameters for Systematic Uncertain-

ties

The systematic uncertainties referred to in Section 8.2 are incorporated as nuisance
parameters in the likelihood, see Table 8.2. Fach of these uncertainties affect
some or all the background or signal sources in some or or all the channels. The
uncertainty on the luminosity affects the normalization of all the backgrounds
and all channels, for instance. However the electron ID scale factor uncertainty
does not impact the 7,7, channel. Also, the Z/v* — 77 cross section assumed is
taken from the CDF measured value of 254.9 +£5.7 pb (excluding the luminosity
uncertainty) and affects only some backgrounds in all he channels. The systematic

uncertainties incorporated in the fit are

integrated luminosity,

background cross sections,

QCD (7 fake) rates,

lepton and tau trigger/ID data/MC ratios,

PDFs, and

electron, tau and jet energy scale.

Each of these systematic uncertainties are related to a parameter in the likelihood,
and these parameters are allowed to float in the fit. However, the parameters are
not completely free, but are constrained to the nominal value with a gaussian
corresponding to the uncertainty in the parameter. The signal cross section does
not fluctuate, it is the parameter used for the scan. The overall likelihood can

then be written

ij o= Mij

Hij
L:H# x G(L, Lo, 0r) X ... (8.6)
1) -

where the G functions are gaussians constraining the values of the imprecisely

known parameters.
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8.4.1 Template Morphing

The energy scale uncertainties are treated using a “template morphing” technique.
Each background source bin efficiency e;;; is calculated for the nominal case,
and for =+ 1-0 shifts due to the uncertainty in the electron, tau, and jet scale
uncertainty. Then, a morphing parameter controls the admixture of the nominal
and shifted bin efficiency when calculating the expected number of events in a bin.
For example, let f¢ represent the electron energy scale morphing parameter, then,
the expected number of events in a given bin ijk can be written in terms of an

efficiency as

€, — €
ijk = € + f¢ <7’“ 5 ’“) : (8.7)
Thus the nominal value of the number of expected events corresponds to f¢ =0,
and a unit gaussian constraint term on the value of f¢ is added to the likelihood.
The tau and jet energy scale uncertainties are handled in similar fashion simul-
taneously. The predicted number of events from a given source in a bin is never

allowed to be negative as a result of the morphing.

8.4.2 Profile Likelihood

The nuisance parameters in the likelihood need to disappear before a posterior
density in the signal rate P(op) can be obtained. The pure Bayesian method
would proceed with a marginalization by integrating the likelihood over the nui-
sance parameters. A different method, referred to as profiling, has been chosen
for this analysis. In this method, the likelihood is maximized with respect to all
the nuisance parameters (using MINUIT) at each point in o,. This became the
preferred choice because the profile calculation is more than an order of magni-
tude faster to compute and gives results nearly identical to the marginalization
calculation. The resulting profile likelihood £™%* (g},) is used exactly as described

above in deriving the posterior density P(oy,).

Given that a flat prior with a cut-off was chosen, the normalization from likelihood

to obtain probability is trivial. Therefore, to obtain a 95% CL limit on the value
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of oy, the posterior density has to be integrated to that value of o} below which
95% of the probability density lies. Even when a signal excess is observed, one

could follow this procedure to calculate a meaningful exclusion limit.

8.5 Expected Sensitivity

The expected sensitivity of the search is assessed by performing many pseudo-
experiments. In each of these, we generate an outcome based on the expected
number of events in each bin from a random Poisson distribution about the mean
number expected. Given that nothing is known about the potential signal gen-
erated by new physics, zero signal cross section is assumed. At this stage, the

primary goal of this search is setting limits.

For each pseudo-experiment, the 95% CL upper limit is calculated as discussed in
the previous section. A distribution of expected 95% CL upper limits is formed
for each mass point. The median of the distributions are taken as the expected
limit, and 1 and 2-0 points integrate, respectively 68% and 95% of the pseudo-
experiments. Table 8.4 shows the median expected upper limit, and also the £ 1o

and + 20 ranges.

8.6 Results

A fit to observed data is shown in Figure 8.11. The different templates are nor-
malized and shifted to the fit output and a signal contribution for a Higgs of m 4

has been normalized to the 95% CL exclusion limit.

