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Chapter 1

Introduction

The observation of one or several Higgs bosons will be of capital importance in order
to understand the electroweak symmetry breaking mechanism. In the Standard Model
(SM), one scalar doublet is responsible for the electroweak symmetry breaking giving as

a result only one Higgs boson.

However, the SM has serious drawbacks which are difficult to solve within the theory
itself. This problems find a solution in Supersymmetric (SUSY) models. The Minimal
Supersymmetric Standard Model (MSSM) is the simplest SUSY extension of the SM.
The MSSM Higgs sector is made of two Higgs doublets which lead to five Higgs particles

(three neutral and a charged pair) after electroweak symmetry breaking.

The discovery of the MSSM charged Higgs would be a clear sign of new physics beyond
the SM. MSSM charged Higgs could be copiously produced at the LHC (Large Hadron
Collider) in top decays. In the present work, the sensitivity of the ATLAS detector to
the discovery of the charged Higgs in the low luminosity running conditions is studied
in detail. Moreover, a method to extract the charged Higgs mass and to determine its

expected precision is also described.

In chapter 2, an introduction to the SM and the MSSM is presented. It is not intended
as an in depth description of both theories, but rather tries to underline the main concepts

that are important to understand the charged Higgs studies exposed in this work.

In chapter 3, the LHC project and more specifically, the ATLAS experiment are briefly

summarized, with particular emphasis on the subdetectors and their performances that



2 Introduction

are more relevant for the studies presented in this thesis.

Next, in chapter 4, the ATLAS trigger system is thoroughly described focusing on
the ATLAS trigger menus which will be decisive to select the charged Higgs signature.

Moreover, a study on the performances for such signature is described.

Chapter 5 contains a description of the software tools that were used for the physics
and detector simulations: both Fortran and C++ used programs are briefly summarized.

In addition, the parameters used for the event reconstruction are also listed.

Then, in chapter 6 the motivations that gave rise to this analysis are given and the
discovery potential of the MSSM charged Higgs produced in top decays with the ATLAS
detector is exposed in detail from a SM perspective first and a MSSM perspective after-

wards.

Finally, before the conclusions, the charged Higgs mass is extracted by means of a
maximum likelihood method. In addition, the expected precision on the charged Higgs

mass is also discussed.

At the end of the present work, the effects of the new trigger thresholds on the dis-

covery potential of the charged Higgs signature are described in an appendix.



Chapter 2

Theoretical framework and status
of the MISSM H =T searches

This chapter covers the relevant theoretical concepts which are needed for the understand-
ing of the present work as well as the experimental situation of the MSSM H¥ recent

searches.

In section 2.1, the basis of the Standard Model (SM) theory are briefly reviewed
focusing on the spontaneous symmetry breaking mechanism. Next, in section 2.2, the
principles of Supersymmetry (SUSY) and in particular, of the Minimal Supersymmetric
Standard Model (MSSM) are outlined. Finally, in section 2.3, the recent MSSM charged

Higgs boson searches are commented and the present exclusion limits are also given.

2.1 The Standard Model

The Standard Model [1] is an unified quantum gauge theory which describes electromag-
netic and weak interactions, with a Quantum Chromodynamics (QCD) [2] sector for the

description of strong interactions.

In a quantum field theory, the elementary particle interactions are expressed in terms
of particle exchanges. There are two types of particles: the basic building blocks of
matter, known as matter particles and the intermediate interaction particles. The matter

particles are fermions (particles with spin S = %) They are classified into leptons, which
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do not respond to strong interactions, and quarks, which do. Both quarks and leptons

are divided in three families (see Table 2.1).

Family I Leptons I Quarks
I Particle ‘ e. charge I Particle ‘ e. charge
Ve 0 u 2/3
1 e -1 d -1/3
vy 0 c 2/3
2 ) -1 s -1/3
vr 0 t 2/3
3 T -1 b -1/3

Table 2.1: Matter fermions.

The interaction among fermions is mediated by spin-1 gauge bosons: one massless
photon () and eight massless gluons (g1,...,9s) for the electromagnetic and strong inter-

actions respectively, and three massive bosons (W® and Z) for the weak interaction.

2.1.1 The electroweak interaction

The model for electroweak (EW) interactions is based on the gauge group SU(2), @ U(1)y.
SU(2)r has three generators: t; = % (i=1,2,3), where o; are the Pauli matrices. The gen-
erator of U(1)y is the hypercharge Y = 2Q — T3, where Q is the electric charge and T3
the weak isospin. The symmetry group of electromagnetic interactions, U(1)en, is a sub-
group of SU(2)r, ® U(1)y. Hence, the electromagnetic and weak interactions are unified.
The gauge fields corresponding to each generator are: Wj, Wﬁ , Wl‘j’ from SU(2)r and a
neutral field B, associated to U(1)y.

The left-handed fermions transform as doublets under SU(2)y, while the right handed

ones transform as singlets:
: vt ub
fio | L
RN

i3 .0 3
fr=1g ug,dg

i=1,2,3 (2.1)
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where ¢ is the family index.

The SM electroweak Lagrangian is obtained requiring invariance under a local gauge
transformations in order to obtain an interacting field theory. This is done by replacing the
derivatives of the fields by the corresponding covariant derivatives. For a generic fermion

field f, its covariant derivative corresponding to the SU(2)r ® U(1)y gauge symmetry is:
e 4
Dyuf = (0p — igTWy, — igl - Bu)f (2:2)

where g and g/ are the coupling constants corresponding to SU(2)r and U(1)y respec-
tively.
The total electroweak Lagrangian can be written as a sum of different terms:

Lsy=Li+ La+ Lsps + Lyw (2.3)

The first term corresponds to the fermion Lagrangian:

L= fiDf (2.4)

f=lq

The Lagrangian for the gauge fields is given by:

L

. v 1
4Wﬁ,,Wi” — —BuB" + Lgr + Lrp (2.5)

Lo=- i

which is written in terms of the field strength tensors,

Wi, = 0, W} — 8,Wi + gl Wiwk (26)
B, = 0,B, —0,B,

Lcr and Lpp are the gauge fixing and Faddeev Popov Lagrangians respectively that are

needed in any theory[3]. Here they are omitted for brevity.

The last two terms, Lsps and Lyw are the symmetry breaking sector Lagrangian

and the Yukawa Lagrangian respectively. They will be discussed in the section 2.1.3.
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The physical gauge bosons Wlfc, Z, and A, (photon field) are obtained from the

electroweak interaction eigenstates by the following expressions:

1
Wi =—
fov2

Z,, = cos 0WW3 —sinfw By,

(W, FiW}2)
(2.7)

A= sinQWW;:’ + cos 0w By,

g
9’ +g*

where cos 0y = is the weak mixing angle.

However, mass terms such as M‘%VWHW“ , %M%ZHZ“ and mj ff are forbidden by
SU(2)r ® U(1)y gauge invariance. The needed gauge boson masses must be generated in
a gauge invariant way. The spontaneous breaking of the SU(2)r ® U(1)y symmetry and

the Higgs Mechanism provide this mass generation as it will be shown in section 2.1.3.

2.1.2 The strong interaction

As it was already pointed out, QCD is the gauge theory that describes the strong interac-
tion and it is based on the local color transformations that leave its Lagrangian invariant.
The gauge symmetry group that is generated by these color transformations is the non-
abelian Lie group SU(3)¢, where C refers to colors and 3 refers to the three possible color
states of the quarks which are assumed to be in the fundamental representation of the
group having dimension 3. The gluons g, with ¢ = 1,...;8 are the gauge boson particles
associated to this gauge generators and are the mediators of the strong interactions among

quarks.

The building of the QCD invariant Lagrangian is done by following the same steps as
in the electroweak case. In particular, one applies the gauge principle together with the
particularities of the non-abelian group SU(3) taken into account. The derivative of the
quark fields in the Lagrangian is replaced by its covariant derivative which in the QCD

case 1is:

Dy = (0 — igs(2)A3) g (28)
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where,
q1
q= q2
q3
¢ = quark fields; 1=1,2,3 (2.9)
gs = strong coupling constant
Aa

— = SU(3) generators
A% = gluon fields; a=1,...,8

The QCD Lagrangian is then written in terms of the quarks and their covariant derivatives

and contains in addition the kinetic term for the gluon fields,

Locn = 3 a(w)(i P — my)ale) — 3 Fl (@) FL (z) (210)
q

where F}j, () is the gluon field strength given by,
F2 (z) = 0,A%(x) — 0,A%(x) + g5 f*P T Aup Ay (2.11)
and f%87 are the structure constants of the SU(3)c group.
The gauge interactions among the quarks and gluons are contained in the §i Pq term,
_A®
95— A

In addition, the F;j‘VF,i‘ ¥ term in the Lagrangian contains a three gluons term and a
four gluons term. These are the self-interaction gluon vertices which are characteristic of

a non-abelian theory.

2.1.3 Spontaneous Symmetry Breaking and the Higgs Mechanism

The gauge symmetry of SM forbids mass terms in the Lagrangian leading to massless
fermions and bosons. The simplest way to generate particle masses while preserving
the renormalizability of the theory is the Higgs Mechanism of Spontaneous Symmetry
Breaking (SSB) [4].
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A field represented by a complex SU(2); doublet:

$ = ( ‘Z ) (2.12)

with hypercharge Y (®) = 1 and the potential given by the relation:

V(®) = ud'd + \(813)2 (2.13)
is defined. One can find that, if A > 0 and 2 < 0, the potential V(®) has a minimum
for:

1® v 2.14
1o =-—"—=— .
2A 2 ( )

This implies that the true vacuum corresponds to a non-zero vacuum expectation value
(VEV) for the field ®, i.e. < 0|®|0 ># 0. This is shown schematically in Fig. 2.1.
Because the scalar field is complex, the above relation has an infinite number of solutions.
By choosing one particular solution the gauge symmetry is broken. The coupling of this

field (called Higgs field) to particles provides masses to bosons and fermions.

V(4)

¢

Figure 2.1: A 2-dimensional slice of the spontaneous symmetry breaking Higgs potential.
The two missing terms in the SM Lagrangian of Eq. (2.3), i.e. Lsps and Lyw are

given by:

Lsps = (D,®) (D'®) + 1231 — A\(213)? (2.15)

and

Lyw = Al Ber + MGz Pur + Aggr®dr + h.c. + 2" and 3™ families (2.16)
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IL = ( o ) ;o oaL= ( o ) ;@ =0y ®* (2.17)
€r dL

By substituting the Higgs field expansion around the vacuum state:

1 0
QZE(U-’-H) (2.18)

in the Lyw and Lgps expressions, one can obtain the mass terms for fermions, gauge

Here,

bosons and Higgs boson at tree level prediction:

21 o2
M= L5, = VI

2 z 2
Mp =V2u (2.19)
v v v
Me = Ae—= ; My = Ay—= mg = Ad——= ; ---.
e e\/i U u\/i d d\/§

Finally one can rewrite Lyw and Lgps in terms of the physical scalar fields, and get not
just the mass terms but also the kinetic interaction terms for the Higgs sector. Thus, one
gets the trilinear Higgs self-coupling and the Higgs-gauge and Higgs-fermion interaction
strengths:

2

M
Ao = 3M—gf ; vy = 2¢/2GFr M7 ; Amfs = 2v/2Grmy (2.20)
Z

where V = W, Z and GF is the Fermi constant.

The vacuum expected value v is determined experimentally from g decay. By iden-
tifying the predictions of the partial width I'(x — v,7.€) in the SM to low energies
(¢ < MZ,), one gets:

Gp 92 1
i = 2.21
V2 8ME 2v? (221)
and from here, the electroweak scale is obtained:
v = (V2GFp) 2 = 246 GeV (2.22)

The electroweak symmetry breaking of the Standard Model has also the special feature

that it can provide limits to the SM Higgs mass. The argument follows from the scattering
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of longitudinally polarized gauge bosons [5]. By applying some unitarity conditions (i.e.
the probability of scattering from a particular state to another one grows with energy till

it becomes 1) and for a light Higgs boson, one has the theoretical limit:
My < 860 GeV (2.23)

Besides, the final results of the LEP search for the SM Higgs were published in [6] and
the 95% Confidence Level lower limit on My was set to 111.5 GeV.

Thus, the scientific community is waiting for the LHC startup to continue the search
of the SM Higgs.

The SM has been very successful in its predictions: mass values of W and Z bosons
were predicted well before their discovery at CERN (the European Laboratory for Particle
Physics) in 1983 [7]. Moreover, there is a remarkable agreement between the SM prediction
and the precision measurements of electroweak observables performed at LEP (Large
Electron Positron) [8, 9] and SPS experiments at CERN. However, the scalar sector of
the SM is not yet experimentally confirmed as the Higgs boson is the only particle that
has not been yet observed by the experiments so far. Also, as it will be discussed in the

next section, the SM has several shortfalls.

2.1.4 Problems of the Standard Model

The Standard Model provides a remarkably successful description of presently known
phenomena. Still) it seems quite clear that the SM is a work in progress and it will have
to be extended to describe physics at arbitrarily high energies. Furthermore, even if one
accepts the rather odd set of group representations and hypercharges that it requires, the
SM contains at least 19 parameters. Moreover, many more parameters are required if one

wishes to accommodate non-accelerator observations.

The questions raised by the SM are organized into several broad categories:

= Mass problem: Do particle masses really originate from a Higgs boson?

= Hierarchy problem: if so, why are these masses not much closer to the Planck
mass mp ~ 10'°GeV? Or, can the validity of the SM be extended to large masses

and energy scales?
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= Unification problem: Can all particle interactions be unified in a simple gauge
group, and, if so, does it predict observable new phenomena such as baryon decay
and/or neutrino masses? Does it also predict relations between parameters of SM

such as gauge couplings or fermion masses?

= Flavour problem: What is the origin of the three flavours each of quarks and
leptons, and what explain their weak charged current mixing and CP violation?

2.1.5 The hierarchy problem

One of the most serious drawbacks of the SM is the problem of mass and, as a consequence,
the hierarchy problem [10], that appears when one tries to extend the validity of the SM
to large masses and energy scales. From measurements of the properties of the weak
interactions together with perturbative unitarity arguments [11], it can be deduced that
the squared Higgs mass is of the order of MZ ~ (100GeV)%. However, M2 receives
enormous quantum corrections from the virtual effects of every particle which couples to
the Higgs field. The one-loop diagrams contributing to the corrections are shown in Fig.
2.2.

(a) (b) (c)

Figure 2.2: One-loop quantum corrections to M% in the SM.

If one considers the case of Fig. 2.2(a), the diagram containing a 1-loop fermion yields

a correction: )

A A
AME = 16;;2 [—ZAZ +0 (m?ln(—))] (2.24)

my

where Ay is a Yukawa coupling of fermion f. 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. That is, if the SM is embedded in a Grand Unified Theory (GUT), A
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is Mgyr. Then the quantum correction to M% is about 30 orders of magnitude larger
than My ~ 100 GeV! And this means that the square of the bare Higgs mass and other
contributions to M each of order 103% GeV , have to combine to yield ~ 10*GeV?, and

this cancellation is clearly unnatural.

Furthermore, the unstability of the mass to radiative corrections is intrinsic to scalar
fields only. Because of their chiral and gauge symmetries, fermions and gauge bosons
are protected respectively from these quadratic radiative corrections to their masses.
However, since the quarks, leptons and the W and Z bosons acquire mass due to the

Higgs VEV’s v, the whole mass spectrum is sensitive to the cutoff A.

2.2 Supersymmetry and Minimal Supersymmetric Standard
Model

A possible solution to the hierarchy problem is offered by Supersymmetry, a symmetry

which relates masses and couplings of fermions and scalars [12].

A supersymmetry transformation turns a bosonic state into a fermionic state and vice
versa. The @) operator generating such transformations must be an anticommuting spinor
with:

Q|Boson >= |Fermion >  Q|Fermion >= |Boson > (2.25)

Spinors are intrinsically complex objects, so Q' is also a symmetry generator. This
generators are fermionic in nature (S = 1/2) and form, together with the four-momentum
and the Lorentz transformation generators, a so-called graded Lie algebra[13]. Defining
relations between the generators of the algebra have fundamental consequences in the
theory: when SUSY is realized locally, it contains the graviton among its gauge fields
and includes Einstein’s theory of the general relativity. Thus, SUSY seems to be a good

candidate for a theory of all interactions.

Coming back to the hierarchy problem, SUSY provides the cancellation of the danger-
ous contributions to M% given by Eq. (2.26) in a natural way: the scalar SUSY partner
S of a fermion f couples to the Higgs as well, and its corresponding correction to the

Higgs boson mass is:

Y- A
2 S . 2 2
AMyg = 1622 [ 2A° + O(ms ln(—s)>] (2.26)
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and since each of the quarks and leptons of the SM is accompanied by two scalars with
the same couplings as their SM companion, A\ = Ag, the A? contributions of Eqs. (2.24)
and (2.26) are nicely canceled [14].

The single-particle states of a supersymmetric theory fall naturally into irreducible
representations of the SUSY algebra which are called supermultiplets. Each supermul-
tiplet contains both fermions and bosons which are called superpartners of each other.
The (mass?) operator —P? commutes with the Q and Q' operators, and with all space-
time rotation and translation operators. This means that those particles belonging to a
same irreducible supermultiplet must have equal eigenvalues of — P2, and therefore equal
masses. The same happens with the electric charge, the weak isospin and the color de-
grees of freedom which are the same for all particles belonging to the same supermultiplet.
In addition, the number of bosonic and fermionic degrees of freedom in a supermultiplet

must be also the same, ng = ng [15].

The simplest supermultiplet which satisfies the above requirements contains a single
Weyl fermion (with two helicity states, so np = 2) and two real scalars (each with
np = 1). This combination is called a chiral supermultiplet. The next simplest possibility
for a supermultiplet contains a massless spin-1 vector boson (with two helicity states, so
the number of bosonic degrees of freedom is ng = 2), and its superpartner, a massless
spin-1/2 Weyl fermion (again with two helicity states, so np = 2). These fermions, called
gauginos, must have the same gauge transformation properties for left-handed and for
right-handed components. Such a combination of spin-1/2 gauginos and spin-1 gauge

bosons is called a gauge supermultiplet.

In a SUSY extension of the SM, each of the known fundamental particles must be
either in a chiral or in a gauge supermultiplet and have a superpartner with spin differing
by one half. The SM fermions can only be placed in chiral supermultiplets together with
their SUSY partners: scalar quarks and scalar leptons or squarks and sleptons. The left-
handed and right-handed states of the quarks and leptons are two-component separated
Weyl fermions with different gauge transformation properties in the SM, so each must
have its own complex scalar partner, fi, and fr. As will be discussed later, the gauge
interactions of each of these squark and slepton fields are the same as for the corresponding
SM fermions. For instance, a left-handed squark @y, will couple to the W boson while &g

not.

The Higgs boson must reside in a chiral supermultiplet since it has spin 0. But it turns
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out that one Higgs supermultiplet is not enough: if so, the electroweak gauge symmetry
would suffer a so-called triangle gauge anomaly, and would be inconsistent as a quantum
theory [15]. This can be avoided if there are two Higgs supermultiplets, one with each of
Y = +1/2. Moreover, both of these are also necessary for another completely different
reason: because of the structure of supersymmetric theories, only a ¥ = -|—% Higgs chiral
supermultiplet can have the Yukawa couplings necessary to give masses to up-type quarks,
and only a Y = —% Higgs can have the Yukawa couplings necessary to give masses to
down-type quarks and to charged leptons. Thus, there are two SU(2)r-doublet complex
scalar fields, H, and Hy. The weak isospin components of H, with Is = (+1/2,—1/2) are
denoted (H,,HJ). Similarly, the Hy field has weak isospin components (HY, H;) with
I3 =(+1/2,-1/2).

The simplest SUSY extension of the SM is the Minimal Supersymmetric Stan-
dard Model [16]. The MSSM has the smallest number of new particles and couplings.

The chiral supermultiplets of a MSSM classified according to their transformation
properties under the SM gauge group SU(3)c ® SU(2)L ® U(1)y, are summarized in
Table 2.2. The standard convention is that all chiral supermultiplets are defined in terms
of left-handed Weyl spinors, so that the only conjugates of the right-handed quarks and

leptons and their superpartners appear in this Table.

‘ Names I spin 0 ‘ spin % ‘ SU(3)c, SU(2)L, U(Q)y ‘

Q | (@di) | (wdi) (3,2, 3)

squarks, q.u.arks i I a, a;{ (371’_%)

(x 3 families) ) I A C—l-% 5.1, 1)
sleptons, leptons L I (7 &) (ver) (1,2, —%)

(x 3 families) Bl & eh (1,1,1)

, | () HY) | (#] ) (1,2, +3)

Higgs, higgsinos Hy I (Hg Hy) (gg I—~IJ) (1,2,_%)

Table 2.2: Chiral supermultiplets in the MSSM. Symbols for each of the chiral supermultiplets as a
whole are indicated in the second column. The bar on U, D, E is part of the name, and does not denote

any kind of conjugation.

The vector bosons of the SM introduced in section 2.1.1 are grouped into gauge su-

permultiplets. Their fermionic superpartners are called gauginos. The gauge bosons W1,
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W2, W3 and B, have associated spin-1/2 superpartners W, W2 W3 and B, called winos
and binos. After electroweak symmetry breaking, the W3 and the B gauge eigenstates
mix to give the mass eigenstates Z° and 7. The corresponding gaugino mixtures of W3
and B are called zino (Z°) and photino (7). The SU(3)c color gauge interactions of
QCD are mediated by the gluon whose spin-1/2 color-octet supersymmetric partner is
the gluino §g. In Table 2.3 the gauge supermultiplets are summarized, which together
with the chiral supermultiplets of Table 2.2, they compose the particle content of the
MSSM.

Names | spin! spin 1 | SU(8)¢c, SU(2)L, U()y |
gluino, gluon g g (8,1,0)
winos, W bosons | W W2 w3 | w' w2 w3 (1, 3,0)
bino, B boson B B (1,1,0)

Table 2.3: Gauge supermultiplets in the MSSM.

2.2.1 MSSM Lagrangian and R-parity

By requiring gauge and SUSY invariance, the supersymmetric Lagrangian in terms of the

component fields takes the following form [17]:
7 -
L= (DuS)(DHS;) + 2 > iy Duthi
i i
1 P
~ 1 Z FuaFi + 3 Z AavH Dy a
A A
11—
—-V2y [S}(ga taA)1/ziT%)\A + h.c.]
i, A

2
- % Z |:Z SggataASi]
A i

Here, S;(1;) is the scalar (fermion) component of the i® chiral superfield, Fj, 4 is the

(2.27)

Yang-Mills gauge field, and A4 is the gaugino superpartner of the corresponding gauge
boson. The ). is over all fermion fields of the SM, 1;, and their scalar partners, S;, and
also over the 2 Higgs doublets with their fermion partners. The ) , is over the SU(3)c,
SU(2)r and U(1)y gauge fields with their fermion partners, the gauginos.
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The first two lines of the Lagrangian (2.27) are the gauge invariant kinetic energies for
the components of the chiral and gauge superfields. These terms completely determine
how all particles interact with gauge bosons. They also contain the SM Lagrangian.
The derivatives that appear in (2.27) are gauge covariant derivatives appropriate to the

particular representation to which the field belongs.

The third line describes interactions of gauginos with matter and Higgs multiplets.
These interactions are also determined by the gauge couplings. Here, t,4 is the ma-
trix representation of the group generators and g, are the corresponding gauge coupling

constants.
The fourth line in (2.27) describes the quartic couplings of scalar matter.

So, the interactions between the chiral superfields of Table 2.2 and gauge fields and
gauginos of Table 2.3 are completely specified by the gauge symmetries and by Super-
symmetry, as are the quartic interactions of the scalars, and the interaction strengths are

fixed in terms of the SM coupling constants.

The only freedom in constructing the supersymmetric Lagrangian, once the superfields
and the gauge symmetries are chosen, is the superpotential, YW [15]. The superpotential
is an analytic function of the chiral superfields S = Q,U,D,L E, H,,Hy. It needs to
be at most cubic in the superfields since higher terms would yield non-renormalizable
interactions in the Lagrangian. The SU(3)¢c ® SU(2)r ® U(1)y invariant superpotential
has the following form:

W =eiuHEHY + € [ALH,@LJ'E‘ +ApHYQ'D + M\ HIQ'U
(2.28)
e [AlLiLv‘E i AzL"QjD] + \UDD

where i and j are SU(2) doublet indices and €;; = —ej; (with €;9 = 1) contracts the
SU(2)r, doublet fields. The superpotential is written in terms of the fields of the first gen-

eration. The \; (i = 1,2,3) are matrices which mix the interactions of the 3 generations.

When introducing this into the supersymmetric Lagrangian one has:

Lo — Z ‘_‘ {%[1 —275] (a?gj?;)% —i—h.c.} (2.29)

where §; is a chiral superfield. This form of the Lagrangian is required by SUSY and it

is renormalizable. Lyy describes both the scalar potential and the Yukawa interactions of
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fermions with scalars: the yH: H é term in W gives mass terms for the Higgs bosons when
applying %—VSV, and p is often called the higgsino mass parameter. The terms of super-
potential proportional to Ar, Ap and Ay give the usual Yukawa interactions of fermions
with the Higgs bosons from the second term of Eq. (2.29). Furthermore, these coeffi-
cients are determined in terms of the fermion masses and the Vacuum Expectation Values
(VEV’s) of the neutral members of the scalar components of the Higgs doublets. Thus, in
the SUSY Lagrangian, up to this point, there is only one additional free parameter with
respect to the SM:

tan 3 = v2 (2.30)
n

where v; = (HJ) and v, = (HQ) which are the VEV’s of the neutral components of the
two Higgs doublets.

The terms proportional to A, A2 and A3 in the second line of Eq. (2.28), contribute
to lepton and baryon number violating interactions. They can, for example, give proton
decay at tree level through the exchange of the scalar partner of the down quark. But there
are several possible solutions to avoid the lepton and baryon number violating interactions.
The trivial one would be to make the coefficients A1, A2 and A3 small enough to satisfy the
experimental limits [18]. Another possible solution would be to make either the lepton
number violating interactions, A\; and Az or the baryon number violating interaction, A3,
zero, while allowing the others to be non-zero, so that the proton decay is suppressed.

However, there is not much theoretical motivation for either of these approaches.

The solution is to require that this lepton and baryon number violating terms are
forbidden by a symmetry, called R-parity [19]. R-parity can be defined as a multiplicative
quantum number such that all SM particles have R-parity 41, while their SUSY partners
have R-parity -1. R-parity is defined as:

R — (_1)3(37.[/)4‘23 (2.31)

where B and L are the baryon and lepton quantum numbers and s is the spin of the

particle.

The assumption of R-parity conservation forbids the lepton and baryon number violat-
ing terms in Eq. (2.28). This R-parity conservation has also very important phenomeno-
logical consequences: there can be no mixing between the sparticles and the Pp = +1

particles; SUSY particles can only be pair produced in the collisions of SM particles; a
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SUSY particle decays to SM particle(s) and SUSY ones, and at the end of the chain the
lightest SUSY particle (LSP) is produced; and the LSP must be stable and neutral.

2.2.2 Supersymmetry breaking

It was already shown that SUSY gives a solution to the hierarchy problem. However, the
Lagrangians of Egs. (2.27) and (2.29) have no mass terms for the particles (fermions,
scalars and gauge fields). On the other hand, if the broken SUSY needs to provide a
solution to the hierarchy problem, the splitting between superpartner masses should not
be much larger than the electroweak scale [16, 20], so that terms proportional to m? ln(%)
in Egs. (2.24) and (2.26) do not lead to a correction which is much higher than 10* GeV?2.

The usual approach is to assume that the MSSM, which is the theory at the electroweak
scale, is an effective low energy theory [21]. It is also assumed that the SUSY breaking
occurs at a high scale, and perhaps results from some complete theory encompassing
gravity. This is in agreement with the fact that up to now, no sparticles have been

discovered.