The last column in Table 8.4 shows the observed 95% CL upper limit for each
assumed Higgs mass. They are in agreement with the expectation and there is no

evidence for Higgs signal. The same information is displayed in Figure 8.10.
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mass —20 —1lo  median +1o 420 | observed

(GeV) (pb) (pb)
90 18.576 23.422 29.051 35.129 42.122 | 27.651
100 10.322  13.278 17.445 23.543 31.834 | 24.805
110 4.251  5.672 7.943  11.209 15.174 | 11.528
120 2.469  3.248 4.623 6.689  8.966 5.873
130 1711 2314 3.080 4.250  5.706 3.214
140 1.189  1.596 2.191 3.028  4.095 2.101
150 0.907 1.172 1.648 2.355  3.119 1.596
160 0.739  0.991 1.334 1.822 2476 1.361
170 0.563  0.787 1.062 1.537  2.083 1.179
180 0.486  0.655 0.903 1.259 1.785 0.977
190 0.430  0.562 0.793 1.097  1.538 0.885
200 0.363  0.483 0.672 0.955 1.260 0.768
230 0.261  0.338 0.482 0.672  0.961 0.532
250 0.213  0.281 0.379 0.519  0.718 0.465

Table 8.4: Expected and observed 95% CL limits on the Higgs signal cross section.
For the expected limits, the columns illustrate the range of the expectation around
the median.
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Figure 8.10: Observed and expected 95% CL upper limits on o(pp— ¢ + X) x
BR(¢ — 77) as a function of Higgs mass. The shaded areas show the + 1,20 bands
on the expected limits.
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Figure 8.11: Observed distribution of m,;s along with a signal corresponding to
my = 140 GeV. The signal distribution is normalized to the excluded signal at 95%
CL. The backgrounds are normalized to the expectations after performing the fits.
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8.7 Interpretation of the Limits

The observed limits @95% CL on o(pp — ¢) x B(¢ — 77) are used to exclude re-
gions in the tan § vs m4 plane, where tan ( is the ratio of the vacuum expectation
values for the Higgs fields that couples to the up- and down-type fermions; m 4 is

the mass of the C'P-odd neutral Higgs boson.

The MSSM parameter space is quite large. For the interpretation, we take two
benchmarks [102] that have become the standard in the field - the m}** and the

no-mixing scenarios.

The mj'®* scenario has parameters chosen such that the maximum possible Higgs
mass as a function of tan 3 is obtained. The no-mixing scenarios additionally
assumes no mixing in the stop-squark sector. The common SUSY parameters
for these benchmarks are Higgs mixing parameter p = +0.2 TeV, SU(2) gaugino
mass parameter M>=0.2 TeV. The difference is in the choice of the SUSY mass

scale Msysy, the squark mixing parameter Xy, and gluino mass mg. For mj***

Msysy=1 TeV, XtMis = /6Msysy. The corresponding values for no-mixing are
Msysy=2TeV and X; = 0. In both cases mz = 0.8 Mgy sy. In all calculations we
used top quark mass m;=178.0 GeV/c? (using m;=174.0 GeV/c? has negligible
effect on the results). Earlier benchmarks [103] have the same parameters except
for p = —0.2 TeV and Msysy=1 TeV for both the m}*** and the no-mixing

scenarios

As discussed in Chapter 2, the MSSM neutral Higgs sector has three bosons,
the pseudoscalar A, and the scalar h and H. One of the scalars (either h or H)
is nearly degenerate in mass and production cross-section with the A. For a given
value of tan 3 in a given scenario, there is a “crossover mass” below which the h
shadows the A and above which it is the H. In the m}** scenario the crossover
point is at m=130 GeV.
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8.7.1 Production Cross-section Calculations

There are two production modes that are relevant for our search. Gluon fusion,
gg — ¢, and bb annihilation, bb— ¢, where ¢ is A, H, h.

The full MSSM production cross-sections for bb— ¢ has not been calculated.
However, this process has been calculated to NLO and NNLO for the Standard
Model Higgs [104] [105]. From the calculated cross sections for bb— ¢ in the Stan-
dard Model, we could naively apply a factor of tan? 3. However, this would not
take into account radiative effects. To do this properly we use the FeynHiggs pro-
gram by S. Heinemeyer [106]. This program takes MSSM parameters as input
and outputs the couplings and branching ratios for the SM and MSSM Higgses.
We take the ratio F}ZIESI%I / I‘il\i p»» and multiply the SM production cross section
of Kilgore et al. to get the bb— ¢ production cross section in the MSSM. Here
Fg/[isggl, I‘qsbl\i »p are the partial widths of ¢ — bb in MSSM and SM calculated by
FeynHiggs. The Am, correction to tan 3 changes the coupling of the Higgs to b,
and therefore to 7 as well. We cannot ignore the effect of Amy; on the branching
ratio, since as the coupling of the Higgs to b goes down (up), the corresponding
branching fraction to 77 goes up (down). Therefore, we use the values of Higgs to

77 branching ratio output by the FeynHiggs program.

For the cross-sections for gluon fusion we use the HIGLU program by M.
Spira [107].A somewhat dated manual can be found at [108]. It calculates the
NLO cross-sections for gg — A, H, h (using CTEQ6 PDFs). The various MSSM
parameters such as tanf3, u, Mgsysy, and the tri-linear couplings are taken as
input parameters. HIGLU can calculate the cross-sections for any tan 8 but does
not take into account radiative corrections modifying the Higgs couplings to b-
quarks have a significant effect. Fortunately, these corrections behave exactly like
in the case of bb— Higgs [109]. Therefore, we calculate the SM cross-section using
HIGLU and apply the MSSM enhancement factors from FeynHiggs as described
above for the bb — Higgs case.
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8.7.2 Excluded region in tan 3 vs m4
Figure 8.12 shows the excluded parameter region in the tan 5 vs m4 plane. As a re-
sult of the observed excess of events, the observed tan 3 exclusions are significantly

weaker than the expectation.
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Figure 8.12: Excluded tan 3 as a function of m 4 for the ”no-mixing” and mprar
scenarios with > 0 and p < 0.

8.8 Full di-tau mass reconstruction using MET pro-

jection.

Full di-tau mass reconstruction is possible in cases when the parent particle (Z,
¢) has substantial boost in the transverse plane (tau decay products are not back-
to-back). The reconstruction method relies on the ”collinear approximation”: the
direction of the neutrinos from tau decays is taken to be the same as the one of
the visible decay products. This is a reasonable assumption for fairly energetic
taus ! Using 1 to represent the sum of the transverse momenta of the neutrinos,
one can determine their energies E,Si) by solving the system of equations:

LObviously this approximation works better for hadronic tau decays. In leptonic decays there
are two neutrinos, leading to an additional approximation.
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EWM sin W cos g + EP? sin 0 cos ¢p(?) = pmiss

EW sin 0 sin ¢ + E?) sin 03 sin ¢p?) = E;“iss

Here 09, () are the polar and azimuthal angles of the visible tau decay
products, E™s5 and E;‘“SS are the two components of the corrected . The
neutrino energies are added to the measured energies of the visible decay products,
allowing the reconstruction of the full di-tau mass. Events with negative energy
solutions are discarded (some of them can be recovered if we take into account £

resolution).

This method is very promising for LHC, where the statistics are not an issue.
It was applied at CDF in Run I[110] in the 7.7Thaq channel but due to limited
statistics the sensitivity of extracting information from the mass distribution was

shown to be weaker than performing a counting experiment.

In the following plots the selected non back-to-back events must satisfy |sin(¢(*) —
¢(2))| > 0.3, which was found to be a good compromise between resolution and
efficiency. After some tuning, non back-to-back events will be treated as separate
channels in the next update of the results. The plots in Figure 8.13 are shown to

demonstrate the current performance of full di-tau mass reconstruction.
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8.8. Full di-tau mass reconstruction using MET projection.
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Figure 8.13: Di-tau mass reconstructed with the ET projection method.




Chapter 9

Conclusions

A search for for neutral MSSM Higgs bosons in the di-7 decay channel has been
performed with 1.8 fb~! of data. Given that no evidence for signal over the
expected SM backgrounds has been found, 95% CL exclusion limits have been
set on the production cross sections times branching fraction to taus. The signal

extraction techniques used in this analysis have proven to improve the sensitivity.

The sensitivity achieved by this analysis is based on two points: the robustness of
the description of the different backgrounds and the boldness of the method for

tau reconstruction.