The Supersymmetry breaking is implemented by including soft mass terms [22] for the
scalar members of the chiral supermultiplets and for the gaugino members of the vector
supermultiplets in the Lagrangian. This interactions are named soft because they do not
re-introduce the quadratic divergences which motivated the introduction of SUSY, and
naturally maintain a hierarchy between the electroweak scale and the Planck (or some
other very large) mass scale. The dimension of soft operators in the Lagrangian must be
3 or less, which means that the possible soft operators are mass terms, bi-linear mixing
terms (“B” terms), and tri-linear scalar mixing terms (“A” terms). The usual strategy is
to add to the Lagrangian all of the mass and mixing terms which are allowed by the gauge
symmetries and R-parity conservation. Then the complete SUSY breaking Lagrangian

for the first generation is given by [17, 22]:

Loopt =m3|Ha|> + m3|Hy|* — Bueij(H3H] + h.c.)+
M3QiQ* + MZUU + M}DD + MPL'L + M EE+

1 S0~ g~ _

§[M1 BB + My, WWe + M3jg|+ (2.32)
92¢ij AHIQI + My g HIQ + - Me A HILI& + h.
ot o i+ AR+ S AL he
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where ¢ and j are the SU(2);, doublet indices. This Lagrangian has arbitrary masses for
the scalars and gauginos and also arbitrary tri-linear and bi-linear mixing terms. The
scalar and gaugino mass terms have the desired effect of breaking the mass degeneracy
between the particles and their SUSY partners. The tri-linear A terms affect primarily
the particles of the third generation. The By term mixes the scalar components of the
two Higgs doublets. The origin of all these terms is left unspecified. In the most general
case, all of the mass and interaction terms of Eq. (2.32) are matrices involving all three

generators.

Besides, L;of¢ introduces new supersymmetric parameters [23], 104 in total, whereas

in the Lagrangian of unbroken SUSY there’s only one new parameter, tan (.

2.2.3 The Higgs potential and the Higgs boson masses

SUSY also provides a mechanism to electroweak symmetry breaking. The Higgs scalar
potential is derived from the superpotential and the relevant soft terms in L,,z;. After
carrying out SU(2), transformations which allow to rotate away possible VEV’s of the

charge components of the scalar fields, the Higgs potential acquires the form:

Vi =(|uf* +m3)|Hal® + (luf* + m3)| Hu|* — uBey;(HGHS + h.c)+

9+ 93
8

2 22, 1 o 2 (2.33)
(|Hd| _lHu‘ ) +§92|H2Hu|

In the usual Renormalization Group Equation (RGE) approach, the m? and m3 are
evolved from GUT scale down to electroweak scale. The RGEs get large Yukawa coupling
contributions which can cause one or both mass-square terms become negative and thereby
provide the correct pattern for generation of Spontaneous Symmetry Breaking. In SUSY
the electroweak symmetry breaking is produced in a natural way [24], whereas in the SM
it is put by hand. Asin the SM case, the symmetry is broken when the neutral components

of the Higgs doublets get vacuum expectation values, v; =< HJ > and vy =< H? >.

After electroweak symmetry breaking occurs, 5 physical Higgs particles are obtained

L. two neutral CP-even h and H (mj < my), a neutral CP-odd A and a pair of charged

!Before the symmetry was broken, the 2 complex SU(2); Higgs doublets had 8 degrees of freedom.
Three of these were absorbed to give the W?* and the Z gauge bosons their masses, leaving 5 physical
degrees of freedom.
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2

Higgses H*. Their tree-level masses 2 are given by:

2|uB|
2
= 2.34
A sin 283 (2.34)
m%. =m? + M, (2.35)
1
mi’H =3 [mi + M2 F \/(mi + M2)2 — 4m? M2 cos 25° (2.36)

From Eq. (2.36) it follows that the lightest neutral Higgs is lighter than Mz|cos2/3|.
However, my, is subject to large radiative corrections and after taking them into account,

the upper bound on my, can be pushed up to about 150 GeV [26].

On the other hand, the charged Higgs mass at tree level given by Eq. (2.35) is less
sensitive to radiative corrections [27], for example, if 1 < tan 3 < myop/myp, the charged
Higgs boson mass shift is less than 10 GeV over nearly the entire range of the low-energy

supersymmetric parameter space [28].

There are also experimental bounds to the charged Higgs mass that come mainly from
the H* searches at LEP and Tevatron. Those searches were able to set lower limits on
mpy+ as it is going to be explained in section 2.3. Other experimental bounds come from
processes where the charged Higgs enters as a virtual particle. One of this processes is
the b — sv decay, where indirect limits on my+ are obtained from the measurement of
the decay rate [29]. However, these bounds are strongly model dependent (see [30] and
[31]). In [30] it is stated that a charged Higgs boson lighter than 450 GeV is strongly
disfavoured in Two-Higgs Doublet Models (2HDM) of Type II 3. This limit is not valid
if there are other particles in the loop, such as the case of the MSSM (which is a Type II
2HDM), in which the chargino and the H* tend to cancel each other.

Concerning the electroweak gauge bosons, they also get masses which are fixed by

v? :U%—}—U%:

1
—gav
\/592

?For higher order corrections see [25].
3In this models, one Higgs doublet is coupled to the up-type quarks and neutrinos and the other one

Mw = Mz = —=1/9% +g3v (2.37)

1
V2

is coupled to the down-type quarks and leptons, whereas in Type I 2HDM only one of the Higgs doublets
is coupled to the fermionic sector.
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2.2.4 The Higgs Yukawa couplings and the fermion masses

Regarding the Yukawa couplings at tree level, the following relations can be derived from
Eq. (2.32):

/\L _ gamy
V2Myy cos 8
ga2my,
ANy =——————
U V2My sin B (2.38)
)\D _ gamq
\/§MW cos 3

Therefore, the masses of the quarks and leptons are determined by the Yukawa cou-
plings of the superpotential and the parameter tan 5. This is because the top, charm and
up quarks get masses proportional to v =< HY >= vsin3 and the bottom, strange and
down quarks and the charged leptons get masses proportional to v; =< Hg >= vcosf.

Thus, at tree level one has:

_ 92Mhop

B V2Myy sin B
_ g2myp

N \/EMW cos 3
_ gams

N V2 My cos B

At

Ao (2.39)

T

These relations hold for the ¢, b and 7 running masses rather than the physical pole
masses which are significantly larger [15]. Including those corrections, one can relate the
Yukawa couplings to tan 3. Even if mp, m; < myep, one should not neglect the Higgs

couplings of bottom and 7, Ay and A,. To a first approximation:

A

b _ M tan 3

At Mitop (2.40)
Ar Mg )
— = tan 8

At Mtop

so that if tan 8 > 1, those couplings have to be taken into account. Hence, in the MSSM,

the couplings to bottom quarks and to tau leptons are enhanced with respect to the SM.

If one tries to make sin 8 too small, A\; will become non perturbatively large. Requiring

that A¢ does not blow up above the electroweak scale, one finds that tan /3 2 1.2 or so,
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depending on the mass of the top quark, the QCD couplings and other fine details. In
principle, one can also determine a lower bound on cos 8 and thus, an upper bound on
tan 8 by requiring that A, and A, are non perturbatively large. This gives a rough upper
bound of tan 8 < 65. However, this is complicated by the fact that the bottom quark
mass gets significant one-loop corrections in the large tan 8 limit [32].

2.3 H* boson searches

The H* search is of capital importance. Among the 5 physical Higgs bosons -the two
neutral scalars (h and H), a pseudoscalar (A4) and a pair of charged Higgs bosons (H™)-
the charged Higgs carries an unequivocal signature of a two Higgs doublet model and

consequently, of the Supersymmetric Higgs sector.

2.3.1 H* decay modes

Assuming that all supersymmetric particles are heavy enough® not to play an important
role in the phenomenology of H* decay (see next subsection), the MSSM charged Higgs
will only decay into SM particles. These decays are given by the Yukawa couplings to
up- and down-type fermions given by Eqs. (2.38) and (2.39). In addition, the value of
tan 8 determines to a large extent the decay pattern of the charged Higgs bosons as it

was shown in the previous section.

For large tan S values, as a result of the strong enhancement of the couplings to down-
type fermions, H* with my+ > Miop Will decay into tb pairs with a branching ratio of
almost 85% and into 7v pairs with a branching ratio of 15%, for a large enough mg+
values. For H* with my+ < Mtop, the most important decay channel is HY — 7v with

a branching ratio of ~ 100%.

On the other hand, for small tan 3 values, tan 8 < 5, the pattern is more complicated.
For mpy+ > myep, charged Higgs will decay mainly into ¢b. In addition, decays into Wh
final states play also an important role since they can reach the level of several ten percent
for certain m g+ values, leading to a significant reduction of the dominant branching ratio
into 7v states. For H* with my+ < Miop, the main decay mode is HT — 7v and the

H™ — cs channel starts being non negligible.

4Otherwise called heavy SUSY spectrum.
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The H* branching ratios are summarized in Fig. 2.3 for the values tan 8 = 1.5 and
tan 5 = 30.

~
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Figure 2.3: Branching ratios of H™ decays as a function of mg+ for tan 8 = 1.5 and 30 computed by
the HDECAY program. Taken from [33].

2.3.2 MSSM scenarios

Within the MSSM, the mass of the CP-even h Higgs boson is calculable in terms of the
other MSSM parameters. At tree level, my, is bounded from above according to mp, < myz
(see Eq. (2.36)). As it was already pointed out, if radiative corrections are added [26],
the my, upper bound is increased up to myp <135 GeV 5.

At LEP, the search of the lightest MSSM neutral Higgs boson has been performed
in three benchmark scenarios [34] which give a constraint to the large number of free
parameters in the MSSM:

This value holds for my,p = 175 GeV and a SUSY scale Msysy = 1 TeV. If my,yp is raised by 5 GeV,
then the my limit is increased by about 5 GeV; using Msysy = 2 TeV increases the limit by about 2
GeV.
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e Maximal Mixing scenario
This scenario yields the theoretical upper bound of my, in the MSSM as a function
of tan 3 for fixed myop and Mgygy (i.e. the SUSY scale at which heavy sparticles
decouple from Higgs). It therefore allows to derive conservative constraints on tan 3

from the h search.

¢ No Mixing scenario
In this scenario, the mixing in the scalar top sector® is chosen to be zero, while the

other parameters are the same as in the Maximal Mixing scenario.

e Large p scenario
This benchmark scenario is characterized by a relatively large value of |u| (the Higgs
mass parameter given in Eq. (2.32)) compared to Mgysy. A relatively small value

of Msygsy is adopted and a moderate mixing in the scalar top sector is proposed.

The MSSM parameters in the three different benchmark scenarios are given in Table 2.4.
Thus, for each scenario a different radiative correction to my, is obtained. For example, in
the No Mixing scenario, the lowest upper limit for the h mass is obtained, mp ~ 115 GeV,
and in the Maximal Mixing scenario, one gets the highest possible upper limit for this
mass, mp ~ 122 GeV.

Scenario I o ‘ X, = Ay — ucotp ‘ Ap ‘ Msysy ‘ mg
No Mixing -0.2 0 Ay 1.0 0.8
Maximal Mixing | -0.2 V6Msysy Ay 1.0 0.8
Large pu 1 -0.3 Ay 0.4 0.2

Table 2.4: MSSM parameters in TeV for the three benchmark scenarios. X is the ¢ mixing parameter,
Ay is the three-linear Higgs-stop coupling, A, denotes the Higgs-sbottom coupling and my is the gluino
mass. The gaugino mass parameter M> is set to 0.2 TeV.

Nevertheless, for any of the three scenarios, the charged Higgs boson mass and cou-

plings remain practically the same. For the studies presented in this thesis, in order to be

5The tri-linear scalar A; terms in Eq. (2.32) allow the scalar superpartners of the left- and right-
handed fermions to mix to form mass eigenstates. If one assumes that these A; terms are of similar size,
the mixing effects will be proportional to the quark mass. Therefore, the mixing will be only relevant in

the scalar superpartners of the top and the bottom quarks, i.e.  and b. For more information see [35].
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consistent with previous charged Higgs searches (see section 2.3.5), the Maximal Mixing

scenario was used.

2.3.3 H* searches at LEP

Charged Higgs bosons would have been produced at LEP through the process ete™ —
HTH~ as shown in Fig. 2.4. The production rate depends only on my+ in the general
two Higgs doublet model.

Figure 2.4: Feynman diagram of charged Higgs pair production at LEP.

In the MSSM and at tree level, the H* mass is constrained to be heavier than the
W mass, giving a rather difficult scenario for H* discovery at LEP2, but for specific

choices of the MSSM parameters, the loop corrections can lower this mass.

The LEP H¥ searches [36] where carried out under the assumption that the two decays
H* — c5and HT — 71v exhaust the HT decay width, but the relative branching ratio
is free. Thus, they searched for the following HT H~ final states: (c3)(cs), (t7v)(1 7)
and the mixed mode (¢3)(7~7) + (s)(77v). Since they did not obtain any signal, they
could give mass limits as a function of the branching ratio B(H™ — 77v). The limit at
95 % confidence level on the charged Higgs as a function of B(H'T — 71v) obtained by
ALEPH experiment can be seen in Fig. 2.5.

The most general lower limit, valid at the 95% confidence level for any value of the
branching ratio is 78.6 GeV/c?.

2.3.4 HZ searches at Tevatron

One of the main goals of the Tevatron Higgs Working Group is to examine the potential
for the upgraded Tevatron to extend the LEP2 MSSM Higgs search [38]. The Tevatron is
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Figure 2.5: Limit at 95% C. L. on the charged Higgs boson mass as a function of B(H* — 7+v). Taken
from [37] .

expected to deliver an integrated luminosity of £ =2 fb™* in the first two years (Run II
a) and £ = 13 fb™* in the subsequent years (Run II b) until the LHC starts. The CDF
and D@ experiments Run ITa upgrades [39] where successfully installed in spring 2001 and
are currently taking data from pp collisions.

If my+ < myyp — mp, the charged Higgs boson could be produced at Tevatron
in tf production via t — bHT (and { — bH~) decay channel, which would compete
with the dominant SM decay mode, t — bW, depending on the value of tan3. The
BR(t — bH*)+ BR(t — bW 1) = 1 assumption was used. Moreover, they study the H*
production within the two Higgs Doublet Model (H2DM) (the MSSM Higgs sector is a
Type II 2HDM [40]).

In a recent D@ publication [41], the results of a direct search for H* were exposed.
The tt events for that analysis were obtained from pp collisions at /s = 1.8 TeV and

for an integrated luminosity of 62.2 + 3.1 pb~!. The considered channels were both
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tt — HYH bb and tt — HT*WTbb. At small tan3 the HT — ¢5 decay mode is quite
important, while at large tan 8, H* decays into 77v. Because at small tan 3 there is
background from multijet production, the search was concentrated on large tan 3 and
tt — 7 7tv, 7,42 b jets and tf — Tvrqq/ (from W+ decay)+ 2 b jets final states were
considered with 7 decaying hadronically. Since the experimental signature for ¢t — bH™*
is nearly identical to that for ¢ — bW ™, and since BR(t — bH*) > BR(t — bW ™) in
this region of the parameter space, they search for an increase of the absolute yield of 7
leptons at high tan 8 to differentiate between the two decay modes. The obtained results
were in agreement with the SM predictions, and it showed no evidence for a signal for
mpg+ < 150 GeV. They concluded that charged Higgs boson is excluded at 95 % CL for
BR(t — H*b) > 0.36 in the region 0.3< tan 8 < 150 and my+ < 160 GeV. These results

are summarized in Fig. 2.6.

160||||||| T T T T T T T T T T T T T T

= Direct Search, Bayesian
140 -e- Direct Search, Frequentist
= |ndirect Search, Bayesian
A Indirect Search, Frequentist

Higgs Mass (GeV)

1 ' 10 — 100
tan 3

Figure 2.6: Region of exclusions at 95% C. L. in (mg=,tan8) for msop = 175 GeV and o(tf) = 5.5 pb.
Taken from [41].

In the myg+ > myop — myp case, the charged Higgs boson production occurs mainly
through radiation of a third generation quark: gb — tH™; gg,qq — tbH . However, the
cross section for this inclusive charged Higgs production is too small to be seen at the

upgraded Tevatron if my+ 2 myep.

2.3.5 HZ searches at LHC

The sensitivity of the ATLAS and CMS detectors at the LHC to the discovery of the
charged Higgs boson was investigated in detail in [42] for the ATLAS Technical Design
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Report and in [43] for the CMS Technical Proposal assuming that the mass scale of
supersymmetric partners of ordinary matter is above the charged Higgs boson mass, so
that H* decays into SUSY partners are forbidden.

If the charged Higgs is lighter than the top quark, top quark decays would be a good
source of charged Higgs production with pp — tf, t — HTb, since top quarks will be
produced with very large rates at the LHC [42]. In this mass range, the decay channel
H* — 7vis the dominant decay mode. For low tan 3, this decay channel is complemented

by H* — ¢s decay, but the later suffers from huge QCD backgrounds.

The H* — 7v channel was studied in detail in [44] for the ATLAS detector, using full
simulation Monte Carlo (which provides a detailed description of the detector geometry
and simulates accurately the interactions of particles with the different detector materi-
als) for my+ < myop. The experimental signature for the Higgs production would be the
measurement of a significant excess of events with an isolated T with respect to the rate

predicted by the SM. The signal process considered in this analysis is:
(¢t Hb : HY -1y, 7T — hadrons v;

with 3 possibilities for the # decay:

=t
PP FSWb W= =y (1= e p)
t—=W7b ; W™ — 1vy Ty, (I=ep)
|t H7b H™ — tvy; Ty, (I=ep)

The expected 5o discovery contour curve for this channel in the (m4,tan ) plane for an
integrated luminosity of 30fb ! (i.e. for 3 years of running at low luminosity) is shown in
Fig. 2.7. This analysis is going to be further commented in section 6.1.2. In this thesis,

these results will be complemented by the study of the hadronic decay of the W boson.

In the case of my+ > myep, the charged Higgs boson would be produced through the
2 — 3 process gg — tbH* and 2 — 2 process gb — tH™ as shown in Fig. 2.8.

In this region, the H* — tb decay mode becomes dominant. A detailed study of this
channel for the ATLAS experiment is presented in [46]. They searched for one top decay-
ing leptonically to trigger the experiment and the other one hadronically. The background
process for this reaction was ttb and ttq productions. Above mg+ = 300 GeV, the reduced

signal rate and the combinatorial background make the observation of this channel diffi-
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Figure 2.7: 50 discovery contour plot for H — 7v channel with mg+ < myop in the (m4,tan 3) plane
for and integrated luminosity of 30 fb6* and a top quark mass of M., = 175 GeV . Taken from [42].

(a) g9 ~ tH™b (b) gb — tH

Figure 2.8: Charged Higgs production at the LHC through the gg — tbH* and gb — tH* channels.

cult. Below the charged Higgs mass of 300 GeV, this channel may be observed above the
ttb and the ttq backgrounds. At high tan 3 values, sensitivity is expected up to my+ ~
400 GeV. In the intermediate tan 3 region, the H* — tb channel suffers from large com-
binatorial backgrounds due to a wrong (tb) pairing out of all the possible candidates, and

the H* discovery in this region is no more possible.

The 7v decay channel was also studied for mg+ > myy, and tan 8 >10 in [47]. The
events were produced through the channel gb — tH* and the associated top quark was
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required to decay hadronically, ¢ — jjb. The charged Higgs decayed into 7v and only
the hadronic decays of the 7 lepton were considered. Significances greater than 5o could
be achieved at tan 8 values lower than in the H* — tb channel in the high tan 8 region,
since this channel does not suffer the large irreducible backgrounds present in the other
one. However, in the low tan 3 region, and for my+ > myep, the 7v channel offers no

sensitivity for the charged Higgs discovery since the H* — 7v branching ratio vanishes.

The channel H* — W*h0 is only relevant in a tiny range of the MSSM parameter
space, although it represents a unique test for MSSM and it may be sensitive to a singlet
extension to MSSM, i.e., NMSSM (33, 45]. In [33] it was seen that in the LEP allowed
regions of the MSSM parameter space, this channel presents no significant discovery

potential for the charged Higgs.

In Fig. 2.9, the combined ATLAS and CMS charged Higgs 5o discovery plot is shown
for 30 b~ ! of integrated luminosity together with the LEP 2000 exclusion limit. Below the
top quark mass, H* is produced from top decay, and the H* — 7%u, channel provides
coverage for most tan 3 below ~160 GeV (this 5o line is the one already shown in Fig.
2.7). Above the top quark mass, the HT — tb channel covers the low and high tan 3
region while the H* — 7%u,. channel extends the discovery reach to high Higgs boson

mass and to lower tan 8 in the high tan S region.

In Fig. 2.10, the ATLAS 50 discovery contours for all the MSSM Higgs bosons (h,
H, A, H", H™) is shown for one year of running at low luminosity (10 fb=1)7. One can
easily observe that one or more Higgs could be observed in most of the parameter space
except for a small region around tan 5 ~ 10. The coverage of this region is one of goals

of the work presented in this thesis.

"In this thesis, one assumes that one year of running at low luminosity corresponds to 10 fb=! of
integrated luminosity. However, in some ATLAS publications and talks, one year of low luminosity stands
for 2 -10 fb~1.
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Figure 2.9: Combined ATLAS and CMS 50 discovery plot for a MSSM charged Higgs in the Maximal

Mixing Scenario and for 3 years of running at low luminosity ([ £dt =30 fb~'). LEP 2000 exclusion
limits where also added. Taken from [48].
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Chapter 3

The ATLAS experiment

ATLAS (A Toroidal Lhc ApparatuS) is a general purpose pp detector designed to exploit
the full discovery potential of the Large Hadron Collider (LHC), the next generation
collider at CERN. In section 3.1, the main characteristics of the collider are outlined.
In section 3.2 the design requirements of the ATLAS detector are exposed followed by
a description of the different subsystems. Finally, in section 3.3 some physics aspects

relevant for the analysis presented in this thesis are introduced.

3.1 The LHC

The LHC is now being constructed by CERN in the tunnel which housed the Large
Electron Positron (LEP) [8, 9] collider on the outskirts of Geneva. The 27 km circular
tunnel lies on average 100m below ground, between lake Leman and the Jura mountains.
The LEP collider was removed after October 2000 and it gave us a preview of exciting
discoveries that may be made at higher energies. The LHC has been designed to seek
answers to profound questions and investigate new physics at those higher energies. It

will be operative in April 2007.

3.1.1 Design

The LHC is a high-energy, high-luminosity proton-proton collider. It will collide beams

of 7 TeV and its design luminosity is 1034cm~2s~1. Before particles are injected into the

33
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LHC ring they are accelerated up to a given energy by a chain of preaccelerators. First of
all the LINAC (LINear ACcelerator) accelerates the protons up to 50 MeV and then the
Booster increases this energy up to 1 GeV. Furthermore, the PS (Proton Synchrotron)
and the SPS (Super Proton Synchrotron) increase the energy up to 26 GeV and 450 GeV
respectively, for the final injection into the LHC (see Fig. 3.1).

LEP/LHC

» p (proton)
» lon

» e*(positron)
» e (electron)

Proton ion
linacs

Figure 3.1: The LEP/LHC injector system.

The basic layout of the machine can be seen in Fig. 3.2. This layout mirrors that
of LEP, with eight straight sections, each approximately 528m long, available for exper-
imental insertions or utilities. As it can be seen in Fig. 3.2, ATLAS (A Toroidal LHC
Apparatus) will be placed at point 1, and CMS (Compact Muon Solenoid) will be placed
at point 5. Two more experimental insertions are located at point 2, ALICE (A Large
Ion Collider Experiment) and at point 8, LHCb. The later straight sections also contain

the injection systems. The rings cross only at this 4 locations.

The LHC will have two separate beam lines since it will collide particle beams of the
same charge. Thus, the direction of the magnetic field in one beam-line must be opposite
to that of the other beam line. This is accomplished by using a magnet design that
combines the two guide fields into a single magnet as shown in Fig. 3.3. This option was
chosen over the one using two separated magnets due to space restrictions in the LEP

tunnel. See [49] for more details.

In order to meet the LHC energy requirements, 1296 superconducting magnets (cooled
with super fluid helium) with a length of 12.2 meters and a field strength of 8.6 Tesla will
be installed. However, dipole bending magnets are not the only superconducting magnets
needed for the LHC ring; 3.1 meter, 6.9 Tesla superconducting quadrupole magnets are

also needed for beam focusing.
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Figure 3.2: The LHC schematic layout.
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Figure 3.3: Frontal view of an standard LHC two-in-one dipole and its cryostat.

3.1.2 Machine performance

The upper limit of the energy which can be reached at the LHC is imposed by geometrical

and magnetic constraints. The highest operational magnetic field for affordable super-
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conducting magnets is 8.65 Tesla which together with the requirement that LHC has to
fit inside the existing LEP tunnel gives the maximum energy of 7 TeV per beam. How-
ever, another way to increase the rate of events of interesting physics is to increase the
luminosity:

Ng =0y L (3.1)

where n; is the event rate of the specific process, o, its cross section and L the luminosity,
which is related to the parameters of the collider. This relation is given by:
1 N?%f

= . 3.2
47 tAT ( )

where N is the number of protons in each bunch, ¢ the time between individual bunches,
Ar the transverse dimension of the bunches at the interaction points and f the fraction

of bunch positions actually containing protons.

The time between bunches is limited by the fact that there should be no additional
interactions on each side of the interaction region and the time resolution of the experi-
ment. The bunch crossing rate for the LHC will be 25 ns corresponding to approximately
23 interactions per bunch. The transverse dimensions of the beam at the interaction point
will be of the order of a few ym. Besides, to be able to fill new bunches into the LHC and
to operate the beam dump, it is necessary to order the proton bunches in bunch trains
followed by some empty bunches. In total 2835 of the 3557 available positions with 25
ns separation will contain protons corresponding to f = 0.80. Thus, the only way left to
increase the luminosity is to increase the number of protons per bunch, but this is limited
by electromagnetic forces. The nominal luminosity is fixed at £ = 103 cm2s~! but for
the first years of operations it is foreseen to run at a lower luminosity, £ = 103 cm 257!

and increase it gradually to the nominal value.

The high requirement on luminosity is the reason for the choice of a proton-proton
collider. While a proton-antiproton machine has the advantage that both counter rotating
beams can be kept in the same beam pipe, producing these enormous amounts of antipro-
tons required for the high luminosity is not realistic, and it would be more expensive than

the proton-proton solution with separated beam pipes.

The total inelastic, non-diffractive cross section at the LHC energies and during high
luminosity operation will be about 100 mb corresponding to an interaction rate of 10°Hz.

As it was already mentioned above, with a bunch crossing rate of 40 MHz (period 25
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ns), about 23 interactions will happen in each bunch crossing (“pile-up”) resulting in
about ~10000 tracks in the detector within 100 ns, the typical duration of a pulse in the
detectors. This situations impose stringent requirements to the design and performance
of the LHC detectors: they must be rather fast, in order to integrate the signals from the
pile-up events over many bunch crossings, and highly granular, in order to minimize the
contribution of pile-up in a given detector cell. The LHC performance parameters are
shown in Table 3.1.

Machine performances

Energy per beam 7 TeV
Dipole field 8.6 Tesla
Coil aperture 56 mm
Distance between apertures 194 mm
Design Luminosity 1034 cm—2571
Beam-beam parameter 0.0034
Injection energy 450 GeV
Circulating current/beam 0.54 A
Bunch spacing 25 ns
Particles per bunch 10!
Stored beam energy 334 MJ
Normalized transverse emittance | 3.75 pm rad
r.m.s. bunch length 0.075 m
B-values at I. P. in collision 0.5 m
Full crossing angle 200 prad
Beam lifetime 22 h
Luminosity lifetime 10 h
Energy loss per turn 6.7 KeV
Critical photon energy 44.1 eV
Total radiated power per beam 3.6 kW

Table 3.1: LHC performance parameters.
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3.1.3 Physics Interests

As it was already pointed out, the primary purpose of the LHC is to search for and to study
new physics. Although with the LEP results the Standard Model is tested sometimes to
better than 1% level, some fundamental questions are still open. In particular, one hopes
to understand the origin of electroweak symmetry breaking (masses of W and Z bosons)
looking primarily for one or more Higgs bosons, for example. The LHC can also be used to
search for SUSY particles, which (in case they exist) will be produced in some cases with
large rates. The MSSM charged Higgs studied in this thesis could be a good example.
Some other possibilities for new physics that could be studied at the LHC are: quark
compositeness, leptoquarks and heavy vector bosons (W’, Z’). And last but not least,

with the new energy regime that opens, there is always room for the unexpected.

Moreover, experiments at LHC will be able to provide many measurements related
to known physics, such as top decay properties, B-physics and numerous cross section
measurements (W, Z, v and jet production, for example). The B physics program will
include studies of CP violation which will allow testing of the Standard Model, in which
CP violation is parametrised within the so called CKM matriz. It will also include the
measurement of BY oscillations, the search for rare B decays such as B — p*u=(X) and

the study of doubly-heavy hadrons such as B..

The LHC can also be used to collide beams of heavy ions (e.g. lead ions) with a center
of mass energy of about 6 TeV per nucleon, but with lower luminosity ( 102” cm~2s~!) and
interaction rate of ~ 10*s~! for p-p collisions. The heavy-ion program has as its primary
objective the search for the quark-gluon plasma. One will try to investigate different stages
in the production of the plasma before the formation of the normal hadronic matter: the

initial conditions, the quark-gluon plasma, the phase transition and the hadronic matter.