As stated in the introductory sections, despite its smaller branching fraction, the
77 decay channel provides much better sensitivity when compared to other decay
channels. Still unpublished, but already authorized by the CDF collaboration, the
latest release of the search for MSSM Higgs bosons in the 3b channel shows an

improving, but still poorer, sensitivity, Figure 9.1

The only experiment capable of performing comparable searches is D@. Again,
the sensitivity of this analysis provides a larger excluded region, due partially to

the larger dataset used, Figure 9.2

The fact that this result has been included in the Particle Data Group Review
of Particle Physics [4] shows not only the relevance of analysis in the field, but
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also the endorsement of the community. Nevertheless, several improvements could
be implemented to further increase the sensitivity. These include the application
of multivariate techniques or splitting this inclusive search into groups depending
on the presence of b-tagged jets. However, the biggest improvement is coming in
a few months, with the beginning of an LHC program that promises to finally

conquer the Terascale.
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Appendix A

Resum

Aquest treball exposa els resultats obtinguts en la cerca dels bosons de Higgs
neutres en el context del la Minima Extensié Superesimetrica del Model Estandard.
L’analisi descrit a la tesi ha estat realitzat amb les dades preses pel detector CDF,

al col.lisionador hadronic Tevatron, Fermilab (EUA).

A.1 Introduccio teorica

El Model Estandard, MS, descriu la natura a partir de dos tipus fonamentals de
particules, els bosons i els fermions . Per una banda, els fermions constintueixen
la materia i sén sis anomenats leptons i sis quarks. Aquestes particules responen a
I’estadistica proposada per Fermi i Dirac i estan organitzats en una estructura de
tres families. Per una altra banda, els bosons segueixen ’estadistica proposada per
Bose i Enstein, son les particules responsables de les interaccions entre els fermions,
taula 2.1. El MS incorpora sota el seu formalisme les interaccions electrofeble i

forta.

Lelectré (e), el mud (u), el tau (1), els corresponents neutrins (1, v,, ;) juntament
amb les seues antiparticules sén els leptons. Els quarks s’anomenen up (u), down

(d), strange (s), charm (c), bottom (b) i top (t), i cadascun d’ells té un company
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d’antimateria. La interacci6 electromagnetica esta mediada pel foté (), que és un
dels bosons del MS; la interaccié forta esta mediada pels gluons, g, i la feble pels
bosons Z i W+,

El MS és una teoria quantica de camps galga, en la qual les interaccions fon-
amentals es deriven de les simetries imposades al lagrangia. L’excel.lencia en
I’acord entre el model teoric i 'experiment no té precedent en la historia de la
ciencia. Tanmateix, alguns aspectes de la teoria, com ara el mecanisme de Higgs
per al trencament de la simetria electrofeble, encara no han pogut comprobar-se
experimentalment. Aquesta i algunes altres dificultats teoriques i experimentals
suggereixen que, més que una teoria del tot, el MS és més un model efectiu a baixa

energia.

La supersimetria és un dels candidats a superar les dificultats del MS. Afegint
una nova simetria que associa un fermié a cada bosé i viceversa, aquesta nova
teoria resol els problemes del MS. La Minima Extensié Supersimetrica del Model
Estandard, MSMS, és la concrecié de la supersimetria que exigeix una menor

ampliaci6 del sector Higgs del MS.

Mentre que el MS proposa la introduccié d’un doblet Higgs, el MSMS n’introdueix
dos. Els graus de llibertat adicionals incorporats a la teoria materialitzen en cinc
nous estats fisics. Es a dir, si al MS només hi havia un bosé de Higgs, en MSMS hi
apareixen cinc, normalment representats com A%, HO, h® i H* . Els tres primers s6n
neutres, mentre que els dos ltims sén carregats. A nivell arbre, la fenomenologia

del sector Higgs es pot parametritzar amb dos parametres: tan 8 i m o, figura 2.6.

Els processos de produccié de bosons de Higgs del MSMS neutres al Tevatron son
la fusi6 de gluons, g g — A, i aniquil.lacié de quarks b, b b — A, Les seccions
eficaces de produccié mitjancant aquestos dos processos es pot trobar a la Figura
2.9 (seccions eficaces en pb). Els bosons de Higgs no sén estables, siné que es
desintegren immediatament en altres particules. Les fraccions d’embrancament
de les desintegracions dels bosons neutres sén practicament constants dintre dels

intervals de tan 8 i mao d’interés al Tevatron, figura 2.10.