In Fig. 3.4 the cross sections for many interesting new physics processes at the LHC
as well as expected Standard Model processes are shown. It can be seen there that for
many potentially interesting physics processes, overall the LHC cross section is very high
compared to previous machines. However, the total cross section of interesting physics
channels such as SM Higgs production, is several orders of magnitude smaller. This means
that the LHC detectors will have to be flexible enough to detect a wide range of physics

processes despite a very large background.
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Figure 3.4: Expected proton-proton cross section as a function of the energy in the center of mass
system at the LHC.

3.2 The ATLAS detector

ATLAS is a general purpose p-p spectrometer designed to exploit the full discovery po-
tential of the LHC. The detector concept and its physics potential were presented in the
Technical Proposal [50] in 1994 and in different Technical Design Reports[51, 42]. Since

then, the design has evolved guided by detailed physics performance studies, experience
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from a rigorous and broad R&D program, and the necessity to stay within cost-effective

technologies.

The ATLAS experiment is designed, constructed and operated by a world-wide collab-
oration of scientists and engineers (~1800 members) from 146 institutions of 33 countries.
Spain is contributing with three Institutes and about 4.1% of the ATLAS members.

The overall detector layout as shown in Fig. 3.5 has a cylindrical symmetry with a
total length of 42 m and a radius of 11 m. The total weight of the detector is ~7000

Tons, mainly due to the calorimetry system.

Muon Detectors Electromagnetic Calorimeters
A

Forward Calorimeters

Solenoid

) x
B N\ X
/ \ \ \ End Cap Toroid
N 5

i Inner Detector
Banel Torold Hadronic Calorimeters Shleldlng

Figure 3.5: General overview of the ATLAS detector.

The detector is optimized for a long range of known and hypothetical processes. The
observable cross section for most of the processes is small over a large part of energy
range (see Fig. 3.4), hence it is an important design consideration to operate at high
luminosity and to maximize the detectable rates above backgrounds by high resolution

measurements. The basic design criteria of the detector include the following:

e Very good electromagnetic calorimetry for electron and photon identification and
measurements, complemented by a full-coverage hadronic calorimetry for accurate

jet and missing transverse energy (ETmiss) measurements.
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e High-precision muon measurements, with the capability to guarantee accurate mea-

surements at the highest luminosity using the external muon spectrometer alone.

e Efficient tracking at high luminosity for high transverse lepton momentum (pr)
measurement, electron and photon identification, 7 lepton and heavy flavour iden-

tification, and full event reconstruction capability at lower luminosity.

e Large acceptance in pseudo-rapidity (n = —log tang) with almost full azimuthal

angle (¢) coverage everywhere (¢ is measured around the beam axis).

e Triggering and measurements of particles at low pr thresholds, providing high effi-

ciencies for most physics processes of interest at the LHC.

The following sections summarize the physics scope, performance and design of the

individual subdetectors.

3.2.1 The Inner Detector

The Inner Detector (ID) [52, 53] is designed to reconstruct tracks and decay vertices in any
event with high efficiency. Using additional information from the calorimeter and muon
systems, the Inner Detector also contributes to electron, photon, and muon identification,
and supplies extra signatures for short-lived particle decay vertices. Important physics

considerations for the design of the Inner Detector are:

e Excellent momentum and impact parameter resolution for tracks with pr > 0.5

GeV up to very high momentum
e Tracking coverage over the range |n| < 2.5
e High efficiency keeping high noise rejection
e Identification of the charge of high pr tracks
e Tagging of b-jets originating from b-quarks
e Reconstruction of soft electrons and secondary vertices from b and 7 decays

e Identification of the primary vertex
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e Electron identification capability

e Identification of a high pr track to reduce the level 1 electromagnetic cluster trigger

rate from jet events

The magnetic field configuration of the ID is based on an inner thin super-conducting
solenoid surrounding the Inner Detector cavity with a radius of 1.2 m and a length of 5.3

m. It provides an axial magnetic field of 2 T in the center of the tracking volume.

The momentum and vertex resolution requirements from physics call for high-precision
measurements to be made with fine granularity detectors, given the very large track
density expected at the LHC. The layout of the Inner Detector is shown in Fig. 3.6. The
outer radius of the ID cavity is 115 cm. It consists of three units: a barrel section extending
over £ 80 cm, and two identical end-caps covering the rest of the cylindrical part. In the
barrel region, high-precision detector layers are arranged on concentric cylinders around
the beam axis, while the end-cap detectors are mounted on disks perpendicular to the

beam axis.

Pixel Detectors

Figure 3.6: Three dimensional cut-away view of the ATLAS Inner Detector.

The highest granularity around the vertex region is provided by semi-conductor pixel
and strip detectors, the later employed in the Semiconductor Tracker (SCT). The basic
principle of the semiconductor detectors is that the passage of ionizing radiation creates
electron-hole pairs in the semiconductor which are collected by an electrical field. The

difference between strips and pixels is mainly geometry, pixels being closely spaced pads
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capable of good two dimensional reconstruction while strips give a better spacial resolution

in one coordinate than the other.

The pixel layers are segmented in R¢ and z, while SCT detector uses small angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer
measuring ¢. The pixel detector is much more radiation tolerant than the silicon strip

tracker.

To improve momentum reconstruction, pattern recognition and electron identification
a straw-tube Transition Radiation Tracker (TRT) is placed, which provides 36 points per
track (> 7 points/track for electron-identification).

The basic layout parameters and the expected measurement resolutions are summa-
rized in Table 3.2. The layout provides full tracking coverage over |n| < 2.5, including
impact parameter measurements and vertexing for heavy-flavour and 7-tagging. The sec-
ondary vertex measurement performance is enhanced by the innermost layer of pixels, at
a radius of about 4cm, as close as is practical to the beam pipe. The lifetime of such a
detector will be limited by radiation damage, and may need replacement after a few years,
the exact time depending on the luminosity profile. A large amount of interesting physics
can be done with this detector during the initial low luminosity running, especially in the
B sector, but physics studies have demonstrated the value of good b-tagging performance
during all phases of the LHC operation, for example in the case of Higgs and Supersym-
metry searches. It is therefore considered very important that this innermost pixel layer
(or B-layer) can be replaced to maintain the highest possible performance throughout the
experiments’s lifetime. The mechanical design of the pixel system allows the possibility

of replacing this B-layer.

The three different detector technologies are summarized in the following subsections.

3.2.1.1 Pixel detector

The ATLAS Pixel Detector [54] is designed to provide a very high-granularity and high-
precision set of measurements as close to the interaction point as possible. The system
consists of three barrels at a radii of 5.05 cm?!, 8.85 cm, and 12.25 cm respectively, and five

rings on each side, with 11 c¢m inner radius and 20 cm out outer radius, which complete

In [54], the innermost pixel layer was designed to have 4 cm radius but this was later moved to 5 cm
to accommodate larger beam-pipe.
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System | Position Area Resolution Channels n
(m~—2) o (pm) (109) coverage
1 removable barrel layer (B-layer) 0.2 Rp=12,2 =66 16 + 2.5
Pixels 2 barrel layers 14 Rp=12,2 =66 81 + 1.7
5 endcap disks on each side 0.7 Rp=12,R="T7 43 1.7-2.5
Silicon 4 barrel layers 344 Rp =16,z =580 3.2 +1.4
strips 9 endcap wheels on each side 26.7 | R¢ =16,R =580 3.0 1.4-2.5
Axial barrel straws 170 (per straw) 0.1 +0.7
TRT Radial eadcap steaws 170 (per straw) 0.32 0.7-2.5

Table 3.2: Parameters of the Inner Detector. The resolutions quoted are typical values (the actual
resolution in each detector depends on |7|.

the angular coverage. The thickness of each layer is expected to be about 1.7% of a
radiation length (Xj) at normal incidence. It provides three precision measurements over

the full acceptance, and mostly determines the impact parameter resolution.

The Pixel detector contains a total of 140 millions of detector elements, each 50 pum
in the r¢ plane and 400 pym in z, allowing the track origin to be reconstructed and
secondary decay vertices to be found. This is very important for the identification of
short-lived particles such as b quarks and 7 leptons, which require the Inner Detector to
reconstruct the decay point inside the beam pipe by extrapolating the tracks back to their
origins. The impact parameter resolution for low luminosity B-physics studies is greatly

improved by the presence of the inner-most pixel layer at 5.05 cm, the so-called B-layer.

The readout of the pixels requires the use of advanced techniques. The readout chips
cover a large area, with individual circuits for each pixel element, including buffering to
store the data while awaiting the level-1 trigger decision. In addition each chip must be
radiation-hard to withstand something like 300 kGy of ionizing radiation and 5 x 10

2

neutrons per cm” over ten years of operation of the experiment.

3.2.1.2 Semiconductor Tracker

The SemiConductor Tracker (SCT) system is designed to provide eight precision mea-

surements per track in the intermediate radial range, contributing to the measurement
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of momentum, impact parameter and vertex position, as well as providing good pattern

recognition by the use of high granularity.

The SCT is an order of magnitude larger in surface area than previous generations of
silicon microstrip detectors, and in addition it must face radiation levels which will alter
the fundamental characteristics of the silicon wafers themselves.

The barrel SCT uses four layers of silicon microstrip detectors to provide precision
points in the r¢ and z coordinates, with a small stereo angle to obtain the z measurement.
Each silicon detector is 6.36 x 6.40 cm? with 768 readout strips each with 80 um pitch.

The detector contains 61 m? of silicon detectors, with 6.2 million read-out channels.

3.2.1.3 Transition Radiation Tracker

The TRT is based on the use of straw detectors, which can operate at the very high
rates needed, by virtue of their small diameter and the isolation of the sense wires within
individual gas envelopes. Electron identification capability is added by employing xenon
gas to detect transition-radiation photons created in a radiator between the straws. Each
straw is 4 mm in diameter, giving a fast response and good mechanical properties for a
maximum straw length of 150 cm. The barrel contains about 50000 straws, each divided
in two at its center in order to reduce the occupancy and readout at each end. The

endcaps contain 320000 radial straws, with the readout at the outer radius.

The total number of electronic channels is 420000. Each channel provides a drift-
time measurement, giving a spatial resolution of 170 ym per straw, and two independent
thresholds. These allow the detector to discriminate between tracking hits, which pass

the lower threshold, and transition-radiation hits, which pas the higher.

3.2.2 Calorimeters

Unlike other detector subsystems, the intrinsic energy resolution of calorimeters improves
with increasing energy, making them suitable for use at high energy colliders. Physics

requirements on calorimeters at the LHC include:

e accurate measurement of energy and position of both electrons and photons,
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e measurement of the energy and direction of jets,

e particle identification including the separation of electrons, photons and hadronic 7

decays from jets,
e measurement of the missing transverse energy of events,

e event selection already at the first trigger level.

The system is divided into an electromagnetic sampling calorimeter with high reso-
lution closest to the interaction point and a larger hadronic calorimeter behind with a
coarser resolution. The electromagnetic calorimeter uses Liquid Argon (LAr) as active
medium whereas in the hadronic calorimeter, different technologies are employed depend-
ing on the environmental constrains like radiation dose. The ATLAS calorimeters are

shown in Fig. 3.7.

ATLAS Calorimetry (Geant)

EM Accordion
Calorimeters

Hadronic Tile
Calorimeters

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters

Figure 3.7: View of the ATLAS calorimetry.



3.2 The ATLAS detector 47

The position of the central solenoid in front of the electromagnetic calorimeter de-
mands a careful minimization of the material in order to achieve the desired calorimeter
performance. As a consequence, the central solenoid and the LAr calorimeter share one
common vacuum vessel, thereby eliminating two vacuum walls. The cryostat covers a
pseudorapidity range of || < 1.7. The central solenoid is designed to be as thin as
possible without sacrifying the operational safety and reliability. Two endcaps cryostats
enclose the electromagnetic (1.5 < |p| < 3.2) and hadronic calorimeters (|n| < 3.2) as
well as integrated forward calorimeters (3.1 < |n| < 4.9). The rapidity coverage and basic

granularity of the calorimeters is summarized in Table 3.3.

System |n| coverage Granularity
(An X Ag)
0.03 x 0.1 (s1)
EM barrel |n| <1.475 | 0.025 x 0.025 (s2)
0.05 x 0.025 (s3)
Presampler In| <1.8 0.025 x 0.1
Hadronic barrel In| <1.8 0.1x0.1
Hadronic 1.5 < |nl <25 0.1x0.1
endcap 25<|n| <3.2 0.2x0.2
Forward Calo 3.2< |n| <4.9 -0.1x 0.2

Table 3.3: The ATLAS calorimeter system.

3.2.2.1 Electromagnetic Calorimeter

The electromagnetic (EM) calorimeter is a Lead Liquid-Argon detector with accordion

geometry [55]. The principle of the calorimeter is seen in Fig. 3.8.

In the pseudorapidity range |n| < 1.8 the EM calorimeter is preceded by a presampler
detector, installed immediately behind the cryostat cold wall and used to correct the loss
of energy in the material (Inner Detector, cryostats, coil) upstream the calorimeter. Its
total thickness is 25Xy in the barrel and 26X, in the endcaps, being X, the radiation
length. The total number of channels is about 200000, and the segmentation of the
calorimeter in Ay x A¢ is 0.025 x 0.025.
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Figure 3.8: Sketch of the accordion structure of the electromagnetic calorimeter.

Apart from the energy measurement, the EM calorimeter will provide, thanks to its
high granularity, powerful electron/photon identification and rejection of the jet back-
ground. The thin strips in the first sampling are the most important feature of this
calorimeter. They allow 7° rejection by a factor larger than 3 at 50 GeV of Er. In total,
the jet rejection, at 20 GeV or above, is expected to be about 5000. Such a rejection is

required to eliminate the huge QCD background of the H — vy channel, for example.

The narrow strips contribute also to the photon angular measurement in the || di-
rection, with an accuracy of about 50 mrad/ VE, an essential information in the recon-

struction of the channel mentioned above.

Moreover, the EM calorimeter is also useful for identifying 7 decays into hadrons.
Combined with the tracker, a rejection of about 400 against jets is possible with about
30% efficiency, allowing to improve significantly the signal to background ratio in the
search for MSSM Higgs bosons such as H* decaying into 7v and A/H decaying into 77
[56].
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3.2.2.2 Tile Hadronic Calorimeter

The Tile Hadronic Calorimeter covers the range || < 1.6 and it consists of a central barrel
and two extended barrel cylinders [57]. The hadronic barrel calorimeter is a cylinder with
an inner radius of 2.28 m and an outer radius of 4.23 m. It is based on a sampling technique
with plastic scintillator plates (tiles) embedded in an iron absorber matrix; the read out is
performed by wavelength shifting fibers. The tiles are placed in the perpendicular plane
to the beam axis and staggered in depth, simplifying the mechanical construction and the
fiber routing. In Fig. 3.9, a full size extended barrel calorimeter module is shown during

construction.

Figure 3.9: A Tile Calorimeter extended barrel module constructed in Barcelona.

The calorimeter is segmented in three layers, approximately 1.4, 4.0 and 1.8 absorption
lengths (Agps) thick at » = 0. Azimuthally, the barrel and extended barrels are divided
into 64 modules. Readout cells are built by grouping the optical fibers and routing them to
the direction pointing to the photomultipliers; this gives the possibility to define pseudo-
projective towers in the 7 direction pointing to the interaction region. The total number
of channels is 10000. The tile calorimeter is placed behind the EM calorimeter ( 1.2Az;)
and the solenoid coil, resulting in a total active calorimeter thickness (EM+Tile) of 9.2

Aabs at 7 = 0 and a total amount of material in front of the muon system, including the
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support structure of the tile calorimeter of 11 A4 also at n = 0.

3.2.2.3 Liquid Argon Hadronic Calorimeter

The LAr hadronic calorimeter covers the range 1.5 < |p| < 4.9. The endcap hadronic
calorimeter extends to |n| = 3.2 while the range 3.1 < || < 4.9 is covered by the high
density forward calorimeter. Both the hadronic endcap and the forward calorimeter are
integrated in the same cryostat, housing also the EM endcaps. Each hadronic endcap
calorimeter consists of two, equal diameter, independent wheels. The first wheel is built
out out 25 mm copper plates, while the second one uses 50 mm plates; in both wheels the
gap between consecutive copper plates is 8.5 mm, and is equipped with 3 electrodes that
split it in 4 drift spaces of 1.8 mm each one. The wheels are divided in two longitudinal

readout segments. The thickness of the active part of the endcap calorimeter is ~12 Agp5.

3.2.2.4 Forward Calorimeter

In ATLAS the Forward Calorimeter is integrated in the endcap cryostat, with the front
face at about 5 meters from the interaction point. This makes the forward calorimeter a
particular detector due to the high level of radiation. However, a clear benefit in terms of
coverage continuity is obtained, because the effects of the crack in the transition region
around |n| = 3.1 are reduced to the minimum, with advantages to the forward efficiency jet
tagging and the reduction of the tails in the Erpyy,;ss distribution. The forward calorimeter
has to accommodate at least 9 Ayps of active detector in a rather short longitudinal space.
Thus, it is a high density detector, consisting of three longitudinal sections, the first one
made of copper, and the other two of tungsten. Each of them consists of a metal matrix
with regularly spaced longitudinal channels filled with quartz rods. The sensitive medium
is Liquid Argon and fills the gap between the quartz rod and copper matrix. The gaps
are 250 microns wide in the first section and 375 (500) microns in the second (last) one.
In the forward calorimeter the electronic noise for Er in a jet cone of AR = 0.5 is ~1
GeV at n = 3.2 and drops quickly to 0.1 GeV at n = 4.6.
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3.2.3 The Muon Spectrometer

High momentum final-state muons are among the signatures of LHC physics the most
promising and robust. The discovery potential of the spectrometer has been optimized on
the basis of selected benchmark processes, in particular Standard Model and supersym-
metric Higgs decays and new vector bosons. The performance of the apparatus for low
transverse momentum particles detection which are interesting for beauty physics and CP
violation has also been studied. Important parameters that need to be optimized for max-
imum physics aims are: resolution, second-coordinate measurement, rapidity coverage of
track reconstruction, trigger selectivity, trigger coverage and bunch crossing identifica-
tion. To exploit this potential, the ATLAS collaboration has designed a high-resolution
muon spectrometer with standalone triggering and momentum measurement capability
covering a wide range of transverse momentum, pseudorapidity and azimuthal angle [58].

The view of the muon spectrometer is shown in Fig. 3.10.

MDT chambers
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Figure 3.10: View of the ATLAS muon spectrometer.
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3.2.3.1 Tracking System

The muon spectrometer exploits the magnetic deflection of muon tracks in a system
of three large superconducting Arie-core toroid magnets (one barrel and two endcaps)
instrumented with separate-function trigger and high-precision tracking chambers. In the
pseudorapidity range |p| < 1, magnetic bending is provided by a large barrel magnet
consisting of eight coils surrounding the hadron calorimeter. For 1.4 < || < 2.7,
muon tracks are bent in two smaller endcap magnets inserted into both ends of the barrel
toroid. In the interval 1.0 < |n| < 1.4, referred to as transition region, magnetic deflection
is provided by a combination of barrel and endcap fields. This magnet configuration
provides a field that is mostly orthogonal to the muon trajectories, and this minimizes

the degradation of resolution due to multiple scattering.

Over most of the pseudorapidity range, a precise measurement of the track coordinates
in the principal bending direction of the magnetic field is provided by Monitored Drift
Tubes (MDT). The basic detection elements are aluminum tubes of 30 mm diameter
and 400 pgm wall thickness, with a 50 pym diameter central W-Re wire. The tubes are
operated with a non-flammable ArCos mixture at 3 bar absolute pressure. The envisaged
working point provides a non-linear spacetime relation with a maximum drift time of 700
ns, a small Lorentz angle and good ageing properties due to small gas amplification. The
single-wire resolution is typically 80 ym. To improve the resolution of a chamber beyond
the single wire limit and to achieve adequate redundancy for pattern recognition, the
MDT chambers are constructed from 2 x 4 monolayers of drift tubes for the inner and 2
x 3 monolayers for the middle and outer stations. The tubes are arranged in multilayers
of three or four monolayers, respectively, on either side of a rigid support structure. The
construction of prototypes has demonstrated that they can be built with the required
mechanical accuracy of 30 pm. Full size prototype modules have been built and tested

in the beam, showing good performance within the specifications of ATLAS.

Cathode Strip Chambers (CSC) are used in the first station of the endcap region
and for pseudorapidity |n| > 2 to provide the finner granularity which is required to cope
with the demanding rate and background conditions. The CSC are multiwire proportional
chambers with cathode strip readout and with a symmetric cell in which the anode-
cathode spacing is equal to the anode wire pitch. The precision coordinate is obtained by
measuring the charge induced on the segmented cathode by the avalanche formed on the

anode wire. The anode wire pitch is 2.54 mm and the cathode readout pitch is 5.08 mm,
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and r.m.s. resolutions better than 60 ym have been measured in several prototypes. Other
important characteristics are: small electron drift times (30 ns), good time resolution (7
ns), good two-track resolution and low neutron sensitivity. The CSC are arranged in 2 x
4 layers. The design uses low-mass construction materials to minimize multiple scattering

and detector weight.

3.2.3.2 Trigger Chambers

The Trigger Chambers for the ATLAS muon spectrometer serve a threefold purpose:

e Bunch crossing identification, requiring a time resolution better than the LHC bunch

spacing of 25 ns

e A trigger with well defined pr cut-off in moderate magnetic fields, requiring a gran-

ularity of the order of 1 cm

e Measurement of the second coordinate in a direction orthogonal to the one measured

in the precision chambers with a typical resolution of 5-10 mm.

The proposed system employs two different types of detectors, Resistive Plate
Chambers (RPC) in the barrel (Jy| < 1.4) and Thin Gap Chambers (TGC) in
the endcap region. The trigger chambers cover a total area of about 3650 m? in the
barrel and 2900 m? in the endcap region, each chamber containing at least two detector
layers. The total number of channels is about 350000 for the barrel and 440000 in the

endcaps.

The RPC is a gaseous detector providing a typical space-time resolution of 1 cm x 1
ns with digital readout. The basic RPC unit is a narrow gas gap formed by two parallel
resistive bakelite plates, separated by insulating spacers. The TGC chambers are designed
in a way similar to multiwire proportional chambers, with the difference that the anode
wire pitch is larger than the cathode-anode distance. A trigger chamber is made from two
rectangular detector layers, each one read out by two orthogonal series of pick-up strips:
the 'n strips’ are parallel to the MDT wires and provide the bending view of the trigger
detector; the ’¢ strips’, orthogonal to the MDT wires, provide the second-coordinate

measurement which is also required for the offline pattern recognition.
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The TGC are similar in design to multi-wire proportional chambers, with the difference
that the anode wire pitch is larger than the cathode-anode distance. Signals from the
anode wires, arranged parallel to the MDT wires, provide the trigger information together
with readout strips arranged orthogonal to the wires. These readout strips are also used

to measure the second coordinate.

The TGC are constructed in doublets and triplets of chambers. The inner station
consists of one doublet and is only used to measure the second coordinate. The seven
chamber layers in the middle station are arranged in one triplet and two doublets which

provide the trigger signal and the second coordinate measurements.

To form a trigger signal, several anode wires are grouped and fed to a common readout
channel. The number of wires per group varies between 4 and 20 depending on the desired

granularity as a function of pseudorapidity.

3.2.4 Trigger and Data Acquisition systems

The task of the ATLAS trigger/DAQ system is to select interesting physics in an efficient
and controlled way, and to move the data produced by the ATLAS detector for these
events to permanent storage for later analysis. Starting from an initial bunch crossing
rate of 40 MHz (interaction rate of ~ 10° Hz at a luminosity of 103* cm=2s71), the rate
of events must be reduced to ~ 200 Hz for permanent storage. To meet the required
event rate reduction, of about 107, the event selection (trigger) function of the ATLAS
trigger/DAQ system is organized in three levels (see Fig. 3.11):

o The level-1 trigger (LVL1) accepts data at the full LHC bunch-crossing rate of 40
MHz and provides a decision for each bunch crossing. The LVLI1 trigger identifies
the regions in the detector where interesting features were found, the so-called Re-
gions of Interest (Rols). The latency of the LVL1 trigger system (that is, the time
taken to collect data, from the LVL1 trigger decision and distribute it) is ~ 2 us
and all detector data are held in pipeline memories during this period. The maxi-
mum accept rate of the LVL1 trigger is set to ~75 KHz and is determined by the

capabilities of the subdetector readout system.

e The level-2 trigger (LVL2) has to reduce the acceptance rate to ~2 KHz. The
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ROLs (ReadOut Links) transport data fragments of LVL1 accepted events from
the detectors’” ReadOut Drivers (ROD) to the ~ 1600 ReadOut Buffers (ROB).
From here, requested data fragments from selected ROBs are served to the LVL2
trigger element. All the readout buffers are subsequently informed of the LVL2
trigger decision for the event and mark the data fragments for deletion or for event
building accordingly. All this is done during the LVL2 trigger processing and the
Event-Builder (EB) collection time. The LVL2 architecture is based on the use of
the Rols and uses full precision information from the inner tracking detectors, as well
as from the calorimeters and muon detectors. The region-of-interest builder (RoIB)
builds the Rol information from the various parts of the LVL1 trigger. These Rols
are then used to seed the LVL2 algorithms. The average decision time is estimated
to be ~10 ms.

e The level-3 trigger or Event Filter (EF) performs complete event reconstruction
within ~ 1 s. After an event is accepted by the LVL2 trigger, all the data for
that event residing in the Event Builder, is sent to an EF processor via the Sub-
Farm Interfaces (SFI). More sophisticated reconstruction and trigger algorithms,
tools adapted from those of the offline, and more complete and detailed calibration
information are used here to effect the selection. Events selected by the EF for final
archiving in preparation for offline reconstruction and primary analysis are passed
to permanent storage via the final element of the data-flow system, the Sub-Farm
Output (SFO). The EF system must achieve a data-storage rate of the order of
100 Mbyte/s by reducing the event rate and/or the event size. This constrains the

maximum event rate, which must be approximately 200 Hz.

The DAQ system handles the distribution of data from the ROD to mass storage and
the overall monitoring and control of data taking. For this reason, the system has been

factorized in two major components:

¢ The Data Flow provides the functionality of receiving and buffering detector data
from ROD, distributing events to the High Level Triggers (HLT'), that is, LVL2 and

EF, and forwarding selected events to mass storage.

e The Online Software System controls the overall experiment: it provides run
control, configuration of the HLT and DAQ systems and manages data taking par-

titions.
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Figure 3.11: Three levels of the ATLAS trigger. Taken from [59].

The trigger system will be described in more detail in chapter 4, giving special atten-
tion to the trigger menus that are decisive for the selection of the MSSM H* signature.

3.3 Physics aspects

The physical quantities related to the overall detector performance that are relevant for
the analysis presented in this thesis are: jet energy resolution, Fr.,;ss measurement, jet

energy scale, ET.,;ss scale, 7 identification and b-tagging performance.
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3.3.1 Jet energy resolution

There are several factors that play a role in the chain that goes from the initial parton pro-
duced in the hard-scattering process to the reconstructed jet in the calorimeter. Physics
effects such as fragmentation, initial and final state radiation, and the co-existence of
the underlying event or additional minimum-bias events are intrinsic properties of the
p — p collisions. On the other hand, detector effects such as different calorimeter response
to charged and neutral hadrons, non-linearities, magnetic field, effects of death material,
cracks between calorimeters, longitudinal leakage, lateral shower size and granularity, and
electronic noise, are related to the performance of the detector, which can be optimized.

ATl these effects play an important role when doing jet reconstruction.

In test beams, several algorithms for reconstructing the energy of pions were applied
[61]. The performance of two algorithms, namely the sampling-dependent weighting tech-
nique [60], with weights applied to the different calorimeter compartments, and the H1
based approach [61], with weights applied directly to cell energies was studied. The data
samples used were the fully simulated back-to-back di-jet events with quark energies Ejy
equal to 20, 50, 200 and 1000 GeV at || = 0.3, contained in the Barrel Calorimeter. The
cell electronic noise contribution to the EM calorimeter response was simulated applying
the digital filtering method. The jets were reconstructed using the fixed-cone jet algo-
rithm [62]. The jet seed threshold on the transverse energy in a tower was set to E; = 2

GeV. The cone sizes used in this analysis were AR = 0.4 and 0.7.

The energy resolutions were parametrised according to:

@b (3.3)

SIS
SR

The results obtained for the two cone sizes and the two calibration methods are given in
Table 3.4 and Fig. 3.12. One can see there that the jet energy can be determined reliably
without prior knowledge of jet energy at particle level using simple smooth functions to
describe the energy dependence of the calibration coefficients. The results were obtained

in the central barrel region, at |n| = 0.3.
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Sampling Method

H1 Method

A R=04| A R=0.7

A R=0.4| A R=0.7

a (% GeV1/?)

66.0+1.5 | 61.2+1.3

53.9+13 | 515 £1.1

b (%)

1.2+0.3 1.4+0.2

1.3+0.2 2.5+0.2

x2 prob. (%)

1.6 0.8

27.3 66.7

Table 3.4: Parameter values obtained fitting the energy dependence of the jet energy resolution (|| =

0.3). Taken from [51].
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Figure 3.12: Jet energy resolutions obtained with the sampling and H1 methods for the two cone sizes:

the full lines represent the fitted resolution for cone size AR = 0.7 and the dashed lines for cone size

AR = 0.4. Taken from [51].

3.3.2  Er,:ss measurement

There are two aspects that play an important role in the measurement of the missing

transverse energy at the LHC. First of all, E7y,;ss is an important signal for new physics,

for example, in the production and decay of SUSY particles such as H* in the H* — 7v

channel, and of SM Higgs boson through the H — ZZ — llvv channel. Therefore, min-

imization of fake high- Fpp,;ss tails produced by instrumental effects, such as jets badly

measured in a calorimeter crack is mandatory in order to observe events characterized
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by true missing transverse energy. Secondly, good Erp,iss resolution is needed when
reconstructing a narrow invariant mass distribution for new (heavy) particles involving
neutrinos among their decay products. These two factors are closely related to the perfor-
mance of the calorimeters: good energy resolution, good response, linearity and hermetic

coverage are required.

The Eqm;ss resolution was studied in [63] with A — 77 events, which have true Epp;ss
due to the presence of neutrinos, at low luminosity; and with minimum-bias events, which

do not contain physical sources of Erpiss, at low and high luminosity.

The resolution o(pzf”) of each component of the Epp;ss vector is defined as o(A)

where:

A= Zpa:(py)gen - sz(py)rec (3-4)

The first term on the right hand side is the sum of the z(y) components of the momenta
of all generated particles (neutrinos and muons excluded) without any pseudorapidity
restriction, and the second term is the sum of the z(y) momenta as reconstructed from

the calorimeters.

The dependence of a(pgf;fs ) on the total transverse energy measured in the calorime-

ters > Ep for A — 77 events at low luminosity is shown in Fig. 3.13.

The electronic noise of the EM calorimeter was also included, and a low-energy cut-off at
1.5 o was applied to the transverse energy deposited in each cell. The resolution of the
Emiss components varies between about 5 and 10 GeV when m 4 varies between 100 and

500 GeV, which allows a good mass resolution from the reconstructed A — 77 spectrum.

The points shown in Fig. 3.13 can be fitted with the form:

o(ppis*) =046 - /> Br (3.5)

where Er is expressed in GeV. This result includes the effect of both the energy resolution

and the limited coverage of the detector.
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Figure 3.13: Resolution of the two components of the E7,iss vector, as a function of the total transverse
energy in the calorimeters, for A — 77 events with m4 = 150 GeV at low luminosity. Taken from [51].

3.3.3 Jet energy scale

The need for accurate experimental measurements of particle masses, such as W boson,
top quark and SM Higgs, will provide overall constraints of the Standard Model an order
of magnitude stronger than those available today. Moreover, if SUSY were to be discov-
ered at the LHC, ATLAS would be able to perform a set of precision measurements of
various supersymmetric particle masses [42]. Those physics goals derive to the following

requirements concerning the absolute scale of energy and momentum measurements in

ATLAS:

e In the case of e~ and u~, the scale should be known to an accuracy of ~0.1%

e For hadronic jets, the scale should be known to an accuracy of ~1% 2

%In principle, it would be desirable to measure decays involving quarks with a similar accuracy to those
involving leptons. However, it is clear that the fragmentation and hadronization of the original partons

lead to uncertainties in the experimental measurements, which cannot be easily decreased below this level
of 1%.
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A large fraction of the ATLAS calorimeter modules will have been calibrated in beams
of electrons, muons and pions, before installation into ATLAS. Moreover, in situ cali-
bration of the absolute jet energy scale with data samples available at the LHC would
guarantee an accurate and up-to-date inter-calibration between different modules and

calorimeters:

e The very large statistics of W — jj decays from top quark decay will provide the
best sample for understanding precisely the interplay between the jet energy scale

and the mass scale of resonant jet-jet final states 3.

e Events containing a Z boson decaying into leptons and one high-pr jet will be very
useful to cross-check the calibration of the jet energy scale performed with W — jj
decays, and will also provide constraints on the b-jet energy scale, which cannot be

obtained directly from top quark decays.

It was shown in [51] that the high statistics W — jj decays reconstructed in inclusive
tt events should provide an adequate tool to achieve an overall +1% uncertainty on the
absolute energy scale, over a range of jet transverse momenta from 50 GeV to several
hundred of GeV, as it can be seen in Fig. 3.14. The lower and upper ends of this range
will depend on how well residual systematic effects can be controlled with the data and

the Monte Carlo simulation.

3.3.4 Er,,;s scale

Once the absolute energy scale of the ATLAS Hadronic Calorimeter has been set to
+1% over the range |n| < 3.2, the knowledge of this absolute energy scale over the full
pseudorapidity coverage (i.e. including forward calorimeters) is mainly of interest for
physics involving an accurate measurement of the Er,,;,s, like in the analysis presented

in this thesis.

As it was shown in [51], Z — 77 events (with one leptonic 7 decay and one single-
prong hadronic decay) can be reconstructed rather accurately for events with p% > 15
GeV, since the expected mass resolution is about 9 GeV at low luminosity. For an

integrated luminosity of 30 fb~! (3 years at low luminosity), a sample of 3800 Z — 77

3The W mass will be known to an accuracy of 30 MeV at the start-up of the LHC.
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Figure 3.14: Ratio of the original parton pr, p5°"*°", to the pr of the reconstructed jet, p’c’, as a
function of p{,.e t for W — jj decays reconstructed in inclusive ¢f events. The black squares correspond to
the case without rescaling, whereas the open squares correspond to the result after rescaling the jet 4-
vectors to obtain mj; = mw. The dashed horizontal lines represent the desired goal of a +1% systematic
uncertainty on the absolute jet energy scale. Taken from [51].

signal events is expected to be reconstructed above a total background of 200 events.
This would lead to a statistical uncertainty of ~ £+ 0.15 GeV on the measured Z mass,
and therefore the overall error would be dominated completely by the 1% uncertainty on
the absolute jet energy scale, which applies in this case to the high pr hadronic jet from
7 decay. In this study, a variation of + 10 % of the Ergy,iss scale resulted in a shift of +
2.5 % on the measured Z mass. Therefore, the E1,,;ss scale can be determined to £+ 4%

for an integrated luminosity of 30 fb~!.

3.3.5 7 identification and measurement

The reconstruction and identification of all lepton species at the LHC is mandatory.
Among them, tau leptons are the most difficult in that sense, since they produce neutrinos

and hadrons among their decay products.

As it was already pointed out in sections 2.2.4 and 2.3.1, the heaviest Higgs bosons can
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only be observed through their decays into 7 leptons (e.g. H* — 7v, H/A — TT) over a
large region of the MSSM space. Moreover, the sensitivity to this channels depend mainly
on a good 7 identification capability, since backgrounds from other jets are potentially

very large.

The 7 identification capability of ATLAS was evaluated in [64] and [65] by using fully-
simulated events containing a MSSM Higgs boson A decaying into 77, where one of the

7 decays hadronically and the other leptonically.

In this study, a jet was labeled as a 7-jet if the distance AR of the jet barycenter from
the barycenter of the hadronic part of the 7 decay (h;) computed at particle level, was
less than 0.3. The tau jet energy was reconstructed from the calorimeter cell energies; its
transverse momentum was defined as the pr of the 7 visible decay products; and the 7
charge was calculated from the charge of the associated tracks: using the reconstructed
tracks associated to the jet within a cone size of AR < 0.4, the weighted jet charge was

defined as the sign of ). |p;|g;, where g; is the charge of a track of momentum p;.

Concerning the tau identification, jets from hadron 7 decays and QCD jets can be
distinguished by using the combined information of the calorimeters and the Inner De-
tector. Since hadronic 7 decays are characterized by low multiplicity (in 77% of the cases
only one charge track is produced), a 7-jet consists of a well collimated calorimeter cluster
with a small number of associated charged tracks in the Inner Detector. According to

this, three different variables were used to distinguish 7-jets from normal jets:

e Ren: jet radius computed using only the EM cells contained in the jet. It is defined
as:

R. — Z?:l Er - \/(771 - nclus)2 + (¢1 - ¢clus)2

(3.6)

. AE%?: fraction of transverse energy in the electromagnetic and hadronic calorime-
ters, which is contained in a region defined by 0.1 < AR < 0.2 around the cluster

barycenter. This is an isolation criterion.

e Ny number of charged tracks with pr above a given threshold (1, 2 and 5 GeV

were used) pointing to the calorimeter cluster within AR = 0.3.
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It was shown in this study, that for a fixed set of selection cuts on the above listed variables,
the 7 identification efficiency increased with increasing pr (from 15 to 130 GeV), and that
this efficiency depends also on the pseudorapidity, being higher on the central region of

acceptance.

Moreover, the jet rejection as a function of the 7 identification efficiency was also
studied using a selection criteria based on the variables R, AE%F2 and Ny (pr > 2
GeV). It was shown there that despite the 7 efficiency increased with pr, the jet rejection
decreased. The total jet rejection, obtained with different pr ranges, is shown in Fig. 3.15
as a function of the 7 identification efficiency. As pr increases, the curves shift towards

larger 7 efficiencies, for the same jet rejection.
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Figure 3.15: Jet rejection as a function of the 7 efficiency, as obtained over the region || < 2.5 and in
various pr ranges. Straight-line fits are superimposed. Taken from [51].

3.3.6 b-tagging
Tagging the flavour of b-jets is very useful for the selection of events containing the top
quark and SM or MSSM Higgs bosons, which couple preferentially to heavy objects.

In the study presented in [51], hadronic decays of SM Higgs were used for studies of

the b-tagging capabilities of the Inner Detector. In particular, a comparison was done
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between H — bb and backgrounds H — zZ, where z is a u—, d—, s—, c— quark or gluon.

The H — bb decay was used as a 'factory’ for producing high-py b-jets 4.

The following b-jet features where found:

e For both my = 100GeV and 400 GeV, 99% of charged particles produced from

b-quark fragmentations were found to be in a cone of AR < 0.4.

e The charged multiplicity of particles with pr > 1 GeV in a cone of AR < 0.4 was
found to have a mean of 5.5 (10.0) for my = 100 GeV (400 GeV), 60% (40%) of

which come from daughters of the B-hadron decay.

Moreover, the b-jet direction is not uniquely defined since b-quarks can radiate gluons
(Final State Radiation, FSR) and therefore change direction. Thus, it is important to
check the difference between the jet direction as measured by the calorimeters and the

b-quark direction.

In order to tag b-quarks, the fact that b-hadrons have relatively long lifetimes (¢ ~
470 pm) must be taken into account: b-hadron give rise to displaced vertices which
may be tagged by either explicitly reconstructing the vertex or by examining the impact
parameters of the daughters. Thus, the rejection of non b-jets is dependent on the fact
that for light quarks, most of the stable particles which can be reconstructed in the Inner
Detector come from the decay of short-lived objects, and hence appear to come from the
primary vertex. This means that the impact parameter resolutions of the detector is very

important in order to have a good b-tagging performance.

The rejection R; for different background jets was compared to the ¢, for keeping

b-jets with a likelihood ratio method. The results are shown in Fig. 3.16.

*A comparison with the performance calculated using b-jets from ¢ events was also made and the
results were found to be the same.
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Figure 3.16: Background rejections as a function of the b-jet efficiency obtained by zKalman track
finding algorithm [66]. Taken from [51].



Chapter 4

The ATLAS trigger system

As it was already pointed out in section 3.2.4, the high interaction rate of the LHC puts
stringent requirements on the trigger and DAQ systems. The ATLAS trigger system
must reduce the event rate from the bunch crossing rate of 40 MHz to around ~ 200 Hz
for recording onto mass storage. To achieve such challenging goals, the ATLAS trigger
system is made of three levels of event selection: Level 1 trigger (LVL1), Level 2 trigger
(LVL2) and Event Filter (EF).

In section 4.1, a description of the different trigger levels is presented. The trigger
objects and the ATLAS trigger menus are summarized in section 4.2. Next, in section
4.3, the tau trigger in ATLAS is described in detail. Finally, in section 4.4, some aspects
related to the jet+Ermiss and tau/hadr+ Epp;ss triggers are reviewed. Such triggers are

decisive for the selection of the physics signature presented in this thesis.

4.1 Trigger system overview

Each one of the ATLAS trigger levels (LVL1, LVL2 and EF) contributes to a rate reduction
of selected events consisting of data from the individual subdetectors, as it was shown in
Fig. 3.11. At LVL1, special-purpose processors act on reduced-granularity data from a
subset of detectors. LVL2 uses full-granularity, full-precision data from the detectors, but,
for most triggers, examines only regions of the detector identified by the LVL1 trigger

that contain interesting information. At the EF, the full event data are used together

67
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with the last available calibration and alignment information to make the final selection

of events to be recorded for offline analysis.

4.1.1 Level 1 trigger

The LVL1 trigger is a fast pipelined system for the selection of interesting physics with
high efficiency. Its selectivity achieves an event rate reduction from the 40 MHz LHC
bunch-crossing rate down to the first level acceptance of 75 kHz, which is the maximum
rate at which the ATLAS front-end systems can accept LVL1 trigger. This is done by
searching for isolated electrons and photons, hadrons, jets of particles, muons, and by
calculating calorimeter global energy sums within 2.0 us latency. This latency is taken
up partly by cable delays. Hence, fast hard-wired algorithms implemented in application-
specific integrated circuits (ASICs) and field programmable gate arrays (FPGAs) are
required [67]. For that reason, the LVL1 trigger is also called the hardware trigger.

The LVL1 trigger is divided into three subsystems, the Calorimeter Trigger, the
Muon Trigger and the Central Trigger Processor (CTP) as shown in Fig. 4.1.

Calorimeter Trigger Muon Trigger
Front-end Preprocessor
Endcap Barrel
Muon Trigger Muon Trigger
(TGC based) (RPC based)
Cluster Processor
Jet/Energy-sum l l
(electron/photon and| Processor

hadron/tau triggers)

Muon Trigger / CTP
Interface

N w—rrt]

ol Builder

Central Trigger Processor

'

TTC

Figure 4.1: Block diagram of the LVL1 trigger system. Taken from [59].
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4.1.1.1 Calorimeter Trigger

The Calorimeter Trigger gets analogue signals from trigger towers that have a typical
granularity of An x A¢ = 0.1 x 0.1. Separate tower signals are received from electro-
magnetic and hadronic calorimeters, corresponding to a total of ~ 7200 analogue input
signals that are transmitted electrically via twisted-pair cables from the detector to the
LVL1 trigger electronics, located in the trigger cavern. The trigger towers are formed
in the calorimeter front-end electronics by analogue summation over the corresponding

calorimeter cells.

The trigger-tower signals are digitized using a dedicated ADC system. The front-
end Preprocessor applies digital threshold to extract the transverse energy Er for
calorimeter pulses and to assign it to the correct bunch-crossing, since the shaped pulses

from the calorimeters extend over several bunch-crossing periods.

The subsequent Calorimeter Trigger processing is fully digital, and is divided in two

parts:

¢ Cluster Processor: it performs a search for high-pr electrons/+’s and hadrons/7’s

using the full-granularity trigger-tower information from the Preprocessor

e Jet/Energy-sum Processor: it searches for high- Er jets and calculates the miss-

ing E7 (ETmiss) and total scalar-Ep values

For the electron/~y trigger, there are eight sets of thresholds that can be programmed inde-
pendently; each set consists of a threshold on the E7 of the cluster, an isolation threshold
on the surrounding E7 in the electromagnetic calorimeter, and a "hadron-veto’ threshold
on the Er in the associated hadron-calorimeter towers. Similarly, for the hadron/7 trig-
ger, there are eight sets of thresholds that can be programmed independently; each set
consists of a threshold on the E7 of the cluster and an isolation threshold for the sur-
rounding E7 in the electromagnetic and hadronic calorimeters. For the jet trigger there
are eight thresholds that can be programmed independently and to which the Er in the

so-called ’jet windows’ is compared. The jet-window size is also programmable.

Summation is performed over the trigger towers to calculate the total scalar-Er for
the event and the Ery,;ss vector. Thresholding is performed, with eight threshold values
for the Eppiss trigger (applied to the modulus of the Erpy,ss vector), and four for the
scalar-Er trigger.
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The information is sent to the Central Trigger Processor for each object type and
for each bunch crossing. In the case of electron/v, hadron/7 and jet triggers, this is the
multiplicity of objects for each set of thresholds. For the energy-sum triggers, information

is sent indicating which thresholds have been passed.

4.1.1.2 Muon Trigger

The muon trigger receives as input the pattern of hit strips (and wire groups in the case
of the TGC detectors) in the muon trigger chambers. There are a total of more than 800k
input signals to the muon trigger system. The timing resolution is sufficiently good so
that the trigger can, with very high probability, identify the bunch crossing that contained

the muon.

The trigger searches for patterns of hits consistent with high-pr muons originating
from the interaction region. The logic provides six independently-programmable pr
thresholds. The output sent to the CTP for each bunch crossing is the multiplicity

of muons for each of the six py thresholds.

As it can be seen in Fig. 4.1, the muon trigger system is subdivided into a part specific
to the RPC detectors, a part specific to the TGC detectors, and a part that combines
information from the full system and prepares the input to the CTP.

4.1.1.3 Central Trigger Processor

The role of the CTP is to combine the information for the different object types and to
make the overall LVL1 accept/reject decision. Trigger menus can be programmed with
up to 96 items, each item being a combination of requirements on the input trigger ob-
jects (e.g. a high-pr muon, an isolated lepton,...). In section 4.2 the trigger menus will
be discussed in detail. These requirements on the trigger objects can be very simple,
demanding for example at least one muon for a given pr threshold, or more complicated,
for example requiring at least one electron above a specified pr threshold, Er.,;ss above
another specified threshold and no high-pr muons. The CTP can also combine the infor-
mation on jet multiplicity versus threshold to estimate the jet-Er sum, to which it can

apply a threshold.

The overall LVL1 decision will be to accept an event if any of the 96 menu items is
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satisfied. This decision is distributed via Timing, Trigger and Control system (TTC) to

the front-end electronics of the detector systems, which initiates the readout.

4.1.1.4 From LVL1 to LVL2

The LVL2 trigger is seeded by the Regions of Interest (Rols) provided by the LVL1 trigger.
An example of LVL1 Rol can be seen in Fig. 4.2. Every Rol includes information on the
position (n and ¢) and pr range of candidate objects (high-pr muons, electrons/photons,
hadrons/taus, jets) and energy sums (E7m,;ss vector and scalar-Ep value). There are two

types of Rol:

e Primary or ’trigger’ Rols are any objects found at LVL1 that have been used in

accepting the event.

e Secondary or ’non-trigger’ Rols are objects from LVL1 with transverse energies too
low to contribute to the trigger. They are passed to LVL2 purely as additional
information about the event, and they do not contribute to the LVL1 accept/reject

decision.

Regions of Interest (Rol)

First Level Trigger

Figure 4.2: Region of Interest (Rol).

The various LVL1 fragments that constitute a Rol arrive at the Rol Builder (RoIB)
within one millisecond of each other. The RolIB decides which data from each subdetector
is associated with each of the Rols. In the RolIB this event data is assembled and sent to

a supervisor processor which then initializes the LVL2 processing.
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4.1.2 Level 2 trigger

The LVL2 trigger provides the next stage of event selection after the hardware-based LVL1
trigger. It uses Rol guidance received from LVL1 to seed the validation and enhancement

of the LVL1 trigger using selected full granularity event data.

It is assumed that the LVL2 can reduce the trigger rate by a factor of about 100 in
order to reach a final acceptance of ~2 KHz. This is achieved by sharpening the thresholds
for inclusive triggers and performing more complex processing that is possible at LVL1.

In particular, LVL2 is the first place where data from the tracking detectors are available.

Event processing at the LVL2 trigger can be decomposed into a number of broad steps:

e Feature extraction (FEX). It provides physics parameters for each Rol of the
individual subdetectors (data collection and data preprocessing). For example, for
the calorimeter, this process would take cell information and produce cluster pa-
rameters; for a tracker, the basic hit information would be converted to track or

track-segment parameters.

e Object building. During the object building, the features for one Rol from all
relevant detectors are taken and the particle parameters and possibly the particle
type are returned. If the data are consistent with more than one particle type,

subsequent processing performs tests with each of the possible object types.

e Trigger type selection. In this phase, all the objects found in the event are com-
bined and compared with the topologies (particle types, momenta, inclusive/missing
mass, etc.) expected for a menu of physics selections. Flags are set for each menu

item for which a match is found.

The architecture of the LVL2 trigger system can be described in terms of four main
functional blocks [59]: the Region of Interest Builder (RoIB), the LVL2 Supervisor
(L2SV), the LVL2 Processing Unit (L2PU) and the LVL2 Network (L2N).

e Region of Interest Builder (RoIB). As it was already pointed out in section
4.1.1.4, the RolIB is the component which determines which fragments have to be
analysed by LVL2 for a particular event, based on the information received from
the LVL1 trigger. This component takes input from the LVL1 RODs and provide
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Rol information to the LVL2 supervisors (see below). The RoIB will run at the rate
of the LVL1 trigger.

e LVL2 Supervisor (L2SV). This is the component which, for a given event ac-
cepted by LVL1, receives the information produced by the RolIB, assigns a L2PU to
process the event and sends the L2PU the information provided by the RoIB (that
is, the list of ROL! fragments constituting the complete Rol computed by LVL1).
It receives, from the L2PU, the accept/reject decision for the event. If an event is
rejected, the decision is passed to the ROS? so that the event can be removed. If
an event is accepted, the decision is forwarded to the DataFlow Manager (DFM) in

order for it to supervise the transfer of the corresponding event to the Event Filter.

e LVL2 Processing Unit (L2PU). This component, using the information provided
by the L2SV, requests event fragments from the ROS and processes the Rols, i.e.,
it runs trigger algorithms in the event data belonging to the Rol, and produces an

accept/reject decision for the event. The decision is passed back to the L2SV.

e LVL2 Network (L2N). This is the networking system used to connect all the
ROSses, LVL2 processors and supervisors for the purpose of moving Rol data and
LVL2 decisions between the Trigger-DAQ buffers, LVL2 processors and supervisory

components. Data transport and its control share the same network.

4.1.3 Event Filter

The Event Filter (EF) is the third and last step of the online selection chain. It makes use
of the full event information and it will use the offline framework ATHENA (see section
5.1 for a detailed description) to execute filtering algorithms which will be taken from the
offline suite. The functionality of the EF has been logically distributed between two main

entities:

e Event Handler (EH). It is in charge of performing the activities related to the

event selection. This includes the dataflow between the main DAQ system and the

!The ROLs (ReadOut Links) are the communication links from the detector buffers (RODs) to the
Trigger-DAQ buffers (ROBs) as it was shown in Fig. 3.11. Each ROD may have one or more ROLs; each

ROL corresponds to one event fragment.
2The ROS (ReadOut System) is the component for serving, out of the ROB buffers, data to the LVL2

and event builder.
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EF as well as between the different steps of the selection itself. It also includes the

framework to run the Processing Tasks (PT).

e EF Supervisor. The EF Supervisor is in charge of the control operations, in co-
ordination with the overall Trigger-DAQ control system. Its responsibilities include
the monitoring of the EF functionality.

The baseline Event Filter architecture is made of PCs linked by Ethernet networks. A
detailed description of the architecture can be found in [68]. The EF farm is organized in
independent sub-farms, each one connected to a different Sub-Farm Input (SFI). Several
Sub-Farms Outputs (SFOs) can be connected to a given sub-farm. A given SFO may
also be accessed by different sub-farms. Backend switches are Gigabit Ethernet, while the

sub-farm switch are Fast Ethernet.

The processing of events is decomposed into steps which can be configured dynam-
ically. Each step provides a basic function: event input or output, event sorting, event
duplication, internal processing (e.q. for monitoring purposes), external processing, etc.
The different stages of the processing chain are implemented by tasks. Examples are
tasks providing the interface with the DAQ dataflow, tasks to perform internal moni-
toring activity, tasks to sort events towards different data paths according to internal
flags (e.g. the result of the reconstruction and selection process), etc. An example of the
Event Filter Dataflow (EFD) implementation is given in Fig. 4.3. There, an Input Task
makes the interface with the main dataflow system. Events are counted in an Internal
Monitoring Task. The External PT Task provides the interface for synchronization and
communication with PTs in charge of performing the selection. Events which have not
been marked as rejected by the PT are then duplicated. In one path, events are counted
and passed to Qutput Tasks to be sent to permanent storage. In the other path, events
are made available to different monitoring tasks according to the tag they received during
the selection in the PT.

4.2 ATLAS trigger menus

The Trigger Performance and the Physics working groups of the ATLAS Collaboration

wrote a very simple set of menus that covers the vast majority of main stream ’discovery’
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Sorting Task Sorting Task

‘Int. Monit. Task‘ ‘Inl. Monit. Task‘ ‘ ExtMT Task }7 7*@
‘ Output Task H Output Task ‘ ExtMT Task —@

Host EFD

o

Figure 4.3: An example of an Event Filter Dataflow implementation. Taken from [59].

physics [59, 69]. These physics-oriented trigger menus are determined by the best com-
promise between efficiency for physics channels and tolerable trigger rates. Nevertheless,

it is clear that trigger menus will continue to evolve up to and during the experiment.

4.2.1 Trigger objects

At LVL2 trigger, each Rol is examined in the detector system from which it is originated,
i.e. in the muon or calorimeter system, to see if it is confirmed as a valid object. In
parallel or after the confirmation of the LVL1 Rol, additional features may be searched
for in other detectors, such as the SCT/Pixel and TRT. The information from all systems
is then combined to form more precise global trigger objects, which become candidates for
muons, electrons, photons, taus and jets, as well as generalized missing- ET and B-physics

objects.



76 The ATLAS trigger system

4.2.1.1 LVL1 objects

LVL1 objects are inclusive, with a small number of attributes and a set of discrete thresh-

old values. They are listed in Table 4.1 with the corresponding 7 coverage.

Object | Isolation | 7 range | Description
MU no 2.4 muon
EM yes 2.5 e.m. cluster
yes 2.5 7 — hadrons or single hadron
J no 3.2 jet
XE - 4.9 missing-E
SE - 4.9 total scalar ET

Table 4.1: LVL1 trigger objects and their attributes in addition to Er.

The LVL1 trigger ensures that trigger objects of the same type are not double counted.
However, overlaps between different trigger categories are not resolved at LVL1. For
example, an energetic electron may pass simultaneously as an e.m. cluster, a tau and a

jet trigger. These overlaps will be taken into account in the global decision at LVL2.

4.2.1.2 LVL2 objects

In Table 4.2 the LVL2 trigger objects are listed. They have threshold and isolation
attributes as in LVL1 but the complete list of characteristics attached to each trigger
object is much richer than at LVL1. For example, the em. cluster is described by
its transverse energy in several windows, by its lateral and longitudinal shape and by
several parameters than characterize the fine-grained information in the e.m. pre-shower

compartment.

The local objects are combined to form global objects, e.g. the calorimeter informa-
tion is combined with the information from the inner detector and the quantities that

characterize the quality of matching between track and cluster.
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‘ Object ‘ Attribute 7n range | Candidate for

I isolation 24 muon

e isolation 2.5 electron

vy isolation 2.5 photon

T isolation 2.5 7 — hadrons
h isolation 2.5 single hadron
Jj b-tag (|n| <2.5) 3.2 jet

xE - 4.9 missing-E

Table 4.2: LVL2 trigger objects.

4.2.2 Trigger menus

Trigger menus have been derived from the ATLAS physics requirements. They classify the
physics signatures such that a combination of trigger objects is sufficient to select events.
Thresholds and attributes for the trigger objects are optimized to meet the requirement
of high efficiencies and acceptable rates. These menus will evolve during the lifetime of
the experiment, with improved understanding of the detector, development of technology

and shifting physics interests.