Encara que el canal fonamental de desintegracié és A — b b, el canal A — 7+ 7~
ha mostrat millor sensibilitat. A¢6 es deu a que en un col.lisionador hadronic,

com ara el Tevatron, la produccié de parelles de quarks b, b b, és molts ordres
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de magnitud major a la produccié de bosons de Higgs. L’extraccié d’una possible
senyal provinient del Higgs en un canal com b b és molt més complicada per la
magnitud i la dificultat de modelar adequadament aquestos fons. Per aquesta rad,
les busquedes de bosons de Higgs en desintegracions a parelles de quarks b no
poden sondejar els mecanismes principals de produccié, siné que s’han de buscar

en produccié associada (per exemple, a altres quakrs b).

Amb les desintegracions a 77 77, la cerca és sensible als bosons de Higgs produits
amb els dos mecanismes principals. La dificultat de I’analisi, tanmateix, rau a
identificar eficientment leptons tau i modelar correctament els fons. Els problemes
de la reconstruccié de taus provenen del fet que aquest leptd no és estable, sind
que es desintegra rapidament a altres leptons o a mesons. Les desintegracions
hadroniques, que incluen la majoria de la fraccié d’embrancament dels taus, tenen

una signatura similar a la dels jets, que es produeixen abundantment al Tevatron.

L’estrategia de I'analisis presentada en aquesta memoria consisteix en seleccionar
successos en els quals un dels taus es desintegra leptonicament, es a dir, 7 — e Ve 1/,
oT — p 7, v, ilaltre es desintegra leptonicament, amb un sabor diferent que el

primer, o hadrénicament.

A.2 Dispositiu Experimental

El Tevatron es un col.lisionador de protons i antiprotons, p P, amb una energia al
centre de masses de /s = 1.96 TeV. Es I'iltim pas d’un complexe d’acceleradors
situats a Fermilab, als Estats Units d’Ameérica. Aquestes col.lisions sén les més
energetiques que es produeixen a un laboratori i permeten l'estudi de la fisica a la

frontera del coneixement.

CDF i DO s6n els detectors que s’han construit per a analitzar les col.lisions del
Tevatron. Aquestos experiments han estat disenyats i possats en funcionament

per col.laboracions internacionals formades per centenars de cientifics.

La cerca que es descriu en aquesta tesi es basa en les dades presses per CDF fins
a Marg de 2007. Aquest detector té I'estructura habitual dels experiments a la

fisica d’altes energies: una geometria cilindrica al voltant del feix de particules en
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la qual diferents subsistemes han estat instal.lats concéntricament, figura 3.5.

El sistema més proper al feix és el detector de traces, format per un detector
de sicili i una cambra de deriva. Aquest sistema esta dintre un camp magnetic
d’1.4 T que corba les trajectories de les particules carregades. Aquestes particules,
en atravessar els sensors de sicili creen parells portador-forat que generen corrents
que poden ser digitalitzats. Radialment de dins cap a fora, el detector de silici esta
format pel Layer 00 (L00), SVXII i ISL. Seguint en aquesta direccié, la COT és
una cambra de deriva que envolta el silici. Les particules ionitzen el gas, on un fort
camp electric separa i atrapa les carregues. Aquestes carregues son recollides per
un o més fils conductors repartits pel volum de la cambra. Donada la geometria
concreta d’aquest detector, es poden reconstruir les trajectories tri-dimensionals

de les particules que la creuen, figura 3.6.

Al recorregut cap a ’exterior del detector, els calorimetres sén els segiient subsis-
tema. Un potent imant solenoidal separa el detector de traces dels calorimetres
centrals, constituits per vint-i-quatre falques que conformen un cilindre buit. Adi-
cionalment, els laterals del detector també estan recoberts per una extensio dels

calorimetres, figura 3.9.

Finalment, I’espectrometre de muons de CDF esta format per una col.leccié de
sistemes amb diferents tecnologies, figura 3.11. En atravessar un mué el detector
de muons, deixa una col.leccié de senyals que poden ser agrupats en matrius.
Posterioment, es combinen aquestes matrius amb les trajectories del detector de

traces per a obtenir més precisié i puresa a la reconstruccio.