The notation used in the menus is summarized in Fig. 4.4. LVL1 trigger objects are
shown in capital letters. The Ep threshold and the requirement of isolation are indicated
after the object code. The thresholds are generally given at the point where the LVL1
(LVL2) algorithms are 95% (90%) efficient. Exceptions include the Erp.,;ss trigger, where
the actual cut is given, and the muon triggers which are given at ~90% efficiency for
LVL1. Besides, the isolation thresholds will change with the pr of the trigger object,

becoming more loose for higher pr candidates and being completely removed at very high

pr-

4.2.2.1 LVL1 menus

The LVLI1 trigger menus at low luminosity and high luminosity are summarized in Table

4.3. The first (second) column show the expected trigger rates in kHz at low luminosity

033 2.1

operation, £ = 1-10¥3cm2s! (£ = 2-1033cm2s!), whereas the last column give the
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Object type

Figure 4.4: Notation used in the menus.

expected trigger rates at high luminosity (£ = 1-1034cm™2s?).
Selection Rate (kHz) at Rate (kHz) at | Rate (kHz) at
1-10%3cm=2s71 | 2.10%33cm 2571 | 1034cm 2571
MU6 (8/20) 23.0 19.0 4.0
2MU6 0.2 1.0
EM20I (25/30) 11.0 12.0 22.0
9EM15I (15/20) 2.0 4.0 5.0
J180 (200,/290) 0.2 0.2 0.2
3775 (90/130) 0.2 0.2 0.2
4355 (65/90) 0.2 0.2 0.2
J50+xE50 (60+60/100+100) 0.4 0.4 0.5
TAU20+xE30 (25+30/60+60) 2.0 2.0 1.0
MU10+EM151 0.1 0.4
Others 5.0 5.0 5.0
Total | ~44 ~43 ~40

Table 4.3: LVLI trigger menus. First column, thresholds in GeV at £ = 1-10*3cm™s™" and in parenthesis,
thresholds at £ = 2-10%3cm™s™ and £ = 10**cm™2s™ respectively. In second, third and fourth columns,
the trigger rates in kHz are given for each luminosity. Data taken from [70].

The MUG6 trigger selects events for B-physics studies, however, higher pr muons rel-

evant for other physics studies are also included in this. The threshold for the two EM

object trigger (2EM15I) is set as low as possible to maximize for H — vy and Z — ee

decays. The thresholds of the multijet triggers are chosen to give acceptable rates for
LVL2 and to make more room for other triggers. On the other hand, the J50+xE50 and
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the TAU20+xE30 triggers are intended to provide efficient inclusive triggers for SUSY
production (such as charged Higgs, H¥ — Tv, studied in this thesis) and also for calibra-
tion via W* — 7v and Z — 77. The table entry ’others’ indicates the rate budget which

is reserved for specialized, monitoring and calibration triggers.

As it can be seen in Table 4.3, the two LVL1 dominating triggers are the MU6 and
the EM20I. The first one has such a low threshold in order to trigger on low energy u
produced in B hadron decays. The EM20I trigger has also a considerable rate due to
the fake electrons from misidentified jets. This rate is substantially reduced when asking

from two isolated electromagnetic clusters instead of one, 2EM15I.

The high luminosity menu contains mostly the same objects as the low luminosity
menu but with higher thresholds. An additional trigger at high luminosity is MU10+EM151
to select, for example H — 4] events.

4.2.2.2 High Level Trigger menus

The High Level Trigger (HLT) menus, that is, LVL2+EF, have been chosen in order to
optimize the physics performance (signal efficiency and background rejection) and the
system performance (CPU execution time and data volume). The HLT menus are given
in Table 4.4. The second column gives the thresholds at £ = 2-1033cm™2s"! while the third
column gives the thresholds at high luminosity operation. Compared to low luminosity,
high luminosity thresholds have generally been raised and the requirement of isolation

has been added to the muon trigger.

In Table 4.5, the same HLT menus are given with its expected rate to storage at
£ =2-10%3cm™2s!. Tt is worth noticing here that there is no ’safety factor’ since the total
trigger rate at this luminosity is about 200 Hz, which is approximately the maximum

acceptance rate after the EF selection.

4.3 The tau trigger

The tau trigger is of capital importance for the selection of Standard Model processes
such as pp = W* — v (6 ~ 19 nb) and pp - Z — 77 (6 ~ 3 nb). The overall tau

production rate from these sources is of the order of 10 Hz at low luminosity. Moreover,
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Selection I 2-10%3cm 257! 1034cm 2571
Electron e2bi, 2elbi e30i, 2e20i
Photon 7601, 2v20i 7601, 27201
Muon ©20, 2p410 1201, 2110
Jets j400, 3j165, 4j110 | j590, 3j260, 4j150
Jet & Erumss j70xe70 j100xe100
Tau & Erpmiss t35xe45 t60xe60
Muon & Electron 110e15i 110e15i
B-physics 2u6 with mp/m; /g 2u6 with mp

Table 4.4: HLT menus. The second column contains the thresholds in GeV at £ =2-10%cm™2s™!, and
the third one, the thresholds at high luminosity operation. Data taken from [70].

Selection Rate (Hz) to storage | Physics motivations (examples)
at 2-1033cm =251

e2bi, 2el5i ~40 (55% W/b/c — eX) | Low-mass Higgs (ttH, H — 4l, qq77)

w201, 2410 ~40 (85% W/b/c — nX) | W, Z, top, New Physics?

~v60i, 2v20i ~40 (57% prompt ) H — v+, New Physics

(e.g. X — yyy with mx ~ 500 GeV)?

j400, 3j165, 4j110 ~25 Overlap with Tevatron for new
X — jj in danger...
j70xe70 ~20 SUSY: ~ 400 GeV squarks/gluinos
MSSM H* (e.g. H* — Tv)
t35xedb ~5 MSSM Higgs (e.g. H* — 1v), New Physics
(3rd family!), more difficult at high £
2p6+(mp) ~10 Rare decays B — uuX
Others ~20 Only 10% of total
Total ~200 No safety factor included.

“Signal” (W, «, etc): ~ 100 Hz

Table 4.5: HLT output to storage at £ =2 -

10*3cm™s™. Data taken from [71].
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the tau lepton will also play a key role in the search for new physics. For example, in the
MSSM, the heavy scalar H and the pseudoescalar A Higgs bosons decays into tau lepton
pairs are enhanced with respect to the Standard Model Higgs boson as it was pointed out
in section 2.2.4. In addition, the H* — 7v is also a key decay channel for the charged
Higgs boson.

The identification of the hadronic tau lepton decays is based on the selection of narrow
isolated jets with low multiplicity in the tracking system. The shower isolation and shape
are calculated for both the EM and hadronic calorimeters separately. The fraction of
energy deposited by the tau jet in the EM calorimeter has a mean value around 60%. The
hadronic shower is broader in the hadronic calorimeter than in the EM one. Therefore,
the jet information obtained from the EM calorimeter is more selective than that from

the hadronic calorimeter.

4.3.1 LVL1 tau trigger

There are three main reasons which motivate a LVL1 tau calorimeter trigger [59]:

e A LVLI tau trigger could improve the efficiency for triggering on Z — 77 or on low

mass A/H — 77 decays, in coincidence with an electron or muon trigger.

e It could provide a trigger on A/H — 77, Z — 77, W& = 70 and H* — 70

processes in coincidence with missing transverse energy Erpiss-

e Using the measured momentum from the tracking system, it could be used to select

high- ET hadronic tau decays for calibration of the hadron calorimeter.

Moreover, for the first two points, narrow tau jets containing 1 or 3 associated tracks in

the Inner Detector give rise to narrow isolated energy depositions in the calorimetry.

The LVL1 tau/hadron calorimeter trigger is based on a 4 x 4 array of trigger towers
in the electromagnetic and hadronic calorimetry (within the region |n| < 2.5) where the
granularity of each trigger tower in An x A¢ is 0.1 x 0.1. A core Er is defined in the
trigger algorithms as the sum of the electromagnetic and hadronic E7 in a 2 X 2 trigger

tower [69, 72] as shown schematically in Fig. 4.5. The trigger algorithm is based on four
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Tau/Hadron Trigger

HCAL

- j

Trigger cluster ROI Cluster

e.m. isolation hadronic isolation

Figure 4.5: A schematic view of the tau/hadron LVLI1 trigger algorithms. Taken from [59].

elements: the trigger cluster(s), an EM isolation region3, a hadronic isolation? region and
a Rol cluster. The requirements for a window to be accepted as containing a valid trigger

object are:

e At least one of the four (1 x 2 / 2 x 1) trigger clusters passes a certain EM cluster
threshold.

e The trigger cluster formed from 2 x 2 hadronic towers pass a certain hadronic cluster
threshold.

e The 2 x 2 Rol cluster is a local E7 maximum, i.e. more energetic than the 8

neighbouring clusters of the same type contained in the 4 x 4 trigger window.

The signal selection is tuned using Z — 77 events whereas the background selection

is performed using fully simulated dijet events.

3The total Er in the EM isolation region is less than the 12-tower EM “ring” isolation threshold.
“The total Er in the hadronic isolation region is less than the 12-tower hadronic “ring” isolation

threshold.
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4.3.2 HLT tau

The LVL2 tau trigger involves the verification of the LVL1 decision and tau identification
using parameters that describe the shower shape and the isolation of the narrow jet.
Additional rejection of background jets can be achieved by using the information from

tracks associated to the tau Rol.

The LVL2 algorithm is applied to LVL1 tau RoIs. The first part of the LVL2 algorithm
is the confirmation of the LVL1 decision. In order to do this, the before described LVL1
algorithm is executed except that fine grained cell information is used and no threshold

is applied to the trigger towers.

The next step in the LVL2 is to look at core energy and isolation. Isolation windows

and thresholds are defined separately for the EM and the hadronic parts.
Afterwards, the LVL2 algorithm selects tracks within a window of An x A¢ = 0.4x0.4

centered at the tau cluster. Only tracks above a certain pr threshold are used. Exactly

one track or one to three tracks within the window are required.

At the Event Filter stage, one has access to the complete and calibrated event for the
first time. Thus, it is possible to refine the LVL2 decision. The EF decision will be based
on the existing offline studies of tau/hadron identification and jet rejection. One of this
studies was already presented in section 3.3.5 where the results presented in [64] and [65]

were summarized.

A method of improving the signal acceptance for final states involving taus as well
as retaining an acceptable trigger rate is combining a tau trigger with an Eg.,;ss trigger.

The combined tau/hadr+Erm;ss trigger is going to be described in the next section.

4.4 Jet+Er,;;s and tau/hadr+Er,,;,s triggers

The jet+Ermiss and tau/hadr+ E7p;ss menus are appropriate to select the MSSM charged

Higgs boson studied in this thesis®

. The production and decay modes exploited in this
analysis are shown in Fig. 4.6. The topology of the event include a 7 jet, two b jets, two

light jets from W decay and large Erpiss-

In the next sections, the performance studies on these triggers are briefly presented.

®More details about this signature are going to be extensively explained in the forthcoming chapters.
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Figure 4.6: Feynman diagram of the MSSM H* (my+ < miop) production and decay studied in this
thesis.

4.4.1 Jet+Ep,,; trigger

This trigger is an example of a trigger based on the combination of a global variable
(ETmiss) and localized Rols in the detector. The bulk of the trigger rate will result
from fluctuations in the energy measurements of QCD jets, partly as a result of the
presence of large amounts of material in front of the calorimeters at the interface regions
between different elements of the calorimetry. The main instrumental effects arise from
the difference in response between the various calorimeter technologies used, from the fact
that the electromagnetic calorimeter is highly non-compensating and from the electronic

noise and the minimum bias events.

The EF will reduce the LVL1 E7,,;ss trigger rate due to three reasons:

e Accurate calorimeter calibration and inter-calibration.

e Use of different calibration for low-energy calorimeter cells and for cells outside

clusters.

e Accurate tunning of the cell Er cutoff applied to suppress the noise contribution.

In the study presented in [73], a first estimate of the jet+Erqy,;ss trigger rates was done
at the Event Filter level for the low luminosity operation. In order to do so, QCD dijet
events were generated with Pythia 5.7 [74]. In such events, the whole missing transverse
energy is due to instrumental effects (except a negligible contribution due to neutrinos
produced in b, ¢ or y decay). A comparison between the results obtained with a modified

version of ATLFAST® (this modified version included a parametrisation of the calorimeter

8The ATLFAST simulation program is going to be described in section 5.3.
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response and resolution functions determined with the full ATLAS GEANT simulation
[76]) and the results obtained with GEANT full simulation showed a good agreement in
the |n| < 3 region. Therefore, that modified version of ATLFAST was used to construct
the tables of expected rates at the EF level for different software thresholds on the jet pr
and on the Er,;ss (the thresholds computed with the ATLFAST program were referred
as software thresholds). In Table 4.6, the rates at the three trigger levels are shown for
four values of the software Er7,;ss threshold and two different software jet thresholds. For
a pr jet threshold of 60 GeV and a threshold on Er,,;ss of 60 GeV, the EF rate was ~
40 Hz with a reduction of approximately a factor of ten with respect to the LVL1 trigger
with matching thresholds.

Ermiss | 50 GeV jet pr threshold | 60 GeV jet pr threshold
(GeV) | LVL1 | LVL2 | EF LVL1 | LVL2 | EF
40 40400 | 6450 400 21000 | 4000 260
50 4190 | 1450 140 2550 | 1050 90
60 600 390 50 430 | 290 40
70 150 120 15 130 90 15

Table 4.6: Rates of a jet+ETmiss trigger in Hz for software jet Er thresholds of 50 GeV and 60 GeV,
showing the three trigger levels. For the low luminosity case shown, on average 2.3 minimum-bias events
have been superimposed. Data taken from [73].

Finally, it was verified that such thresholds were adequate for the study of Supersym-

metry in those channels with a jet+Erpniss signature.

4.4.2 Tau/hadr+Er,;, trigger

The tau/hadr combined with the Erpss trigger will be used to select several physics
processes such as SUSY searches like H+ — 7v decays. A first estimation of this global
trigger rate at the EF level was presented in [77].

The proposed trigger menus at the time of writing the note in [77] were T20+XE30
at LVL1 and t20xe30 at the Event Filter for the low luminosity phase. Those triggers
correspond to events with at least one reconstructed 7-jet which transverse momentum is

greater than 20 GeV and with a measured Ery,;ss greater than 30 GeV.
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Since both tau/hadr and Ernss triggers will be dominated by QCD events, in the
study presented in [77], dijet events generated with Pythia 6.122 [74] were used to evaluate

the rate.

The EF efficiency was estimated with the physics channel pp — W+(jet)+X followed
by W* — 7%u, and 7t — h¥v, (with AT either a 7% or a K¥). The 7% decay was
performed with the TAUOLA 2.6 package [78].

The detector response was simulated with ATLFAST 2.20. Calorimetric clusters were
reconstructed with the fixed cone algorithm (radius R = 0.4) and resulting jets were
defined if their transverse momentum was above 15 GeV in the |n| < 5 range. Besides,
the Erpniss was computed on the basis of the visible energy, without any threshold on
the cells transverse energy. This calculation did not take into account detector effects (as

energy loss in cracks), but the resolution effects were included via gaussian smearing.

In ATLFAST, jets are labeled as 7-jets if their hadronic decays (7 — hadr) satisfy
the criteria: pr(r — hadr) > 10 GeV; n(r — hadr) < 2.5; pr(t — hadr)/pr(jet) > 90%
and AR(7 — hadr, jet) <0.3. Afterwards, the miss-identification 7-jet efficiencies were
parametrised with ATLFAST-B [75] (the ATLFAST-B program is going to be described
in the next chapter) following the results obtained in [64], for the A — 77 channel study.

The results of this study are shown in Fig. 4.7 for 50% 7-tagging efficiency. Each
point in the plot represents a couple of thresholds (prrjet’, BETmiss) in GeV. For example,
for the couple of thresholds (20, 30), and a 7-jet efficiency of 50%, the resulting trigger
rate is 44.9 Hz, with a signal efficiency of 4.12%. Whatever the point considered, the rate
is clearly dominated by QCD events.

According to the segment slopes, the rise in the Er,;ss threshold is very useful to decrease
the QCD rate (for any value of the 7 jet transverse momentum). On the contrary, when
rising the 7 jet pr threshold a poor diminution of the QCD rate is obtained, and in
addition, a substantial decrease of the signal efficiency is produced. Therefore, if the

thresholds have to be increased, the most effective way is to increase the Ergy,;ss one.

At least one 7-jet above this threshold is required.
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Figure 4.7: W* — 7%u, selection efficiency as a function of the QCD rate. Each point is defined by
the couple of thresholds (pr+jet, ETmiss). Each threshold value is written at the end of each line. The
T-tagging efficiency value is 50%. Taken from [77].

4.4.3 Combined performance for H* — v

For the present thesis, the combined performance of both jet+E7;ss and tau/hadr +
Ermiss triggers was studied. The multijet triggers (listed also in Table 4.4) were not

suitable for our signature since they required too high thresholds for at least 3 or 4 jets.

A 600 k sample of ¢t signal events (for the process shown in Fig. 4.6) were generated
with Pythia 6.161 and Parton Distribution Function (PDF) CTEQ5L [79]. The 7 lepton
decay was performed with TAUOLA 2.6 with the 7 polarization switched on. The detector
response was simulated with ATLFAST and the 7 miss-identification was parametrised
with ATLFAST-B. Moreover, a jet energy threshold of 15 GeV with a fixed cone of
AR=0.4 was used and b-tagging efficiency was settled to 60% (c jet rejection=6.7, light-7

jet rejection=93).
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In Fig. 4.8 upper plot the combined (7+xe .OR. j60xe60) signal trigger efficiency for a
MSSM H* of mass My+=127.0 GeV and tan 3=30 versus the 7 jet energy threshold using
different E7y,ss thresholds is given for a 7-tagging efficiency of 30% 8 (see corresponding
rejection factor in Fig. 3.15). In the lower plot, the standalone 7+4xe signal trigger
efficiency versus the 7 jet energy threshold using different E7y,;ss thresholds for the same
H? is represented. For the combined (7+xe).OR.(j60xe60) trigger, the efficiency for the
signal is only reduced by 1-2% when increasing the 7 jet energy threshold from 20 to
40 GeV and it decreases by ~1% every Erumss threshold increase of 5 GeV. In addition,
although the 7+xe trigger depends critically on the 7 jet energy threshold (Fig. 4.8, lower
plot), the H* signal considered here has no significant dependency on such trigger as it
can be derived form Fig. 4.8, upper plot: using the j60xe60 trigger standalone a 48.8%
efficiency for the signal can be achieved and when combining that trigger with the 7+xe
one, the efficiency for the signal is only increased by less than 7%° (e.g. using t20xe30)
depending on the Eg,;ss threshold.

Moreover, the trigger efficiency for the signal and the number of expected signal
events for one year of running at low luminosity was computed for different My+ for a
T-tagging efficiency of 50%. Results are shown in Fig. 4.9. In the upper plot the signal
efficiency versus the Higgs mass is represented. One can see there that the efficiency for
the signal increases with Mg+ since the 7 jets become harder. Besides, when combining
both triggers (t20xe30 .OR. j60xe60), the performance is improved in a moderate way
(namely a ~18% increase is obtained for a H* mass of 127 GeV) since most of the 7
jets produced in H* decays are quite hard due to polarization effects (the 7 polarization
effects will be extensively explained in section 6.3.1). Hence, those 7 jets will also fulfil
the j60xe60 trigger. This effect is illustrated by Fig. 4.10 which represents the Er,;iss
after the (t20xe30).OR.(j60xe60) trigger cut of a MSSM H¥ signal of mass 127 GeV and
tan 8 =30. The greater part of the events (Erpss > 60 GeV) fulfiled the (j60xe60) trigger
condition (and some of these events are of the form: 1 7 jet with p;jet >60 GeV and
Eqmiss)- The events with Eppss < 60 GeV fulfiled the (£20xe30) one.

It’s worth commenting here why these combined performance studies were done for
the j60xe60 and t20xe30 trigger thresholds instead of the j70xe70 and t35xe45 thresholds
that appear on Tables 4.4 and 4.5: when the studies for the present thesis were being

8The r-tagging efficiency was set to such a low value in order to choose a difficult scenario for T

identification.
9However, after all selection cuts, this relative gain is much bigger.
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Figure 4.8: Upper plot: combined (7+xe .OR. j60xe60) signal trigger efficiency for a MSSM H¥ of
mass My+=127.0 GeV and tan =30 versus the 7 jet energy threshold using different Ery,;ss thresholds.
Lower plot: standalone 7+xe signal trigger efficiency versus the 7 jet energy threshold using different
ETmiss thresholds for the same MSSM H*.

carried out, these new trigger thresholds were still not published.
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Chapter 5

Event simulation and

reconstruction

Monte Carlo (MC) simulation techniques are widely used in High Energy Physics (HEP)
in order to compare the theoretical models to the experimental results and to make studies
of the potential of a physics experiment. Such simulations are used for generating the
physics processes according to a certain theoretical framework and also for parametrising

the detector response.

In this chapter, the tools used for generating the Monte Carlo event samples for the
analysis presented in this thesis are reviewed. The ATLAS offline software is exposed
in section 5.1. Then, in section 5.2, the Monte Carlo event generation with the Pythia
and TAUOLA packages is presented. In section 5.3, the ATHENA-Atlfast fast simulation
program is described together with the AtlfastB Algorithm for jet calibration and mis-
tagging. Finally, in section 5.4, the AtlfastAnalysis package is briefly summarized.

5.1 ATLAS offline software

The ATLAS offline software is composed by a set of Monte Carlo programs for event
simulation and reconstruction written in C++ within the so-called ATHENA framework
[80]. Here below the ATHENA framework is described. Afterwards, a summary of the

ATLAS offline software organization is given.

93
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5.1.1 ATHENA framework

In Object Oriented programming, a framework is an architectural pattern made of a
set of cooperating classes that make up a reusable design for a specific class of software
[81]. That is, a skeleton of an application into which developers plug in their code and
provides most of the common functionality. In HEP experiments, a framework can be
used to develop all kinds of event data processing applications running in the various
processing environments. Examples include the high level triggers that acquire their data
directly from the online system, the event simulation software that runs over offline data

in a batch environment and the event visualization software which is used interactively.

In that sense, ATHENA is a framework written in C++ that is the specific implemen-
tation for ATLAS of an underlying architecture, the GAUDI architecture [82] originally
developed by the LHCD experiment. The GAUDI project is today an open project for
providing the necessary interfaces and services for building HEP experiment frameworks

in the domain of event data processing applications.

In Fig. 5.1, the ATHENA-GAUDI object diagram is shown. The most important
ATHENA components are:

e Algorithm: building block of user applications, visible and controlled by the
framework. Inherits from the framework Algorithm abstract class and implements
three methods for invocation by the framework: initialize(), execute() and

finalize(). The execute() method is called once per physics event.

e Data Object: they are produced/accessed by Algorithms, acting as their input
and output. E.g. a Collection containing Cluster objects is a Data Object.

e Transient Data Store(s) (TDS): central service and repository for data objects.
Thus, an Algorithm will locate input information from a TDS, and write out newly
generated information derived from its processing into the TDS again, where it can
be later retrieved by downstream Algorithms. Examples of TDS are: Event Data
Store, Detector Data Store, Histogram Data Store and Ntuple Data Store.

e Services: globally available software components providing specific framework ca-
pabilities, e.g. Histogram Service, Persistency Service, jobOptions Service. The
different persistency services provide the functionality needed to populate the Tran-

sient Data Stores from persistent data and vice versa.
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e Data Converter: it provides explicit/implicit conversion from/to persistent data
format to/from transient data. A Converter, with a common interface, is called

whenever an object needs to be created in another representation.

e Properties: control and data parameters for Algorithms and Services. They allow

for run-time configuration and they are specified via a startup text file, jobOptions

file, or Python script.
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Figure 5.1: ATHENA-GAUDI object diagram.Taken from [83].

Last but not least, the ATLAS High Level Trigger will base its event selection soft-
ware on the offline reconstruction framework ATHENA. In [84], a first evaluation of the
suitability of ATHENA in the Event Filter is presented.

5.1.2 ATLAS offline software organization

The ATLAS offline software is grouped into different packages. A package is a set of
Algorithms and classes that carry out a common application: for example, the Gener-
atorModules package is composed by the Algorithms that interface the different Monte
Carlo event generators like Pythia, Tauola and Herwig. All these packages are embedded
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within the ATHENA framework that provides the needed services and utilities in order
to run each application. In each package, the Data Objects are distinguished from the
Algorithm Objects. For example, hits and tracks may be considered as Data Objects, and
the Algorithms to manipulate these Data Objects will be encapsulated in different objects
such as TrackFinder. The methods in the Data Objects will be limited to manipulations
of internal data members. The Algorithms will, in general, process Data Objects of some
type and produce new Data Objects of another type. For example, the TrackFinder
Algorithm will produce track Data Objects from hit Data Objects.

The ATLAS offline software is organized in releases, that is, when substantial modi-
fications are done to the packages, a new release is constituted. All releases are kept in
the ATLAS CVS (Concurrent Versions System) [85] repository.

Moreover, a Configuration Management Tool (CMT) [86] is used to build (compile
and link) and run the software.

For the analysis presented in this thesis, several packages were employed, within the
ATLAS release 3.1.0. First of all, the GeneratorModules package contains the C++
code that interfaces with the different MC generators. PythiaModule and TauolaModule
were used, the later specifically developed for this thesis. They are ATHENA Algorithms
that interface to the Fortran Pythia [74] and TAUOLA [78] MC generators. They will be
described in more detail in the next section.

On the other hand, the ATHENA-Atlfast [87] simulation package was used for fast

event simulation and is going to be reviewed in section 5.3.

5.2 Monte Carlo event generators

Event generators simulate the scattering processes in high energy physics. Such processes
can be complex and large programs are needed to simulate the large variety of interactions.
In the following subsections, the Pythia and TAUOLA MC generators used for the analysis

presented in this thesis are summarized.
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5.2.1 Pythia

Pythia, written in Fortran, is one of the most general event generators, since it includes
a large number of scattering processes. The program can simulate the collisions of ee, pp,
pp and ep. From the version 6.1 on, the original Pythia and Jetset programs have merged
and a supersymmetric extension [88] has been included. For this thesis, Pythia version
6.161 was used. Together they contain theory and models for a number of physics aspects,
including hard and soft interactions, parton distributions, initial and final state parton

showers, multiple interactions, fragmentation and decay.

5.2.1.1 PythiaModule

In order to run Pythia within the ATHENA framework, one makes use of the PythiaModule
Algorithm of the GeneratorModules package (version GeneratorModules-01-02-08
was used). PythiaModule is an interface to the Fortran Pythia code. The PythiaModule
Algorithm runs Pythia from within ATHENA and puts the generated events in the Tran-
sient Data Store so they can be used later by other Algorithms like TauolaModule or
Atlfast. The Pythia parameters are set from the jobOptions Service via a text jobOp-
tions.txt file.

5.2.1.2 MSSM in Pythia

Pythia simulates the Minimal Supersymmetric Standard Model based on an effective
Lagrangian of softly-broken SUSY with parameters defined at the weak scale, which is
typically between mz and 1 TeV. The MSSM particle spectrum is minimal in the sense
that it includes only the partners of all Standard Model particles (presently without

massive neutrinos), two Higgs doublets with partners and the gravitino.

For this thesis, the MSSM in the Maximal Mixing Scenario was used. The parameters

were given in Table 2.4.

Once the parameters of the softly broken SUSY Lagrangian are specified!, the interac-
tions are fixed, and the sparticle masses can be calculated. After Supersymmetry breaking

(section 2.2.2), the masses of the scalar partners of fermions, sfermions, depend on soft

'tan 8 and m are also inputs in the MSSM. For the analysis presented here, several (ma,tan 8) points
in the MSSM space were considered, as it is going to be explained in the next chapter.
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scalar masses, trilinear couplings, the higgsino mass u and the ratio of the Higgs vacuum
expectation values tan 3. The masses of the fermion partners of the gauge and Higgs
bosons, the neutralinos and charginos, depend on soft gaugino masses, p and tan 3. Fi-
nally, the properties of the Higgs scalar sector are calculated from the input pseudoscalar
Higgs boson mass my, tan 3, p, trilinear couplings and the sparticle properties in an
effective potential approach. Of course, these calculation also depend on SM parameters

(myg, mz, ag, etc).

5.2.2 TAUOLA

TAUOLA is a library of Monte Carlo Fortran programs for leptonic and semileptonic
decays of the 7 lepton. It provides final state with full topology including neutrinos,
resonant distributions for intermediate particles and complete spin structure throughout

the decay.

Although Pythia makes 7 leptons decay, no spin polarization effects are included, i.e.,
the 7 is always assumed to decay isotropically. Usually this is not correct, since a 7 is
produced polarized in Z, W* and H* decays. The 7 leptons coming from a W* and H*
decays have different polarization states [89]. The tau polarization effects are going to be

extensively discussed in section 6.3.1.

In order to perform the whole physics analysis within the ATHENA framework, it was
necessary to program a C++ interface to Fortran TAUOLA version 2.6. This interface is
the TauolaModule Algorithm. TauolaModule reads the events generated by PythiaModule
from the Transient Data Store. Those events are fed in TAUOLA in a common block.
Afterwards, TAUOLA searches for 7’s and makes them decay. The events together with

the 7 decay products are written back to the Transient Data Store.

The TauolaModule input parameters are also set via a text jobOptions.txt file like it
was done with PythiaModule.
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5.3 Simulation of the detector response with ATHENA-
Atlfast

ATHENA-Atlfast is a particle-level simulation program which allows for fast analysis of
the fully generated event in the pp collision including parametrisation of the most cru-
cial detector aspects, namely: jet reconstruction in the calorimeters, momentum /energy
smearing for leptons and photons, magnetic field effects and missing transverse energy. It
provides, starting from the list of particles in the event, a list of reconstructed jets, isolated
leptons and photons, the expected missing transverse energy, and reconstructed charged
tracks. Values for the rejections against non b-jets and non 7-jets are also provided as a

function of the efficiencies for identifying b-jets and 7-jets.

Fast particle-level simulation and reconstruction is an intermediate step between sim-
ple parton-level analysis of the event topology, which in general yields too much opti-
mistic results for physics processes at hadron colliders, and very sophisticated and CPU-
consuming full detector simulation and reconstruction. In full simulation, the detector
response is modeled in a very accurate way making use of the GEANT [76] package. In
Atlfast, the detector-dependent parameters are tuned to what is expected for the perfor-

mance of the ATLAS detector from full simulation and reconstruction.

However, fast simulation is never meant to replace the full simulation of the detec-
tor response. On the other hand, this kind of simulations are necessary for quick and
approximate estimates of signal and background rates for specific channels. In addition,
fast simulation is the only practical tool for high-statistics studies of complex background

processes at the LHC.

Detailed comparisons between fast and full simulation were done for the W H, H — bb
and A — 77 channels [90], in terms of the calculated acceptances for the selection cuts,
the jet reconstruction efficiencies and mass resolutions. A very good agreement between

fast and full simulation was found.

The main goal of the Atlfast package is to reproduce as well as possible the expected
detector performance in terms of the resolution and particle-identification for important
physics signals. A reasonably accurate parametrisation of photon, electron and muon
momentum resolution is included, as well as a parametrisation of the hadronic calorime-

ter energy resolution and the effect of the ATLAS magnetic field on jet reconstruction.
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The reconstruction of helix track parameters in the Inner Detector is also provided with

separate parametrisations of the resolutions for muon, electron and pion tracks.

Not all the detector effects can be readily parametrised in fast simulation and only the
basic information of the detector geometry is used in the package. This basic information
is for example: the n-coverage for precision physics and for the calorimetry, the size of the
barrel/end-cap transition region for the electromagnetic calorimeter, and the granularity
of the hadronic calorimeters. No effects related to the detailed shapes of particle showers

in the calorimeters, the charged track multiplicity in jets, etc., are taken into account.

5.3.1 ATHENA-Atlfast organization

The ATHENA-Atlfast package is organized in several subpackages. The most impor-
tant ones are AtlfastAlgs and AtlfastEvent. Specifically, AtlfastAlgs-00-00-09 and
AtlfastEvent-00-00-09 versions were used. AtlfastAlgs contains the ATHENA-Algorithms
that are responsible for the reconstruction of tracks, jets, isolated leptons and missing
transverse energy. AtlfastEvent is a subpackage that holds the Data Objects produced
by AtlfastAlgs algorithms, namely reconstructed particles, cells, clusters, jets and tracks.
All these Data Objects are contained in Data Collection objects, such as JetCollection,
and they are kept in the Transient Data Store. The StandardNtupleMaker Algorithm is
in charge to convert this Data Objects into persistency, by putting all their information
in a HBOOK ntuple.

The sequence of execution of the different Algorithms in AtlfastAlgs can be seen in
Fig. 5.2.

5.3.2 Jet Reconstruction in Atlfast

The transverse energies of all particles that did not decay (except for neutrinos, muons
and the SUSY LSP) are summed up in calorimeter cells of a given granularity in n X ¢
coordinates (default: 0.1 x 0.1 for || < 3.2 and 0.2 x 0.2 for |n| > 3.2) over the full

calorimeter coverage (default: |n| < 5).

The effect of the solenoidal 2T magnetic field on the ¢-position of charged particles
with pp above 0.5 GeV threshold is parametrised. It has been checked that the contribu-
tion from charged particles with pr below this threshold can be neglected.
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Figure 5.2: Execution order of Algorithms in AtlfastAlgs.

All calorimeter cells with transverse energy greater than a given threshold (default:
Er > 1.5 GeV) are taken as possible initiators of clusters. These are scanned in order
of decreasing Er to verify whether the total E7 summed over all cells in a cone AR =
\/m exceeds the minimum required threshold for a reconstructed cluster. The
reconstruction cone is defined separately for the barrel/endcap (|n| < 3.2) and forward
(In| > 3.2) part (default for barrel/endcap and forward: AR = 0.4). As coordinates
(n, ¢ of the reconstructed clusters are taken the coordinates of the barycenters of
the cones weighted by the cell Er for all cells inside the cone around the initiator cell.
No energy smearing is applied yet to these clusters, since some of them represent photon
clusters or electron clusters. Appropriate energy smearing will be applied only after cluster
identification. In the ATHENA-Atlfast version, cell energy sharing of cells belonging to
overlapping jets is not taken into account (while it is done in the Fortran version).

Clustered cells are possible jet candidates. The energies of those clusters that have
not been selected as associated with isolated electrons or photons (see section below), are
smeared with the energy resolution parametrised according to the results obtained in the
full simulation of the hadron calorimeters. When the high luminosity option is chosen,

pile-up events are included in the parametrisation of the resolution. The measured mo-
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menta from non-isolated muons which fall inside the cluster cone and are within || <2.5
are added to the smeared cluster energy. Finally, the resulting jets with E7 above a given

threshold (in the present work Er >10 GeV was used) as labeled as reconstructed jets.

Jets are identified as b-jets if a b-quark of pr > 5 GeV (after FSR) is found in a cone
of AR = 0.2 around the reconstructed jet for jets with || < 2.5. And jets are labeled as

c-jets if similar criteria are satisfied.

Concerning 7-jets, they can be identified in case of hadronic 7-decays. The hadronic
7-decay products are required to have p}_had > 10 GeV inside the tracking range || < 2.5

and also pr}_had/p%ft > 0.9.

The efficiencies for b-jet identification and the corresponding rejection factors for c-jet
and other jets (7-jets, light-jets) have been parametrised as pr dependent functions in
AtlfastB algorithm as well as the 7-jet efficiencies for 7-jet identification and the corre-

sponding non 7-jet rejection factors, see section 5.3.5 for more details.

5.3.3 Isolated electrons, photons and muons

Those photon and electron candidates that are isolated from any hadronic activity are
searched for in the particle list. The photon and electron four momenta are smeared with
a parametrisation that was derived from full simulation studies. Isolation criteria in terms
of distance from other clusters and of maximum transverse energy deposition in a cone

around the photon/electron candidate, as well as the geometrical acceptance, are verified.

Isolated muons are also searched for in the particle list. Their momentum is smeared
according to a resolution parametrised as a function of the muon pr, |n| and ¢. Three op-
tions depending on which subdetectors are assumed to be used for the muon measurement
can be invoked: Muon System standalone, Inner Detector standalone and combined Inner
Detector plus Muon System. Isolation criteria in terms of distance from other clusters
and of maximum transverse energy deposition in a cone around the muon candidate, as

well as the fiducial geometrical acceptance, are applied.

However, Atlfast does not correct for efficiencies in the reconstruction/identification of
muons, electrons nor photons, so the estimated efficiencies (from full simulation studies)

should be included by the user in the event analysis.
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5.3.4 Missing transverse energy

The missing transverse energy (Ernmiss) is calculated by summing up the transverse mo-
menta of identified isolated photons, electrons and muons, jets, and non-isolated muons
not added to any jet cluster. Those transverse energies deposited in cells that were not
used for cluster reconstruction are also included in the total sum and they are smeared
according to the same energy resolution function that was applied in the case of jets. In
the case of high luminosity, pile-up is included in the smearing parametrisation for en-
ergy deposited in unused cells. From this total transverse energy sum, Er,;s the missing

transverse energy is obtained, Erpiss = ETops, as well as its components pymiss = —Probss

DPymiss = —Pyobs-

5.3.5 AtlfastB Algorithm for jet energy calibration and mis-tagging

In order to have a complete treatment of jets in Atlfast-ATHENA, it was necessary to
program the AtlfastB Algorithm. This Algorithm is the “translation” into ATHENA-
C++ of the ATLFAST-B program in the old ATLFAST-Fortran package. AtlfastB is in
charge of:

e performing jet energy calibration and

e computing efficiencies for 7, b and c jet tagging and rejection

5.3.5.1 Jet energy calibration

Concerning the jet energy calibration, the possibility to recalibrate the peak position
for the dijet mass was studied for samples of u-jets, gluon-jets and b-jets obtained from
W H production with respectively H — u@, H — gg and H — bb decays. In [91], the
parton-level simulation was compared to the particle-level simulation (called there jet-
level simulation), and large differences were observed for the reconstruction of b-jets and
of invariant bb masses. For example, due to final state radiation and hadronization effects,

a large shift in the peak position of the reconstructed mass m,j; of two b-jets was observed.

As a result of this studies, the effect of the energy loss outside the jet reconstruction

cone is parametrised in AtlfastB using a p%f * dependent calibration factor, namely K¢t =

t jet t e
PR I pIt | were ph" denotes the transverse momentum of the parton which initiated
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the jet (before FSR). Fig. 5.3 shows these calibration factors as a function of p%f * for
the three jet flavour initiators, b-jets, gluon-jets and light-quark jets. One can see there
that, for pfﬁ £ >50 GeV, the distributions become asymptotically flat at a value Kje; ~
1.2 independent of the jet flavour.

4

calibration factor

8]
\\\\‘\\\\‘\\\\‘\\\\

0 v b b By
20 40 60 80 100
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Figure 5.3: Calibration factor, Kje: = ph*"*" /pi*, as a function of the reconstructed jet transverse
momentum, piet, for b-jets (solid line), gluon-jets (dashed line) and light-quark jets (dots). Taken from
[75].

5.3.5.2 b-jet and 7-jet tagging

The b-jets can be identified using different b-tagging techniques: vertex or soft-lepton tags,
see [51]. In the first technique, a vertexing algorithm reconstructs the displaced vertices
from b-hadron decay (¢m ~ 470 pym). In the second one, the soft leptons (electrons and

muons) from semi-leptonic b-quark decay are used to tag the b-jets.

As it was already mentioned above, Atlfast (without AtlfastB) labels jets as b-jets and
c-jets on the criteria that in the distance of AR.one = 0.2 from the jet axis the heavy
flavour quark after FSR with pr > 5 GeV is found. Obviously this does not parametrise
the reality in an accurate way. Thus, AtlfastB implements a realistic parametrisation
of the b-tagging performance following the results presented in [52] for WH, H — bb
associated production. In this study, with the vertexing algorithm method, it was shown
that for low-pr jets (for example, as produced by Higgs decays with my = 100 GeV),
the u-jet rejection R, was limited by a decrease of the charged particle multiplicity in

jets and the worse impact parameter resolution arising from an increase of the multiple



5.3 Simulation of the detector response with ATHENA-Atlfast 105

scattering of tracks. On the other hand, for high-pr jets (mpy = 400 GeV), the rejec-
tion was limited by an increase of the multiplicity of charged particles from the primary
interaction vertex (due to the increase of the fragmentation component of the jet, the dis-
crimination between b-jets and u-jets is reduced), and also by an increase in the fraction
of reconstructed secondaries contained in the jet, owing to the higher momentum of the
interacting particles. Thus, due to this dense environment at larger pr jet values, large
tails in the impact parameter distributions arise making more difficult the b-tagging by

means of the vertexing method.

The rejection of gluon jets R, was limited by the heavy quark content of the jets;
while the rejection of c-jets, was limited by the lifetime of the c-hadrons. Table 5.1 show
the rejections for u, d, s and gluon jets (not containing c-quarks nor b-quarks in the final
parton shower process) averaged over n and pr as a function of the b-tagging efficiency.
The other columns show the correction factors applied to these values to account for the

pr dependence of the jet rejection.

b-tagging Global Correction: | Correction: | Correction: | Correction: | Correction:
efficiency rejection 15< pp <30 | 30< pp <45 | 45< pp <60 | 60< pp <100 pr >100
ep = 33% | 1400 + 400 0.11 0.35 1.80 1.80 1.80
ep =43% | 220 + 30 0.28 0.49 2.16 2.16 1.58
ep = 53% 91 £ 7 0.24 0.51 1.75 2.10 1.95
ep = 64% 32 £2 0.18 0.59 1.50 2.11 1.94

Table 5.1: Rejections achieved by vertexing alone as a function of the jet pr (in GeV) and of the chosen
b-tagging efficiency for calibrated jets from SM Higgs decay with mz=100 GeV not containing any heavy
flavour component from charm or bottom. Taken from [52].

On the other hand, the expected detector performance for identifying hadronic 7-
jets was studied extensively with full simulation in [64]. In this work, the pr and 7 jet
rejections for required efficiency for 7-jet identification at low luminosity were studied
using full simulated A — 77 events. Those results were implemented in AtlfastB. The
parametrisation is given for three ranges of pseudorapidity: |n| <0.7, 0.7< |n| <1.5 and
|n| <1.5 and for 15< p%f * <150 GeV. The parametrisation for non-r jet rejection for a
fixed value of the 7-tagging efficiency is shown in Fig. 5.4 for 15< p%f * <150 GeV. For

higher transverse momentum of the jets, a rejection of 2500 was assumed.
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Figure 5.4: Parametrisation for non-7 jet rejection for fixed value of T-tagging efficiency (from top to
bottom) 30%, 50%, 70% and central rapidity range || <0.7. Taken from [75].

5.3.5.3 Validation of AtlfastB Algorithm in ATHENA

In order to validate the newly programmed AtlfastB Algorithm within the AtlfastAlgs
package in ATHENA, several tests were performed. Two samples of 50000 events of the
type: pp — tt; t — HTb, Ht — 7tu;; t — Wb, W~ — ¢ were generated. One sam-
ple was completely simulated with Fortran tools, namely: Pythia 6.161+TAUOLA 2.6
generators and ATLFAST + ATLFAST-B simulation programs. On the other hand, the
second sample was fully generated within ATHENA: PythiaModule and TauolaModule
Algorithms interfaced Pythia 6.161 and TAUOLA 2.6 generators. Afterwards, ATHENA-
Atlfast (together with AtlfastB Algorithm) performed detector simulation, energy calibra-
tion and mis-tagging of jets. Logically, the same parameters were used when generating

both samples (see Table 5.2 next section).

Fig. 5.5 upper plot shows the pr of the b jet after jet mis-tagging and energy calibration
is applied by AtlfastB, for the Fortran and the ATHENA cases. Fig. 5.5 lower plot shows
the energy of the b jet also after AtlfastB. A b jet tagging efficiency of 50% was used. The
rejection for c¢ jets and 7 jets was 10.9 and 231 respectively. It can be seen, though, that

Fortran and ATHENA results are in very good agreement.
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Figure 5.5: Upper plot: pr of the b jet after jet mis-tagging and energy calibration applied by AtlfastB
for the Fortran and the ATHENA simulation codes. Lower plot: Energy of the b jet after AtlfastB. A b
jet tagging efficiency of 50% was used and the rejection for ¢ jets and 7 jets was 10.9 and 231 respectively.

Moreover, Fig. 5.6 shows the pr of the 7 jet after tau mis-tagging is applied by
AtlfastB for both Fortran and ATHENA programs. A 7 jet tagging efficiency of 50% was

used.

After this validation, it was clear that either of them could be used for the analysis.
Therefore, for the discovery potential of the MSSM H* studies exposed in chapter 6, the

Fortran code was used and for the mass reconstruction studies presented in chapter 7, the
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Figure 5.6: pr of the T jet after tau jet mis-tagging is applied by AtlfastB for both Fortran and ATHENA
programs. A 7 jet tagging efficiency of 50% was used.

ATHENA code was taken.

5.3.6 Atlfast parameters

For the present thesis, the standard set of Atlfast parameters shown in Table 5.2 were

used.

5.4 Analysis tools

In this work, the AtlfastAnalysis package [92] version AtlfastAnalysis-01-03-09 was
used. This package is made of a set of ATHENA Algorithms and classes which perform the
repetitive tasks which comprise an analysis, such as searching for topological signatures,

cutting on quantities and histogramming of certain quantities.

Making use of the StandardNtupleReader Algorithm, HBOOK ntuples produced by
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Parameter Value
electron pn 5.0 GeV
muon p" 6.0 GeV
photon p" 5.0 GeV
cluster threshold E:,T«”"‘ 5.0 GeV
jet threshold pm" 10.0 GeV
ARZYe 04
b-tagging efficiency 60%
Rejection on c jets 2 10
Rejection on light jets 2 100
tau-tagging efficiency 3 50%
luminosity 1-10%3cm=2s7!
magnetic field 27T

Table 5.2: Atlfast parameters used in this thesis.

Atlfast are fed into the program and saved into the Transient Data Store. Afterwards,

the OOAnalyser Algorithm reads the event from the TDS, it aggregates all the manager

classes responsible for making the Signature object, monitoring variables, applying cuts

and plotting histograms.

It’s worth commenting here, that it was quite difficult to get used to the AtlfastAnal-

ysis package.

For example, something as easy as implement some basic cuts was not

straightforward for the new user and lots of troubles were found when trying to introduce

some modifications due to an “excessive” encapsulation of the C++ code. At present, the

Atlfast Analysis package is not included in the ATLAS offline software release anymore.

2The matching between the b-tagging efficiency and ¢ jet and light jet rejections were implemented in

AtlfastB (see Table 5.1) following the results obtained in [52].
3The corresponding jet rejections for a 7-tagging efficiency of 50% can be derived from plot in Fig. 5.4.






Chapter 6

Discovery potential of a MSSM
H* produced in top decays with

the ATLAS detector

Whereas the neutral MSSM Higgs bosons may be hard to distinguish from the Standard
Model Higgs, the charged Higgs carries a unique signature of the SUSY Higgs sector.
Therefore, the detection of the H* and the measurement of its mass and couplings are

expected to play a very important role in the discovery of new physics.

In this chapter, the possibility to observe a light MSSM H* in ATLAS! is reviewed.
In section 6.1, the main motivations that inspired this analysis are exposed. In section
6.2 the statistical significance is introduced. In section 6.3 the signal and background
processes are presented together with the statistics of Monte Carlo samples that have
been used. Next, in section 6.4, the selection cuts applied on the signal and background
event samples are listed. Finally, in sections 6.5 and 6.6, the systematic errors are exposed
and the final significance for a light MSSM charged Higgs signal is given as well as the

50 discovery curve in the (m4,tan 3) space.

In this thesis, light charged Higgs refers to H* with mpy+ < Miop.

111
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6.1 Motivations

The NLO prediction of the ¢t cross section is 833 pb [93], this implies a production of over
8 million #¢ pairs in one year at low luminosity at the LHC. Thus, for mg+ < m; — mg,
H#* can be copiously produced in top decays as it will be shown here below. Moreover,
at certain points in the (m4,tan 3) space, it exceeds the W+ production rate.

At the LHC, the gluon-gluon fusion process, gg — tt accounts for about 90% of the
total ¢f production, with g7 — tf accounting for the rest®. Thus, in most of the cases
the charged Higgs is produced through the gg — tf process, followed by t — H™b decay
for my+ < my. The decay t — HTh, if kinematically allowed, can compete with the
t — Wb decay (the branching ratio of ¢ — Wb in the SM is almost 1 [94]). The MSSM

H? signature considered in this thesis (shown in Fig. 4.6) is:

pp— tt X

t— Wb
Wt — qq
t— H7b

H —» 717r;

7~ — hadrons v;

with charged conjugate channels (¢t — HTb and £ — W™b) also considered.

This channel (often called the hadronic channel due to the W* — ¢q/ decay) was not
investigated at the LHC before. Moreover, it complements the studies done on the light
MSSM H* with the W+ boson decaying leptonically [44].

In the next subsection the light charged Higgs couplings and decay branching ratios,
namely, BR(t — H*b) and BR(H' — 77v,) will be presented to show that H* can be
produced with an acceptable rate in the MSSM. Furthermore, the previous analysis on

the light charged Higgs using the W¥ leptonic channel is summarized.

2These fractions are approximately reversed in the case of pp — ¢t in Tevatron, where q(j’ annihilation
dominates.
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6.1.1 MSSM H* couplings and branching ratios

In the diagonal Kobayashi-Maskawa (KM) matrix approximation, the MSSM charged

Higgs boson couplings to the fermions are given by [89]:

g

L=

H+{C0t ﬂmuididiL + tan ﬂmdididiR + tan ﬁmliﬁiliR} + h.c. (6.1)

where the subscript 7 denotes quark and lepton generation. The leading log QCD correc-
tion is taken into account by substituting the quark mass parameters by their running

masses evaluated at the HT mass scale [95]. The resulting decay widths are given by [89]:

2 2 02
_ 9 1/2 my My
T __ 9 my My
bW 64mm, my ( "m2’ m? )
o+ )+ (i — ) — 2| (62)
2 2 2
g 121 ™Mp Mpy+
r -9 3 My
EobHT 64mm, my ( "m2’ m? )
[(mf cot? B+ mj tan® B)(mZ + mi — m3y) — 4m?ml2,] (6.3)
2
g°mp+
Tt sry =55 n{j%V m2 tan? B (6.4)
3¢2mpy+
Trt_ses :ﬁ(mg cot? B + m? tan? B) (6.5)
w
where
M2(1,2%9%) = VT = (e + )2l — (@ — y)?] (6.6)

is known as Kallen’s function and comes from phase space integration.

From these expressions one can construct the relevant branching ratios:

T
BR(t — bH™) = tbHT (6.7)
L som+ + Disow+
T
BR(H* - 1v) = HE o7y (6.8)

PHi—H'V + FHi—>cs

Here one assumes BR(t — bHT)+BR(t — bW ') = 1 and BR(H* — tv)+BR(H* — cs)
1.

12
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Eq. (6.2)-(6.5) result in a large branching ratio for ¢ — bH™ decay at tan3 < 1°
and tan 8 X, m;/ms, while the branching ratio for H* — v decay is ~ 1 for tan 8 >> 1
(whereas BR(W* — 71v) ~10 %). In addition, the ¢ — bH' has a pronounced dip
at tanf = \/W ~ 7.5 where I';_,;g+ has a minimum. However, this is partly

compensated by the large value of the H* — rv branching ratio, which is = 1 for
tan 8 > 2.

Thus, one expects a large charged Higgs boson signal in top quark decay into the 7

channel in the large tan 3 region (tan 8 g m¢/my).

The branching ratios for the processes t — HTband H* — 77 v, were computed with
PythiaModule (which interfaces Pythia version 6.161) and Parton Distribution Function
(PDF) CTEQ5L. MSSM Maximal Mixing scenario was used (see 2.3.2).

The branching ratio of ¢ — H b versus tan 3 is shown in Fig. 6.1 for different m g+
values. This branching ratio has the mentioned minimum around tan 8 = \/W ~T7.5,
due to the term proportional to (m? cot? 3+ m2 tan? 8) in the branching ratio expression.
As mg+ approaches my, the importance of this term decreases as (m% - m%ﬁ) (see Eq.
(6.3)) and the t — H*b branching ratio becomes asymptotically independent of tan 3
for mg+ ~ my. The decays of the charged Higgs boson are controlled by its Yukawa
couplings as it can be derived from Eq. (6.1). Fig. 6.2 represents the branching ratio of
H* — 71y, for different values of tan 3. This plot should be complemented with the one
in Fig. 2.3, where the branching ratio of the charged Higgs for all its decay channels is
given as a function of mygy+ for tan 8 = 1.5 and tan 8 = 30. By having a look at both
plots, it can be seen that in the mass region m; < mg+, H* — 7v is the dominant decay
channel independently of tan 8 (with BR(H* — 1v) >99 %).

It’s worth commenting here, what would happen if instead of a type II 2HDM like
the MSSM, a type I 2HDM was considered. The pattern of enhanced and suppressed
couplings of a 2HDM of type I is quite different from that of a type II 2HDM (see sections
2.2.3 and 2.2.4) [40]: in type I 2HDM the couplings of the pseudoescalar and charged Higgs

bosons to all fermion types are uniformly suppressed (enhanced) if tan 8 > 1(tanf < 1).

Taking Eq.(6.2) and Eq.(6.3), one finds:

BR(t — bHT) o (mf cot? B+ mj tan? B)(mi + mj — m2,,) — dmim;

6.9
BR(t — bW ) m3,(m? +m?) + (m? —m?)? — 2m3, (6.9)

3But the region 0.5 < tan 8 < 2.4 was already excluded by LEP [96].
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Figure 6.1: Branching ratio of ¢ — H'b as a function of tan 3 for different m g+ values in the MSSM
Maximal Mixing scenario. Results obtained with Pythia 6.161 and PDF CTEQ5L.

For a type I 2HDM one should change in Eq.(6.9) tan3 — — cot 8 keeping cot S un-
changed. Thus, For tan 3 < 2 values, the (BR(t — bH™))/(BR(t — bW ™)) ratio remains
the same for type I and type II 2HDM, but for tan3 > 10, such ratio is substantially
greater in type II 2HDM than in type I, in the later, BR(t — W*b) > BR(t — H™'b)
being the ¢ — H b decay almost suppressed. Therefore, for a given charged Higgs mass
and tan 8, the branching ratio gives information of the theoretical model to which the

charged Higgs may belong.

On the other hand, for a type I 2HDM, BR(H't — 77v) ~30% independently of
tan .
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Figure 6.2: Branching ratio of H* — 711, as a function of my+ for different tan 8 values in the MSSM
Maximal Mixing scenario. Results obtained with Pythia 6.161 and PDF CTEQ5L.

6.1.2 Leptonic channel

As it was already pointed out in 2.3.5, the leptonic channel was studied in detail in
[44]. This study concentrated on the search in ¢¢ events for an excess of 7 leptons from
H* — 7v decay with respect to the expected 7 leptons rate from W+ — 7v decay. At
that moment, the 7 trigger was not yet considered, thus the leptonic channel was taken
in order to trigger on the e or u from the W boson decay or from the second charged
Higgs semileptonic decay, i.e. H* — 7v and 7 — Iy (I = e, u). However, in this channel
the charged Higgs boson mass cannot be directly reconstructed because several neutrinos
split in different hemispheres of the event (i.e., the missing transverse energy Ermss is
not equivalent to the transverse energy of the neutrinos in the final state) are produced

in the final states of interest:
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pp— tt X
t— H'b
HT —» 71ty

Tt — hadrons v,

with three different possibilities for the ¢ decay:

In Fig. 2.7, the expected 50 discovery contour curves for this channel in the (my4, tan 3)
plane for an integrated luminosity of 30 fb~! were shown. A signal from charged Higgs
boson production in t# decays would be observed for all values of my+ below the kine-
matical limit of ~ m-20 GeV over most of the tan S range. For moderate values of tan 3,
for which the expected signal rates are lowest, the accessible values of my+ are lower
than this kinematical limit by ~20 GeV.

One of the goals of this thesis is to complement the significance studies done for the
leptonic channel and achieve a significance greater than 50 for those m g+ values that were
not observable in that study. Furthermore, the charged Higgs mass can be reconstructed
by making use of the transverse mass distribution, since the neutrinos in the final state
(from H* — 7v; 7 = v, + hadr) are produced in the same hemisphere of the event,
that is, the Fpp,;ss of the event reconstructs quite accurately the final state neutrinos’
transverse energy as it can be seen in Fig. 6.3. The charged Higgs mass extraction is going
to be extensively described in the next chapter. Last but not least, the full reconstruction
of the top mass using the two light jets and a b jet on the W side turns to be very useful

against QCD as it will be shown in section 6.4.