No totes les col.lisions produides pel Tevatron son interessants des del punt de
vista de la fisica d’altes energies. Donada la limitacié de tecnologia actual per a
emmagatzemar els successos, cal dissenyar un sistema de dispar que seleccione en
linia les col.lisions relevants per a fer els estudis objecte de d’aquestos experiements.
Aquest sistema, anomenat trigger, té a CDF una arquitectura basada en tres nivells
de seleccid, figura 3.13. L’avaluacié de leficiencia del sistema de trigger és una

part fonamental de qualsevol analisi.
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A.3 Mostra de dades i trigger

Per a 'estudi d’estats finals amb dos taus s’ha disenyat una col.leccié de diferents
triggers. Per una banda aquests triggers han de seleccionar succesos amb un lepto,
electr6 o mud, i, a més a més, una traga aillada al succés (“lepton+track”), que
permeten identificar processos en els quals un tau es desintegra leptonicament i
I’altre hadronicament. Per una altra, cal trobar successos en els quals un tau es
desintegra en un electré i altre en un mué (“SUSY dilepton”). L’eficiencia del
trigger utilitzat a aquesta cerca ha estat analitzada i calculada detalladament com

mostra el capitol 5.

Les mostres de dades utilitzades per a aquesta tesi sén les corresponents a aque-
stes dues families de triggers. Les dades considerades van ser adquierides durant els
primers anys de ’experiment amb una una lluminositat integrada d’aproximadament
1.8 fbl.

Les diferents contribucions del MS a l'estat final s’han estimat o bé amb dades
reals, quan és factible, o bé amb mostres de simulacié. A més a més, aquestes
mostres de simulacié sén necessaries per a avaluar 'eficiencia de reconstruccio i

identificacié aixi com 'acceptancia global.

En el cas d’aquest analisi, la contribucié dels processos electrofebles (Z, W+, di-
bonsons, ...) i de produccié de parelles t t han estat estimades amb mostres de
simulacié generades amb PYTHIA. Igualment, ’acceptancia per a possibles suc-
cessos de nova fisica també s’ha avaluat amb mostres de simulacid, seccié 4.2. Per
contra, 'eficiencia del trigger i els processos lligats a la cromodinamica quantica

s’han calculat amb dades recollides en mostres de jets o leptons d’alt pr.

A.4 Identificacié de particules i seleccié de succesos

La reconstruccié i identificacié de leptons es troba molt ben entesa a CDF. Els elec-
trons es reconstrueixen a partir de diposits energetics electromagnetics al calorimetre
que coincideixen amb una traga. La identificacié d’un electré amb suficient puresa
es duu a terme exigint que l’electré reconstruit acomplisca els talls relacionats a

la secci6 6.1.
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Els muons sén reconstruits combinant traces amb matrius a I’espectrometre i re-
querint un diposit d’energia al calorimetre compatible amb una particula minimament
ionitzant. La llista completa de talls aplicats en la identificacié de muons es troba

en la secci6 6.2.

La reconstruccié de taus hadronics és més sofisticada. Es basa en intentar re-
construir tots el mesons als quals es desintegra el lepté tau. Per una banda,
els mesons carregats son identificats mitjancant traces i diposits d’energia pref-
erentment hadronica i s’assumeix que es tracta de pions carregats, 7+ . Com-
plementariament, I’energia dels mesons neutres es calcula amb el calorimetre i es
localitzen mitjancant el detector de maxim de cascada, sempre considerant que es
tracta de pions neutres, 70, seccié 6.3. Posteriorment s’apliquen algunes correc-

cions per a minvar I'efecte d’aquestes assumcions.

Com que a l'estat final abunden els neutrins, ’energia transversa perduda té una
importancia singular a aquest analisi. Es calcula respecte al vertex de la col.lisi6

principal i es corregeix per l'escala d’energia dels jets, muons, electrons i taus.

Finalment, la seleccié final de successos es basa en la identificacié dels porductes
finals de les desintegracions de dos leptons tau. La significancia de la cerca depén
no solament de la eficiencia d’identificacié de succesos interesants, siné que també
de la reduccié de les contribucions de successos generats per altres processos. Per
aquesta rad, s’apliquen talls per a reduir les contribucions de succesos poc interes-
sants. Per exemple, el tall en (, seccié 7.2.2 practicament elimina la contaminacié
de succesos del tipus W+ +jets, mentre que el tall en Hy redueix molt significa-

tivament els processos de tipus QCD, seccié 7.2.3.