6.2 Definition of statistical significance

In order to assess the sensitivity of ATLAS to the discovery of a light charged Higgs a
counting experiment is considered. The number of events after cuts is compared with the

null (i.e., background only) hypothesis. In that way, the excess of events is given by:
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Figure 6.3: Ratio between the modulus of the vectorial sum of the transverse energy of the two neutrinos
produced in the final state and the missing transverse energy for a MSSM charged Higgs of mass 90 GeV
and tan $=30.

Nexcrss = Nops — NBka (6.10)

where Nops(Npkg) is the number of observed(background) events. Thus, in case of

signal+background present in the final sample, this will reduce to:

Nexcess =(S+B)—-B=S (6.11)

where S accounts for the MSSM charged Higgs signal and B for the background processes.

Since one wants to compare with the background only hypothesis, the expected error
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on the number of events will be (on the basis of gaussian statistics 4):
oc=+vVB (6.12)

And the observed statistical significance will be given by:
Nexcess _ S
o VB

In addition, the statistical significance given by Eq. (6.13) can be addressed from two

Ssrar = (6.13)

different perspectives:

e One wants to show an excess compared to the SM hypothesis. In that case, the ’B’
in Eq. (6.13) will be made of only SM backgrounds processes (SM ¢t and other SM
backgrounds).

e One wants to show an excess of events within the MSSM itself. This applies when an
excess was already observed in the SM hypothesis so that one would like to know if
the signal can be extracted from the MSSM background and measure its properties
like the mass or the couplings. Here, the B’ will be represented by all backgrounds
existing within the MSSM, that is, MSSM t¢, SM and SUSY background processes.

All the considered background processes are going to be described in detail in the next

section.

6.3 Signal and Background processes

The signal process was already presented in section 6.1, and its Feynman diagram was
given in Fig. 4.6. Therefore, the signal final state is made of 2 b jets, 2 light jets (from
W decay), 1 T jet (from hadronic 7 decay) and high Er.,;ss. Moreover, the tf events
with two charged Higgs in the final state:

pp— tt X
t— H'b
t— H7b

*This approximation is only true if at the end of the selection cuts a considerable amount of background
events still remain, approximately B 2 20 events.



120 Discovery potential of a MSSM HZ produced in top decays with the ATLAS detector

were also considered as signal for the discovery potential studies when looking for an
excess of events compared to the SM hypothesis (see section 6.2). On the contrary, those
events were considered as background for the mass studies, since the charged Higgs mass
cannot be reconstructed in this case due to the fact that the final state neutrinos are split
in two different hemispheres (i.e., |ETmi53| 1> Eyi\).

On the background side, three types of processes can be distinguished:

1. tt background:

e it background with no H* in the final state:

pp— tt X
t— WTh
t— Wb
Among this processes, the main expected backgrounds come from W+ — gq/
and W+ — rv; 7 — hadrons vy which can fake the one charged Higgs signal
final state. However, the 7 polarization effects (see next section) and the
reconstructed charged Higgs transverse mass (see section 6.4.2) will be very

useful to distinguish them from the signal.

e tt background with H* — 7v in the final state and 7 decaying leptonically:

pp— tt X
t— WTb  (or HTDH)
Wt — all
t— Hb (or WTb)
H - 717v
T =l (l=e pr)

e tt background with H* — ¢s in the final state:

pp— tt X
t— WTb  (or HD)
Wt — all
t— Hb (or Wb)
H™ — ¢s



6.3 Signal and Background processes 121

The branching ratio of this charged Higgs decay channel is very low in the
mp+ < My, Mass region as it was shown in Fig. 2.3. However, it is also taken

into account to have a more complete analysis.
e tt background with H* in the final state and W decaying leptonically:

pp— tt X
t— WTb (or H"Db)
Wt — ITg (I=e, p, T)
t— Hb (or Wb)
H —» 71uv;
7~ — hadrons v,

2. Other SM background processes:

e QCD background:

pp = q9X
Even if the signature in this case is very different, QCD events have a very high

cross section as it will be shown at the end of this section and some events can

really fake the signal (see section 6.4).
e Z/v* and W backgrounds:
pp— (Z/7") +jet
pp = W 4+ jet
pp— (Z/v)NZ/y*); (Z/y)W; WW
Those events have also quite high cross sections. In addition, W and Z bosons

can produce true 7 jets.

3. SUSY background processes:

pp— # xExE, .
pp— Z¢; W ffo (¢ =h,H)
pp — tlg; bb (¢ =h,H,A)

The ¢ production was considered since the stop can decay in ¢ which can fake the
signal. Besides, the chargino production was also considered since it is one of the
SUSY processes with higher cross section in the MSSM as it will be shown in a table

below.
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The cross sections (o X BR) for the different processes are listed in Table 6.1. They
were computed with Pythia 6.161 and parton distribution function CTEQS5L at /s = 14
TeV assuming MSSM Maximal Mixing scenario. However, large uncertainties in the
signal and background cross sections production still remain, due to the uncertainties in
the knowledge of the parton distribution functions (i.e., f4/q(t,): a parton distribution
function inside the hadron A, with x the fraction of momentum carried by the parton a

and g the momentum scale involved in the process) and to higher-order corrections.

Process I o X BR (pb) ‘
tt signal, one H* prod. 57.2
MSSM ¢t tt - H'bH b 12.6
rest of tt decays to SM particles 422.2
SM tf | 492.2
QCD (pr >10 GeV) 55.22x 107
SM W +jet 15.9%104
backgrounds Z[v*+jet 48.2x103
WW; W(Z/v"); (Z/v*)(Z/") 24.4x10°
tt; X1iX1i--- ~1
SUSY Zo; WEg; ffo (¢ =h, H) <1
backgrounds ttd (p = h,H, A) <1
bbo (¢ = h, H, A) <1x1073

Table 6.1: Cross section times branching ratio values for the different processes computed with Pythia
and PDF CTEQ5L. MSSM Maximal Mixing scenario and (ma = 95 GeV,tan 8 = 30) point in the MSSM
(ma,tan B) plane were assumed.

In Fig. 6.4, the gluon distribution in a proton is shown according to the parton
distribution sets CTEQ3M [97] and CTEQS5L [79] for a momentum scale of 100 GeV.

Thus, whereas the ¢t cross section computed with Pythia 6.161 and CTEQ5L turned
to be o(tt) =492 pb, the computed value when using CTEQ3M was o(tt) =626 pb.

In addition, despite the existence of many higher-order QCD correction calculations
which correct the tree level cross section calculations making use of the so called K-
factors, not all processes of interest at the LHC have benefited from this theoretical

effort. Therefore, the present thesis has consistently and conservatively avoided the use



6.3 Signal and Background processes 123

T

Graphics by P. Anandam

0.14 - cteq3m mu=100GeV gluon —
cteqsl mu=100GeV gluon ----

X"2 * Parton Distribution

0 I I I
0.0001 0.001 0.01 0.1 1
x

Figure 6.4: Gluon distributions in the proton according to the CTEQ3M and CTEQ5L parton distri-
bution sets for a momentum scale of 4 =100 GeV. Taken from [98].

of K-factors, resorting to lowest-order predictions for both signal and backgrounds.

Pythia computes o(tt) at the Leading Order approximation. On the contrary, the
theoretical calculation given in [93] computes such cross section at the Next to Leading
Logarithmic level. Thus, whereas the ¢t cross section computed by Pythia and CTEQ5L
was 492 pb, the theoretical calculated value that was given at the beginning of the present
chapter is o(tt) = 831 pb. Therefore, using Pythia, a conservative estimation of the
number of expected tt events is obtained for the analysis presented here. That is, when
using the theoretical calculated value, one would need ~ seven months instead of twelve

to get the same number of expected tt events.

6.3.1 Tau polarization effects

The background that can best fake a light charged Higgs signature is pp — tt —
W*bW ~b, with one W boson decaying leptonically into 7~ and the other one decay-
ing hadronically in two light jets. However, in one-prong 7 hadronic decays, 7-jets from

H% decay are harder than the ones produced in W¥ decay as it will be shown here below.

Due to the nature of the Weak interaction, the W~ boson will only couple to left
handed taus. On the other hand, the H~ boson, with spin 0, can only couple to right
handed taus. An scheme of the polarization of taus produced in W~ and H~ decays is

given in Fig. 6.5.
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Figure 6.5: Polarization states of 7~ leptons from H~ and W~ boson decays.

The 7 polarization is defined as:

+
p,s = 2TR) = 0(75) (6.14)
™= = + + .
o(tg) +o(rg
where P, = P, = —P_+ and O'(T;:, ;) are the cross sections for producing 7%’s with right-

and left-handed helicities respectively. Thus, tau leptons produced in W~ and H~ decays

correspond to exactly opposite states of 7 polarization: i.e.,
H- _ . w— _ _
P~ =+1; PY =-1

One should concentrate on the one-prong hadronic decay channel of the tau lepton,
which is the best one for 7 identification. This decay channel accounts for 80% of hadronic
7 decays and 50% of overall 7 decays. The main contributions to the one-prong hadronic

7 decay are:

™+ = ntu, (12.5%)
™™ = ptu, = 1%y, (24%)
™ = dfv, - %%, (7.5%)

A detailed discussion on the formalism relating the 7 polarization to the momentum
distribution of its decay particles can be found in [99]. For 7’s decaying into 7’s or a

vector meson v (p, a1), the angular distribution of these decay products in the 7 rest
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frame is given by:
1 dry _ 1
T'rdcos — 2

dary, 2
I'l_u dcosLo - %mﬁ%mg (1 + P; cos 0) (615)

1 dlvp _  m] _
Ty dcosf@ — m2+2m?2 (1 PT COS 9)

where L, T denote the longitudinal and transverse polarization states of the vector
boson v. The angle 8 measures the direction of the meson in the 7 rest frame relative to

the 7 line of flight, which defines its polarization axis.

The angular distributions given in 6.15 can be understood in terms of angular mo-
mentum conservation. For TR(L) — v~ [ vy_, it favours forward (backward) emission
of 7 or longitudinal vector boson, while it is the other way round for transverse vector

meson emission, Tlg( L) VLT / vs__, where X is the vector meson polarization state.

As a result, the 7 polarization effect given by Egs. (6.15) is reflected in a significantly
harder 7% momentum distribution for the charged Higgs signal compared to the W boson
background. This effect can still be observed when adding the detector effects, that is,
when looking at the transverse momentum of the produced 7 jet. Fig. 6.6 gives the
transverse momentum of the 7 jet for a charged Higgs of mass 93.3 GeV and for the W
boson. When ’switching on’ the 7 polarization, those tau jets produced in H* decays
acquire a higher momentum. On the contrary, the momentum of those tau jets produced

in W# decays diminishes when taking into account the 7 polarization effects.

The same is true for the longitudinal vector mesons; but the presence of the transverse

component dilutes somewhat this effect.

6.3.2 Statistics of Monte Carlo samples

Events were generated with Pythia 6.161 PDF CTEQS5L and TAUOLA 2.6 for 7 lepton
decay at /s = 14 TeV with the detector resolutions and efficiencies parametrised by
ATLFAST and ATLFAST-B. Concerning the MSSM events, Maximal Mixing scenario
was used and several points in the (mg+ /ma,tan 3) plane were generated as shown in
Fig. 6.7. The shaded area was excluded by LEP2 [96] (mp > 91.0 GeV, my4 > 91.9 GeV).
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Figure 6.6: pr of the 7 jet produced in H* and W* decays, mg+ = 93.3 GeV and tan 8 =30. The effect
of the polarization produces an increase (decrease) of the transverse momentum of those 7 jets produced
in H* (W%) decays.

The statistics of each generated process is given in Tables 6.2 and 6.3. First of all,
a sample of tt SM processes was generated. In addition, another sample of # processes,

now in the MSSM scenario, was produced as shown in Fig. 6.7.

‘ Process I Events ‘
i MSSM 1600 k/point
SM 3900 k
QCD (21 pr bins) 1500 k/bin
Z/v*+jet (3 mz bins) 1200 k/bin
W +jet 1200 k
WW; W(Z/v*); (Z/7*)(Z/7") 1200 k

Table 6.2: Statistics of the Monte Carlo generated samples. Only SM backgrounds exposed. QCD and
Z/~y*+jet events were split in 21 pr and 3 mz bins respectively.

For the QCD background, several samples were generated in 21 different pr bins®, since

Spir is the transverse momentum at parton level.



6.3 Signal and Background processes 127

> L
S R A
9\160 —e® © O o () ) o (] [
+I L 0o 0 © @ ° ° ° ° °
\I_/ —e® ¢ o o ° . ° ° °
E 140 :0: e o o ° . o . °
R
120 feee o8 8 ¢ . . .
100 :0. o o o L] L[] ] L[] °
80 :T.\.\.\ ‘.\ \.\ 1 ‘ I ‘ I ‘ I ‘ (|
0 10 20 30 40 50
tanf

Figure 6.7: Points generated in the (myz,tan3) plane. The shaded area was excluded by LEP2.

Process I Events ‘
99, G — t XEXT - 1600 k
99, 4G — bbp (¢ = h, H, A) 400
99, 4G — ttd (¢ = h, H, A) 40 k
ffi— W+¢ (¢ =h,H) 40 k
fifi = fifio + fufrd (¢ = h,H) 40 k
fifi— Z¢ (¢ = h,H) 40 k

Table 6.3: Statistics of the SUSY background Monte Carlo generated samples.

the QCD cross section is decreasing exponentially with py. The first sample contained
QCD events with 10 GeV < pr < 20 GeV. The last bin was made of the events with
pr > 400 GeV. The statistical weight of each QCD Monte Carlo event is given in Table
6.4.

For the W+jet and diboson ((Z/v*)(Z/~*), (Z/v*)W, WW) backgrounds, a sample

of 1200 k Monte Carlo events each was generated.
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pr bin Statistical
(GeV) weight
10< pr <20 7.23 107
20< pr <40 6.32 -10°
40< pr <60 3.96 -10°
60< pr <80 6.76 -10%
80< pr <100 1.82 -104
100< pr <120 | 6.32 -103
120< pr <140 | 2.59 -10%
140< pr <160 1.20 -103
160< pr <180 | 6.08 -102
180< pr <200 | 3.30 -102
200< pr <220 1.89 -10?
220< pr <240 1.14 -10?

240< pr <260 71.4
260< pr <280 46.0
280< pr <300 30.6
300< pr <320 20.9
320< pr <340 14.5
340< pr <360 10.3
360< pr <380 7.4
380< pr <400 5.4

pr >400 18.0

Table 6.4: Statistical weight of each Monte Carlo generated QCD event for each pr bin.

The (Z/v*)+jet background generation was split in tree different mass bins, namely:
2 GeV< myz <60 GeV (photon peak), 60 GeV< mz <130 GeV (contains the Z boson
peak) and mz >130 GeV.

Finally, the SUSY background generation was split in six different samples as shown
in Table 6.3. For those backgrounds with one neutral Higgs boson production a scan
in the MSSM plane was done searching for that (m4,tan3) point with the maximum

cross section. Afterwards, a sample of 1600k Monte Carlo events for each single process
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containing neutral Higgs was generated at that maximum cross section (m 4,tan ) point.

6.4 Selection cuts

As it was pointed out before, the light charged Higgs signal final state considered in this
thesis consists of 2 b jets, 2 light jets (from hadronic W decay), 1 7 jet and large Eppmss
from H* — 7v decay. The cuts presented below are optimized for a signal of only one
charged Higgs production. Those signal events with two charged Higgs in the final state
have a (¢ x BR) almost 5 times lower, thus their contribution is rather small, although
they were also taken into account for the discovery studies. From now on, charged Higgs

signal will refer to the signal with the production of only one charged Higgs.

The selection cuts applied to the signal and background processes were specially de-
signed to achieve a high statistical significance (given by Eq. (6.13)) throughout the whole
(m4,tan 3) space. First of all, an event selection was applied to extract the charged Higgs
signal event topology and to filter as much as possible the QCD background contribution
(with a cross section 9 orders of magnitude larger than the signal). Furthermore, an
event selection based on cuts on the pr of the 7 jet and the transverse mass (Mr) was
applied. Such cuts were decisive to suppress the SM ¢t background contribution such that
a notable improvement on the significance for every one of the (m4, tanf) considered

points was achieved.

6.4.1 Event selection (QCD filter)

To start with, a set of standard cuts were applied to both signal and background samples
(given in Table 6.2) in order to eliminate the large amount of QCD background events

that could fake the signal topology.

The events were selected as follows:

1. Trigger selection.
The 7 + ETmiss and the jet+Er,iss triggers are specially suitable for the light
charged Higgs signature presented in this thesis (see Section 4.4). Specifically the
(t20xe30) OR (j60xe60) trigger condition was applied, that is:
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e at least one tau jet of pr > 20 GeV and Erp;ss > 30 GeV

or

e at least one jet of pr > 60 GeV and Eryyiss > 60 GeV

As it was already pointed out at the end of section 4.4.3, at the moment of writing
this thesis, the thresholds for the 7+ Erpyp,iss and jet+Erp,iss triggers were changed,
namely, (t20xe30)— (t35xe45) and (j60xe60)— (j70xe70) (those new thresholds were
already listed in Table 4.4). In spite of this, the discovery potential results did not

experiment any dramatic changes as it will be shown in appendix A.

2. 8-tag cut and no isolated lepton.

Search for:

o exactly 2 b-tagged jets (e, =60%, R, = 10, Rygnt = 100, see section 5.3.5.2),
e exactly 1 7-tagged jet (e, =50%, jet rejection given by Fig. 5.4),
o at least 2 light jets

and

e no isolated leptons

When requiring no isolated lepton, one cuts very hard on the signal and back-
ground samples (especially on the W-jet, (Z/v*)+jet and WW, W(Z/~*) and
(Z/~v*)(Z/~*) backgrounds), but a cleaner sample is obtained. The total number
of jets as well as the number of 7 and b jets and the number of isolated leptons are
shown in Fig. 6.8 for a charged Higgs signal of mg+ = 127.0 GeV and tan 8 = 30
for one year running at low luminosity and a jet threshold of 10 GeV. As it can be
seen, the mean value of the total number of jets is not 5 as one would expect. This
is due to ISR/FSR gluons that can fake an additional jet.

3. pr and FErn,iss cuts.
Since the signal is characterized by a high pr 7 jet and a large Fr7p,;ss due to the
neutrinos on the H¥ side, one requires:
® ErTmiss > 45 GeV
o p}jet > 25 GeV
. p;jeﬂ > 35 GeV; p?pjew > 20 GeV



6.4 Selection cuts 131

7 F Entries 23790 | T x 10?2 Entries
2 - £
o 80000 ; o 1500
= 60000 [ P
s C = 1000
3 C [
\’% 40000 — \‘%
=z C =z
20000 } 500
oL 0
0 5 10 15 0 2 4 6
N(jet) N(T—jet)
T Entries - x 102[ Entries 73790
o) o) L— | Meon 0.5467
S 25 3000 E RMS 0.2142
g S
= = 2000 |-
4 H B
= Z 1000
O:\ﬁ\\\‘\\\‘\
0 2 4 6 0 2 4 6
N(b—jet) N(lep)

Figure 6.8: Total number of jets, number of 7 and b jets and number of isolated leptons for a charged
Higgs signal of my+ =127 GeV and tan 8 = 30 for one year running at low luminosity. The jet threshold
was set to 10 GeV.

Concerning the pr cut on the b jets, one keeps two thresholds, the lower one for the
b jet on the H* side: since my= < mpy=, the b jet accompanying the W will be
harder than the other one.

The Erpm;ss cut is very effective against QCD background as shown in Fig. 6.9. In
addition, the QCD rejection obtained with the FEr,,;ss cut is not dependent on the
Erpmiss resolution, since the 45 GeV threshold is well above the expected ATLAS
resolution on FEry,;ss, which is 5-10 GeV depending on the total event transverse

energy (see section 3.3.2).

The pr of the 7 jet is shown in Fig. 6.10 for the same charged Higgs signal, for ¢t
SM events and for QCD background.

The p}j € and the Erpiss cuts are also very effective against SM tt events while
keeping a good efficiency for a charged Higgs signal of rather low mass. In Fig. 6.11,
the Epmss for SM tt events is shown together with the Epy,iss for a charged Higgs
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Figure 6.9: Missing transverse energy for a H* signal with my+ = 127 GeV and tan 8 = 30 and for
the QCD background events after the second group of selection cuts’.

signal of mg+=90 GeV and tan 8 = 30 for one year of running at low luminosity.
In Fig. 6.12 the p;jet is shown for the same kind of events. One can see there
that the 7 polarization effects described in section 6.3.1 can still be observed in the
p}jet distribution of a charged Higgs signal of such low mass, i.e. the 7 jets from
H* — 77y, produced in one prong 7 decays are harder than the ones produced

through W+ — rtu,.

4. Top mass reconstruction in the W side (t — Wth; W — qqr).
The W mass is reconstructed with the two light jets, m;;. In case than more than
two light jets exist (a gluon jet with high energy may be assigned as a light jet), the
combination with the mass closest to the W mass, my= = 80.33 GeV? is selected.
Afterwards, two top masses can be reconstructed taking the two light jets and each

one of the b jets (mjjp). The mjj;; which is closest to the top mass, m; = 175.0

"In this section, the distributions of the cuts will be given for those events that passed the previous
group of selection cuts, for example, the Ermiss distributions in Fig. 6.9 are given for signal and QCD
background events after the second group of selection cuts ( i.e., Np jet = 2, N7 jet = 1, Niighs jet > 2 and

no isolated lepton).
8Quoted value in Pythia.
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Figure 6.10: pr of the T jet after the second group of selection cuts (3-tag and no isolated lepton) for
a H* signal with mz+ = 127 GeV and tan 8 = 30, for SM ¢ events and for QCD background.
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Figure 6.11: Missing transverse energy for a MSSM charged Higgs signal of mgz+ = 90 GeV and
tan 8 = 30 and for SM tf events for one year of running at low luminosity. No cuts were applied.

GeV8is taken. In addition, a pr cut on the light jets is also performed. The applied

cuts are:

o |mj; — mw| < 20 GeV with my = 80.33 GeV
. p?ght Jetl - 30 GeV; p?ght Jet2 - 90 GeV
) |mjjb — mt| < 40 GeV with my; = 175 GeV

The reconstructed W+ and top masses for a charged Higgs signal with my+ = 127.0
GeV and tan 8 = 30 after the third set of cuts are shown in Fig. 6.13. Due to
FSR, the mjj and mjjb distributions become relatively broad: FSR could reduce
a reconstructed mass if energy is radiated outside the reconstruction cone. On the
other hand, FSR from other partons could also fall within a cone, increasing the

reconstructed mass.

5. Back-to-back topology.
Some further reduction of the QCD background is possible by requiring a t¢ back-
to-back topology, since the signal events are split in two differentiated hemispheres,

namely, the W* side and the H* side. The following cuts are applied:
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Figure 6.12: Transverse momentum of the 7 jet for a MSSM charged Higgs signal of mgz+ = 90 GeV
and tan 8 = 30 and for SM tf events for one year of running at low luminosity. No cuts were applied.

o Ap(py p Lol "t"pz) > 2.5 rad with "t"pz = "b]et + pr € 4 Epmiss for the top
quark on the H* side ?

top 1( tOp 2)

. pwp 1/ pwp 2 <2 (balanced momentum between 2 tops with p;. the pp

of the hardest(softest) top.)
o AR(D jetl,b jet2) > 1.0 with

br

AR(b jetl, b jet2) = /An2(b jetl,b jet2) + A¢2(b jetl, b jet2)
o AG(ETmiss, D™ ) > 0.5 with b jety the b jet on the W side.

The A¢ between the two reconstructed tops is seen in Fig. 6.14 for a H* signal
of my+ =127 GeV and for QCD after the fourth set of cuts. Most of the signal
events are really back to back, i.e. Aqb(*wp ! iy tP2) 52.5. The ratio between the
transverse momentum of the two reconstructed tops is shown in Fig. 6.15 for the
also for a H* signal of mpy+ = 127.0 GeV and for the QCD background after the

fourth group of selection cuts.

90nly the transverse component could be used since for the reconstructed top on the H * side one has

no information on the z component of the momentum.
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Figure 6.13: Reconstructed W* and top masses for charged Higgs signal events with mg+ = 127.0
GeV and tan 8 = 30 after the third group of selection cuts.

In addition, AR between the two b jets and A¢ between the b jet on the W side
and the E7.,;ss distributions can be seen in Figs. 6.16 and 6.17 respectively for the
same kind of events after the fourth set of cuts. As in can be seen in Fig. 6.17, the

A¢(ETmiss,ﬁ£ J etW) cut is very effective against QCD events.

6. Cuts on the charged Higgs side (f — H b; H~ — 77 7,).

On this side one has a reconstructed b jet and a 7 jet. This structure can be faked
by a quark+FSR as shown schematically in Fig. 6.18. In order to eliminate these
QCD events the following cuts are applied:

o Prui( jet,b jet) = Brictaalet 5 .2

o p}jet pgqjet > 0.8
The Pgrgy, variable is quite powerful against QCD as it can be seen in Fig. 6.19 for
a charged Higgs signal with mg+ = 127.0 GeV and tan 8 = 30 and for QCD events
after the fifth group of selection cuts. For the charged Higgs signal, those events
with Prgr ~ 1 are the ones with 6, ~ 90° and with |P; jet| > [Pp jet|- In addition,
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Figure 6.14: A¢(p1"", 51°P%) between the two tops for a charged Higgs signal with my+ = 127.0 GeV

and tan 8 = 30 and for QCD events after the fourth group of selection cuts. H* signal events distribution

is done for one year of running at low luminosity, on the contrary, QCD events distribution contains

unweighted Monte Carlo events for a better graphical understanding.

in the 0.9 < Prger < 1 region, the contribution of the signal events with 6, 2 90°

and 0,5 < 90° is summed up.

The p}j ¢t pf}j ¢ distribution is shown in Fig. 6.20 for two charged Higgs samples of
mass my+ = 127.0 GeV and mg+ = 145.0 GeV, tan 8 = 30, for tt SM events and
for QCD events after the fifth group of selection cuts. As it can be seen, this cut
depends critically on the charged Higgs mass: the hardness of the 7 jet increases
with the charged Higgs mass and this translates in an increase of the p;jEt/pgwjet
ratio. Moreover, those 7 jets produced in W decay from ¢ SM are not as hard as
the ones produced in H* decay. Thus, the p;j et / pl%j ¢ ratiois a good discriminating

variable against SM ¢t background.

Using this set of cuts, all the SM backgrounds were swept away except the SM tt

events and few QCD background events.

In order to be sure about the consistency of the results concerning the QCD back-
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Figure 6.15: Ratio of the transverse momentum of the two reconstructed tops for a charged Higgs signal
with mg+ = 127.0 GeV and tan 8 = 30 and for QCD events after the fourth group of selection cuts. The
top with highest p7 comes in the nominator. Event distributions as in Fig. 6.14.

ground, five different random numbers where used in the analysis embedded in AtlfastB-
Fortran. After passing all QCD pr bin samples through the analysis 5 times, for each one

of the 5 random number set only 0, 0, 19.7, 10.1, and 7.2 events were respectively left.

The number of expected events after trigger and the relative efficiency at each cut
step is given in Table 6.5 for a MSSM charged Higgs signal at 6 different mg+ (and
consequently, m4) points keeping tan 8 constant to 30 for one year of running at low

luminosity. In addition, the final number of expected events after all cuts is also given.

The number of expected events after 3-tag + no isolated lepton selection (cuts group
number 2. at the beginning of this section) as well as the relative efficiency after each
group of cuts is given in Table 6.6 for the SM backgrounds (For the QCD events, only the
first random number set is shown) for the same luminosity conditions. As in the signal

case, the number of expected events after all set of cuts is also given.

Table 6.7 shows the number of expected events after 3-tag + no isolated lepton selec-

tion and the relative efficiency after each group of cuts as it was given in Table 6.6 for
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Figure 6.16: AR between the two b jets for a charged Higgs signal with mgz+ = 127.0 GeV and
tan 8 = 30 and for QCD events after the fourth group of selection cuts. Event distributions as in Fig.
6.14.

the SUSY backgrounds that were listed in Table 6.1. Only the data corresponding to the
(ma, tan 3) point with biggest o x BR is shown. The same luminosity conditions were

applied.

In Fig. 6.21, the relative efficiency for a single charged Higgs production signal as a
function of the charged Higgs mass is shown for three different cases:

e Globall® vs. 3-tag: relative efficiency between the complete set of selection cuts and

the cuts at the 3-tag + no isolated lepton step.

e 3-tag vs. trigger: relative efficiency between the 3-tag + no isolated lepton cuts and

the trigger cuts.

e Global vs. trigger: relative efficiency between the whole set of selection cuts and

the trigger cuts.