Un dels fons mes dificils de controlar i reduir es el causat per la confusié de jets
i taus. Al Tevatron es produeixen moltissims jets que, encara que amb poca
probablitat, fluctuen a signatures molt semblants a les que produeix un tau. Per a
entendre aquesta font de successos de fons s’ha emprat un sistema de determinacié
de la taxa de falsificacié de jets a taus. La taxa es calcula en una mostra de dades

independent i s’aplica després a la mostra final, seccié 7.1.
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A.5 Resultats

Una vegada demostrat que les contribucions del MS han estat entenses amb pre-
cisié, 'estrategia d’extraccié de senyal entra en joc. La variable escollida per a

“massa

discriminar una possible senyal del bosons de Higgs de la MSMS és la
visible”. Reconstruts el quadrivectors dels productes visibles dels taus, el lept6
en en cas de les desintegracions leptoniques o els mesons per a les desintegracions
hadroniques, es computa el quadrivector suma d’aquestos productes i ’energia
tranversa perduda. L’anomenada “massa visible” correspon a la massa associada

a aquest quadrivector suma.

A sovint les cerques de noves particules s’han fet amb experiments de contatge.
Tanmateix en aquest cas s’ha triat una variables discriminatoria per a poder fer
un ajust de les expectatives a les dades adquirides. El procediment consisteix
en determinar les contribucions del cada fons del MS a la distribuci6 final esper-
ada. Alhora de fer 'ajust, cada contribucié fluctua segons els errors sistematics
estimats per a cada tipus de procés. Aquestos errors sistematics estan associ-
ats a les diferents indeterminacions experimentals, com l'incertesa en la mesura
de la lluminositat, o teoriques, com els errors de truncament a la suma de series

pertorbatives.

Es defineix una versemblanca que es minimitza escanetjant en la seccié eficag de les
possibles contribucions de la senyal buscada, enregistrant la seccié eficag de senyal
per a la que s’integrant un 95% de 'area de Uestadistic, en el nostre cas — log(L.
Es repeteix aquesta operacié per a un nombre suficient de pseudoexperiments, i
es defineix el limit esperat com la mediana de la distribucid, i s’assignen bandes
+1o i —1o als punts on s’integra el 68% de la probabilitat. Aquest procediment

bayesia s’aplica una vegada més a les dades, que ens donaran el limit observat.

Si en ’escaneig en seccié eficag la versemblang no prefereix el valor nul, pot haver-hi

un indici de senyal. En aquest cas caldria calcular la significancia de I'excés.

Realitzada la cerca, no s’ha trobat cap excés significatiu sobre les previsions del
MS. El resultat de la cerca es un limit d’exclusié a un nivell de confianca del 95%,
de la seccié eficag de produccié multiplicada per la fraccié d’embrancament. Per a

interpretar aquest limit en el marc del MSMS, ha estat traduit al pla tan 8 vs. m po,
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figura 8.12, segons els escenaris habituals.

A.6 Conclusions

Aquest analisi es fonamenta principalment en dos pilars: la solidesa de la re-
construccié i identificacié de taus amb CDF i la robustesa de la prediccié de les
contribucions del MS a l’estat final estudiat. La fiabilitat de la reconstruccié de
taus ha quedat justificada per les mesures accesories amb taus i altres leptons (com
les seccions eficaces de processoscomZ — 77,72 — eeiZ — p p), mentre que
la predicci6 de les contribuions del MS s’ha comprobat en les diverses regions de

control.

Tot i que el resultat de la busqueda és negatiu, limita I’espai de parametres possi-
bles per a la MSMS més que cap altre experiment (incloent els resultats de DQ).
Amb la vista posada a 'LHC, el proper col.lisionador d’hadrons, aquest analisi

suposa una referéencia molt valuosa.

La quantitat de dades adquirides pels experiments del Tevatron i el progrés en
les tecniques experiments utilitzades han fet avangar la sesibilitat d’una forma
significativa. L’analisi expossat en aquesta tesi ha supossat un pas important en
el coneixement de la fisica fonamental. La inclusié d’aquest resultat en el Particle
Data Group Review of Particle Physics fa palessa la qualitat i la relevancia que la

comunitat de fisica de particules reconeix en aquest treball.
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