10Here global refers to all selection cuts.
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Figure 6.17: A¢ between the b jet on the W side and the Ermiss for a charged Higgs signal with
mg+ = 127.0 GeV and tan 8 = 30 and for QCD events after the fourth group of selection cuts. Event
distributions as in Fig. 6.14.
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(quark) / proi® (FSR)

Figure 6.18: Scheme of a quark with FSR faking a 7 jet and a b jet.

The 3-tag + no isolated lepton cuts have a low efficiency especially for high charged Higgs
masses (3-tag vs. trigger curve), but these cuts were applied in order to obtain a clean
signature. Therefore, one tries to enhance the efficiency for high charged Higgs masses
by means of the cuts that come after the 3-tag + no isolated lepton step (global vs.
3-tag curve). At the end, almost a flat efficiency is obtained (global vs. trigger curve).
Therefore, after the complete set of cuts, a constant efficiency is obtained throughout the

whole charged Higgs mass spectrum.
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Figure 6.19: Prrr(r jet,b jet) between the 7 jet and the b jet on the HT side for a charged Higgs
signal with myz+ = 127.0 GeV and tan 8 = 30 and for QCD events after the fifth group of selection cuts.
Event distributions as in Fig. 6.14.

6.4.2 Further event selection

After the previous event selection, there were still some SM ¢t background events left as

shown in Table 6.6 as well as a few SUSY events mainly from bb¢ (¢ = h, H, A) processes.

The MSSM (m 4, tan 3) points with my+ <113 GeV had a big enough BR(t — bH™)
so that when computing the statistical significance given by Eq. (6.13) a value well above

5 was obtained. Therefore, no further cuts were applied to those events.

On the contrary, those events with mpg+ 2113 GeV had a limited significance. There-
fore, a harder cut on the pr of the 7 jet (taking profit of the 7 polarization effect described
in section 6.3.1) was applied, namely p}jd > 30 GeV. Moreover, the transverse mass
given by Eq. (6.16) turned to be a decisive variable to cut on, since its distribution for
the MSSM ¢t and SM tt events is quite different as it can be seen in Fig. 6.22: the Mr
distribution for the SM t¢ processes is kinematically constrained to be below my+, but

for the MSSM ¢t processes, this upper bound is given by my+. Thus, a My >80 GeV
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Figure 6.20: p7.7°*/ph7°* for two charged Higgs of mass my+ = 127.0 GeV and my+ = 145.0 GeV
respectively and tan 3=30, for SM tf background and for QCD background events after the fifth group of
selection cuts. H™ signal and t SM events distributions are done for one year of running at low luminosity,
on the contrary, QCD events distribution contains Monte Carlo events.

cut was also applied.

Mr = \/2 ’ ﬁTTjet| ’ ‘ETmiSS| ’ COS(Aﬁb(ﬁqtjetaE_"TmiSS)) (6-16)
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Signal
Cuts ma— | 11.0 53.9 84.9 94.8 | 111.8 | 135.8
1 myg+ — | 84.9 | 100.1 | 119.7 | 127.0 | 140.2 | 160.0
| (t20xe30)OR(j60xe60) Npxp | 51.2:10* | 48.4-10* | 40.5-10* | 35.3-10* | 25.8-10* | 6.4-10* |
(t20xe30)OR (j60xe60) 53.8 55.9 60.1 60.7 63.6 70.0
3-tag & no isol. lep 10.3 10.0 9.5 8.9 6.9 4.1
Ermiss > 45 GeV 75.9 77.3 79.7 79.8 83.3 90.0
Pt 53520 GeV 95.9 95.0 93.4 93.1 90.6 81.3
Py’ > 25 GeV 87.8 88.3 90.8 91.1 93.1 93.4
Imj; — mw| < 20 GeV 80.5 80.9 80.2 79.9 78.9 73.6
phIhiiels 30, 20 GeV 76.0 76.5 76.8 76.6 75.0 73.4
Imjjp — ms| < 40 GeV 87.0 87.8 88.4 88.3 87.5 85.2
A¢(topl, top2) >2.5 rad 82.2 81.8 80.4 80.5 78.8 82.7
PP kP ? <2 92.5 92.2 92.6 92.1 92.6 91.0
AR(b jetl, b jet2) >1.0 92.5 94.1 93.9 95.0 94.5 96.0
AG(ETmiss, Bo?™) >0.5 93.5 93.5 92.3 92.0 91.7 86.3
PrpL(T jet,b jet) >0.2 76.1 77.5 83.0 81.0 85.0 93.6
Py et > 0.8 57.3 58.2 66.4 69.9 76.0 84.7
| All cuts Ngxp | 5.110° | 5.110° | 5.010° | 4.210° | 2.910° | 4.1.10 |

Table 6.5: Number of expected events for the signal after trigger and after all selection cuts and relative
efficiency (in percent) after each cut selection at different m4/my+ points and tan 8 =30 for 10 fb~ 1.
ma4 and my+ given in GeV. The first three columns were already excluded by LEP as seen in Fig. 6.7
but they are listed here in order to show how the cut efficiencies and the final number of expected events

change with the H* mass.

After the p}j ¢ and the My cuts, the SM ¢ background was reduced by ~85% and the
SUSY backgrounds were reduced by ~95%. The efficiency of the p}j ¢ > 30 GeV and the
M7 >80 GeV cuts as well as the final number of expected events for 10 fb—! of data are
given in Table 6.8 for the SM tf and QCD backgrounds and for the gg, ¢;@ — tt; Xit Xf...,
a9, ¢:G — bbp and gg, ;@i — ttd (¢ = h, H, A) SUSY backgrounds.

In Fig. 6.23, the relative efficiency between the mp > 80 GeV and p;jet >30 GeV
cuts and the event selection (QCD filter cuts given in section 6.4.1) is shown as a function

of my+ for the charged Higgs signal. As it was stated above, the mp > 80 GeV and
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Cuts | SM backgrounds

tt QCD | (Z/v*) | W | WWiW(Z/~*);

tiet | tHiet | (Z/v*)(Z/~")

3-tag & no isol. lep Npxp | 4.010° | 1.010° | 1.7.10% | 2.6-10° | 0.6-102 |
3-tag & mo isol. lep (2) 0.8 |1810°% | 29.10°% | 16-10°° 25.107°
Efmiss and pie" cuts (3) 55.6 14.0 2.3 50.0 0
Top and W mass rec (4) 48.0 144 38.9 0 0
Back to back topology (5) 62.4 12.6 71.4 0 0
Cuts on the H™ side (6) 34.3 0.8 0 0 0
All cuts Ngxp [23100] 200 | o | o | 0

Table 6.6: Number of expected events for the SM backgrounds after 3-tag and no isolated lepton cuts
(cuts group number 2.) and relative efficiency (in percent) after each group of cut selection for 10 fb™*.
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Figure 6.21: Relative efficiency for a single charged Higgs production signal as a function of the charged
Higgs mass for three different cases: (i) global vs. 3-tag, relative efficiency between the complete set of
selection cuts and the cuts at the 3-tag + no isolated lepton step; (ii) 3-tag vs. trigger, relative efficiency
between the 3-tag + no isolated lepton cuts and the trigger cuts; (iii) global vs. trigger, relative efficiency
between the whole set of selection cuts and the trigger cuts. In all cases, tan 8 =30 was used.
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Cuts SUSY backgrounds:
99, @i — t XIx5
Value ‘ my (GeV) ‘ tan 3

3-tag & no isol. lep Npxp | 26102 | 918 | 20 |

3-tag & no isol. lep (2) 0.5 91.8 20

Efmiss and pie" cuts (3) 76.7 91.8 20

Top and W mass rec (4) 36.7 94.8 30

Back to back topology (5) 13.7 112.8 3

Cuts on the H™ side (6) 31.8 94.8 7.5

All cuts Ngxp | 32 | o948 | 75 |

| Rest of SUSY backgrounds
Cuts (ma,tan B) of 99, aid; — bbo | g9, aidi — tt | fFi > WL | fif; > fif;e | fifi > Zo
1 (0 x BR)max — | (112.8,3) | (112.8,3) | (139.7,3) | (112.8,3) | (92.8,50)

3-tag & noisol. lep Npxp | 38100 | 15100 | 133 | 178 | 91
3-tag & no isol. lep (2) 0.1-10°¢ 2.0 0.6-10°Y | 0.4-10' | 0.810°!
ETmiss and pif’ cuts (3) 30.5 60.8 34.6 18.7 42.4
Top and W mass rec (4) 15.7 53.4 11.1 0 214
Back to back topology (5) 66.7 37.8 0 0 66.7
Cuts on the H™ side (6) 50 39.1 0 0 50
All cuts Ngxp | 620 7.2 0 0 0.3

Table 6.7: Number of expected events for the SUSY backgrounds after 3-tag and no isolated lepton
selection and relative efficiency (in percent) after each group of cuts selection for 10 fb~'. In the first
Table, only the results of the (ma4,tan 8) point with maximum ¢ x BR (columns 3 and 4) are listed as
well as in the second Table, where m 4 and tan 8 of the maximum o x BR point written at the header of

each column.

T jet
Pr

charged Higgs masses (i.e., mpg+ — myy+), the transverse mass cut is not very effective

>30 GeV cuts were only applied on those events with mg+ >113 GeV. For low

since it kills most of the signal. For higher charged Higgs masses it starts being quite
effective since the upper bound on the M7 distribution is moved to a higher value. More-
over, when increasing the charged Higgs mass, the 7 jet from H* — 7v decay becomes

harder improving the efficiency of the combined mz and p}j  cuts.




146 Discovery potential of a MSSM HZ produced in top decays with the ATLAS detector

L 180 [ ] ttSM
© 160 - [] ttMSSM
~ C
> 140 — (127,30)
O] =
G 120
%_ 100 —
o 80
< e [

40 |

20 |

:HH‘HH‘HH‘ \H‘HH‘\H

0
0 25 50 75 100 125 150 175 200
M. (t-jet, E miss)/GeV

Figure 6.22: Transverse mass distribution after selection cuts (QCD filter) for MSSM t# events with
my+ = 127 GeV and tan 8 =30 and for SM ¢ events for one year of running at low luminosity.

L%t >30 GeV pL %t >30 GeV
& My > 80 GeV eff. | & My >80 GeV Ngpxp
tt 15.0 3.5-10?
SM bkgs
QCD 0 0
99, @@ — t; xExi

ma = 94.8 GeV, tan3 = 30 58.9 2

id@; — bb =h,H, A

SUSY bkgs 99, 9i9 ¢ (¢ y Hy A)
ma =112.8 GeV, tan3 = 3 0 0

99, ¢:¢: — ttp (¢ = h, H, A)
ma = 112.8 GeV, tanf = 3 23.7 2

Table 6.8: Efficiency (in percent, second column) and number of expected events (third column) after the
pp?® >30 GeV and Mr >80 GeV cuts for the SM ¢f and QCD backgrounds and for the most important
SUSY backgrounds (numbers corresponding to the (ma, tan 8) point with highest ¢ x BR) for 10 fb~*
of data.

6.5 Systematic errors and other uncertainties

When computing the statistical significance (Eq. (6.13)), several sources of systematic

uncertainties should be taken into account:
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Figure 6.23: Relative efficiency between the mr > 80 GeV and p7’** >30 GeV cuts and the event
selection (QCD filter cuts given in section 6.4.1) as a function of my+ for the charged Higgs signal. tan g
was set to 30.

1. Systematics on the luminosity measurement.
The luminosity is by definition a process-independent quantity which is completely
determined by the properties of the colliding beams. Typically a 5-10% [42] preci-
sion for the luminosity determination is assumed for measurements in ATLAS, as
obtained in previous and existing hadron-collider experiments. Here a +10% effect

is assumed in order to be conservative.

2. Systematics on the ¢t cross section.
For the significance measurements, after the selection cuts given in the last section,
almost all backgrounds are swept away except the t¢ SM one. Thus, the precision

on the knowledge of o(tt) plays a very important role.

Once the LHC will be running, o(¢t) will be measured in ATLAS with a precision
better than 10% [100]. So, the Pythia 010 pythia(tt) was changed by + 10% and the
statistical significance was recalculated.

3. Systematics on the jet energy scale.

The resolution on the absolute jet energy scale is subject to both physics (initial-
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and final- state radiation, fragmentation, underlying event activity, jet algorithm,
etc.) and detector (calorimeter response over a wide range of energies and over
the full acceptance of the detector, non linearities at high energies, e/h ratio, etc.)

effects.

The goal of the ATLAS experiment is to have a systematic uncertainty on the overall
jet energy scale of +1 % as it was already pointed out in section 3.3.3. This can be
possible by making use of several calibration methods. To start with, the ATLAS
calorimeter modules are being calibrated in beams of electrons, muons and pions.
After they will be installed into ATLAS, an inter-calibration between the different
modules and calorimeters will be done by means of high pr isolated charged pions
from 7 decays and QCD dijet events. Finally, once the LHC is running, light quark
jets will be calibrated by making use of W — jj decays from top quark decay.
Moreover, Z+jets events will be used not only to compare the calibration of the jet
energy scale performed with W — jj but also to achieve a good accuracy on the b

jet energy scale.

4. Systematics on the Ery,;ss scale.
An accurate Epp,;ss measurement is crucial for the physics channel studied in this
thesis. The most critical experimental issues for a reliable measurement of the event
missing transverse energy are related to the performance of the calorimeters: good

energy resolution, good response linearity and hermetic coverage are required.

As it was pointed out in section 3.3.4, the overall Egy,;ss scale in ATLAS can be
determined to +4 %.

5. Systematics on the 7-tagging efficiency.
The uncertainty on 7-tagging efficiency arise mainly from the imperfect knowledge
of the 7 lepton efficiency from fake 7 leptons present in the final sample. These

effects were assumed to be 3% from past experience [101].

6. Systematics due to different b-tagging efficiency/c and light jet rejections configu-
rations.
Concerning b-tagging, different “working points”, that is, different b-tagging ef-
ficiency/jet rejection configurations were taken. The statistical significance was
computed for two values of the light and ¢ jet rejections maintaining the same b-

tagging efficiency (used values in the Monte Carlo generation: ¢, =60%, R, = 10,
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Ryight=100). Thus, the ¢ and light jet rejections were changed to R.=9, Rjight=90

and R.=11, Rj;44:=110 and then the statistical significance was recalculated.

7. Uncertainty on the BR(t — bH™)/BR(t — bW ™) values.
Since these branching ratios are model dependent as it was pointed out in section
6.1.1, it was studied at which BR(t — H'b) the statistical significance for a charged
Higgs produced in top decays became equal to 5 for a given tan 3. These results

will be given in the next section.
In addition, the systematic errors can be classified in three different categories:

e Systematic errors that affect only the background:
for example the uncertainties on the luminosity and the t¢ cross section measure-
ments'!. To compute the effect of these systematics on the statistical significance,
the number of expected events of the background is recalculated taking into ac-
count each systematic effect . Thus, the significance due to the systematic effect 7

is calculated as:
N, signal (6 17)

SSYSi = T
A/ kaysysi

where Nignq is the number of signal events and kagSYSi is the number of back-
ground events applying the systematic error ;. The variation that gives a bigger
Ssys; is taken.

e Systematic errors that affect only the signal:
the uncertainty on the BR(t — bH")/BR(t — bW ™) would be one of those. But
since nowadays there’s no good estimate of this uncertainty, one presents it as a
limit, i.e., for each tan 3, the minimum BR(t — bH ™) at which one gets a statistical

significance equal to 5 is calculated.

e Systematic errors that affect both signal and background (correlated):

the rest of systematic errors (jet energy scale, Eqp;ss scale, T-tagging efficiency and

10nce ATLAS will be running, the number of expected signal events will be obtained from the experi-
ment, and the number of expected background events will be taken from Monte Carlo generated samples,
i.e., Noxg = (0 X BR) - fﬁdt - ECUTS
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b-tagging efficiency/c and light jet rejections configurations) are of this type. The

significance is recalculated as:

N signalesi

SSYS@ = T
A/ kaysys,-

That is, both the signal and background expected number of events are computed

(6.18)

taking into account the systematic error i. As before, the variation that increases

the value of Sgyg, is taken.

Each systematic error 7 will affect the statistical significance as:

ASsys; = \/ Sérar — Séys, (6.19)

were Sgrar is given by Eq. (6.13). And if one assumes that the systematic errors are

independent, the systematic errors global effect on the significance can be computed as:
ASSY Sy = , | ASZys, (6.20)
i

To conclude, the final significance will be given by:

SFINAL = \/S,%'TAT - AS%YS“,M, (6.21)

6.6 Statistical significance results

In section 6.2, the two different perspectives for computing the statistical significance
were exposed. The results computed within the context of each one of the scenarios are

given below.

6.6.1 SM hypothesis

In such scenario, an excess of events compared to the SM hypothesis should be demon-
strated. To do so, the statistical significance is computed making use of Egs. (6.13) and
(6.19)-(6.21). The signal events considered in the SM hypothesis (S) are the MSSM ¢t

events with one or two charged Higgs production as given at the beginning of section
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6.3. The background processes (B) are strictly within the SM: ¢t SM and rest of SM
backgrounds listed in Table 6.1.

The final significance results are given in Table 6.9 for 5 different points in the MSSM

(ma/mp=+, tan B) space for 1 year of running at low luminosity (10 fb~1).

Sys. errors mg — | 11.0 | 53.9 84.9 94.8 | 111.8 | 135.8
1 my+ — | 84.9 | 100.1 | 119.7 | 127.0 | 140.2 | 160.0
L measurement (+10%) 35.1 | 345 39.9 34.3 27.2 3.9
o(tf) precision (+10%) 35.0 | 342 | 395 | 340 | 270 | 38
Jet energy scale (£1%) 32.2 | 20.1 30.8 25.7 20.4 2.9
Ermiss scale (£4%) 32.8 | 259 | 53.1 | 358 | 304 | 3.6
T-tagging eff. (+3%) 35.3 | 38.2 42.4 36.5 28.9 4.7
b-tagging (R., Rugn+10%) | 11.7 | 138 | 7.3 0 8.9 0
ASsys,..., 771 | 713 | 937 | 749 | 610 | 85
| SsraT | 1165 | 1140 [ 1322 [ 1139 | 903 | 128 |
| SFINAL | 873 | 88.9 [ 93.2 | 85.8 | 66.6 | 9.6 |

Table 6.9: Final significance results in the SM hypothesis at different (ma,mg=+, tan3) points for 1
year of running at low luminosity (10 fb=!). m4 and mg+ in GeV.

In addition, the number of expected signal events (with single charged Higgs produc-
tion) can be seen in Fig. 6.24 for one year of running at low luminosity as a function of
tan 3. Thus, already at the first year, a considerable yield of t# — HTbW b events is
foreseen in the MSSM. One can also observe the minimum around tan 8 ~ 7.5 due to the
BR(t — H"b) dependence (see section 6.1.1). When my+ approaches myep, the number
of expected events decreases dramatically, and the discovery in this mass region requires

more statistics.

The final significance and the significance without taking into account systematic
errors as a function of tan S are given in Fig. 6.25 for one year of running at low luminosity
for different charged Higgs masses. The 5o discovery limit is also drawn. As it was pointed
out before, when mg+ — myyp (e.g. mg+ = 155 GeV) around the tan S minimum
(4 < tanB < 10) the charged Higgs cannot be discovered anymore, and for mg+ = 160
GeV, the charged Higgs can only be discovered for tan > 20 values. This situation

improves a little bit when the significance is computed for 3 years of running at low
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Figure 6.24: Number of expected signal events with single charged Higgs production as a function of

tan 3 for one year running at low luminosity at three different mg+ values.

luminosity instead of one, i.e, [ Ldt = 30 fb~1. On the other hand, a good significance
is obtained for my+ < 150 GeV at any tan 8. As an example, for my+ = 127 GeV and
tan 8 =30, and already at the first year, i.e., for 10 fb—! of integrated luminosity, the final
significance is 85 (and it gets reduced to 70 if the p}j ¢ - 30 GeV and My >80 GeV cuts
are not applied).

In order to obtain the 50 contour in the MSSM (m 4,tan 3) space, given a tan 3, the two
closest m 4 points (see Fig. 6.7) with Spynar >5 and Spynar <5 respectively were taken
and a linear interpolation between them gave the m 4 point at which Spyyar =5. In Fig.
6.26, the 5o discovery plot for a MSSM charged Higgs produced in top decays is shown
in the (my4, tan3) space for the ATLAS detector. The results for the hadronic channel
(W — qq/) are represented for 10 and 30 fb~1 of integrated luminosity respectively. In
addition, the 50 line for the leptonic channel (that was already given in Fig. 2.7) for
30 fb~! of data is superposed. Therefore, already at the first year of running at low
luminosity ([ £dt = 10 fb~1), with the hadronic channel studied in this thesis, one is able
to improve the discovery potential achieved with the leptonic one for 3 years of running

at low luminosity. Moreover, with the hadronic channel for 3 years of running at low
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Figure 6.25: Final significance (Significance SYS) and significance without systematic errors effect
(Significance STAT) as a function of tan 8 for one year of running at low luminosity and four different
charged Higgs masses: 90, 127, 155 and 160 GeV. The 50 line has also been drawn.

luminosity, the existing dip between tan 8 ~10 and tan 8 ~5 is now practically covered.
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Figure 6.26: 50 discovery plot for a MSSM charged Higgs produced in top decays for the ATLAS
detector. The results for the hadronic channel (W — qq/) are represented for 10 and 30 fb™" of integrated
luminosity respectively. In addition, the 5¢ line for the leptonic channel for 30 fb™! of integrated luminosity
is also drawn. MSSM Maximal Mixing Scenario was used.

In Fig. 6.27(a), the 50 discovery contour for a charged Higgs produced in top decays
obtained in this work is superposed to Fig. 2.10 for one year of running at low luminosity.
It can be seen that the before existing “hole” around tan 3 ~10 is now covered by this
channel. To complement this plot, Fig. 6.27(b) shows the 50 discovery contours for all
MSSM Higgs for ATLAS and CMS combined and 30 fb~! of integrated luminosity. The
5¢ line for the channel studied in this thesis is superposed for 10 and 30 fb~!: this channel

contains the region around tan 8 ~6 that was before uncovered.

Hence, the 50 survey in the MSSM (m 4, tan 3) space is now complete in ATLAS and
CMS making use of the different MSSM Higgs (A, h, H, H", H ) production and decay

channels.

Finally, in Fig. 6.28, the ¢ — H b branching ratio at which one starts to be sensitive
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(i.e. SprnvaL =5) to a charged Higgs produced in top decays is shown as a function of tan 8
for 10 fb! and for 30 fb ! of integrated luminosity. The branching ratios were computed
with Pythia 6.161 and a list of ( tan 3, m4, BR(t — H*b)) values was obtained. Then,
given a tan 3, the my with Sprnvar=5 (i.e., from the 50 line in Fig. 6.26) was taken
and the corresponding branching ratio was linearly interpolated from the two nearest m 4

values in the branching ratio list obtained with Pythia.

Already at the first year of running at low luminosity (10 fb~!), one is sensitive to a
MSSM H* signal produced with very low branching ratios, namely BR(t — Htb) ~1.5%

as it can be seen in Fig. 6.28.

6.6.2 MSSM hypothesis

Once it was shown that a good statistical significance can be obtained within the SM
hypothesis, one wants to check if the charged Higgs signature can be extracted from the
backgrounds within the MSSM frame (MSSM ¢¢, SM backgrounds and SUSY backgrounds
listed in Table 6.1) as well, so that the charged Higgs properties like the mass and its

couplings can be measured.

In this perspective, the signal S will be made of those processes with only one charged
Higgs production (since the events with two charged Higgs cannot be used for the mass
reconstruction as it was pointed out in section 6.3) as listed at the beginning of section 6.1.
The background processes B will be represented by the before mentioned backgrounds

existing in the MSSM scenario.

Since it was shown that almost all SUSY backgrounds were killed after selection and
further selection cuts (see section 6.4), it can be stated than a good final significance can
also be obtained in the MSSM hypothesis. Moreover, the MSSM ¢t background will also
have a lower contribution than the SM ¢t background, since its branching ratio in the
MSSM is always lower than 1. For example, for mg+ =127.0 GeV and tan S =30, the
MSSM tt background branching ratio is 0.88. Therefore, the significance in the MSSM
hypothesis was not recalculated since it was already demonstrated that the results would

be similar to or even better than the ones obtained in the SM hypothesis.
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Figure 6.27: 50 discovery contours for the MSSM Higgs bosons (h, H, A, HT, H™) obtained with
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scenario was used. Upper plot: ATLAS, for 10 fb~! of integrated luminosity. Lower plot: ATLAS and
CMS combined, for 30 fb~* of integrated luminosity.
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Chapter 7

Mass extraction of a MSSM H=T

produced in top decays

In the previous chapter it was shown that within a SM as well as within a MSSM hy-
pothesis, a good statistical significance could be obtained for a charged Higgs produced
in top decays. Thus, it was demonstrated that in most of the (m4/mpg+, tan 3) space
generated points, the charged Higgs signal could be extracted from the backgrounds that
are present in the MSSM. Therefore, the charged Higgs boson parameters such as the
mass, the decay width, the spin, the rates in the various decay channels and the couplings
to SM and SUSY particles could in principle be measured. Furthermore, those measure-
ments would be essential to determine the nature of the H* particle and to identify the

actual scenario to which it belongs.

In this chapter, a method to reconstruct the charged Higgs mass is presented. Al-
though the H* — 7%v,. channel does not offer the possibility for the observation of a
resonance peak above the background, the transverse charged Higgs boson mass given by
Eq. (6.16) can be reconstructed because of the neutrinos in the final state. Therefore,
the charged Higgs invariant mass is extracted from the transverse mass distribution by

means of a maximum likelihood method.

In section 7.1, the signal and background Monte Carlo samples for the studies on the
H?* mass are listed. In section 7.2, the event selection cuts are exposed. Finally, in section
7.3, the light MSSM H* mass extraction procedure is described.

159
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7.1 Signal and background Monte Carlo samples

The Monte Carlo event samples were generated with ATHENA PythiaModule with PDF
CTEQS5L and TauolaModule! for polarized 7 lepton decay within MSSM Maximal Mixing
scenario at /s = 14 TeV. Besides, Atlfast package for fast detector simulation together
with AtlfastB Algorithm for jet mis-tagging and energy calibration were used.

For the tt events generation, tan 3 = 30 was taken and several charged Higgs masses

were considered, namely:

m%(GeV) =84.9,90.2,95.1,100.1,105.2, 110.2, 114.8,
119.7,123.3,127.0,130.0, 134.7, 138.6, 145.0, (7.1)
149.9, 155.8,160.0, 165.1

Besides, the tt samples were split in three different groups (see Table 6.1):

e tt signal: signal process with one charged Higgs production as given at the beginning

of section 6.1
e tt — HTbH b background: two charged Higgs in the final state

e Rest of tt background: rest of MSSM ¢t background processes
Moreover, the same SM backgrounds listed in Table 6.1 were also generated, namely:

o QCD: events generated in 22 different pr bins
o (Z/~*)+jet: events generated in 3 different mz bins
o WHjet

o (Z/y)NZ|v*); (Z)y* )W; WW

SUSY background processes were not generated for the mass extraction studies since

after the event selection cuts described in section 6.4, almost all of those events were

! As it was already pointed out in chapter 5, PythiaModule and TauolaModule interface respectively
Fortran Pythia 6.161 and TAUOLA 2.6 versions.
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rejected (see Table 6.7). Moreover, for the mass studies, only those events with transverse
mass between 80 and 170 GeV were considered (as it will be show later on), and most of

these SUSY background events had transverse masses lower than 80 GeV.

The statistics of the Monte Carlo samples for each process are listed in Table 7.1.
Since the mass extraction studies started assuming a light charged Higgs of mass 127
GeV, the samples generated at this mass point have more statistics, in particular the
MSSM tt Monte Carlo generated events at the my+ = 127.0 GeV and tan 3 = 30 MSSM

point have a statistical weight of < 1.

MSSM | Events (tan 8 = 30)
processes I mpg+ = 127 GeV ‘ rest of mpyg+
7 signal | 597948 298974
tt - H*bHb | 600 k 600 k
rest of ¢f bkg | 4474300 797150
‘ SM processes I Events ‘

QCD (22 pr bins) 1200 k/bin

Z/v*+jet (3 mz bins) | 600 k/bin

W +jet 600 k

WW; WZ; ZZ 600 k

Table 7.1: Statistics of the Monte Carlo generated samples for mass extraction studies. MSSM ¢ events
were generated at 18 different my+ points with tan 8 = 30. QCD and Z/vy*+jet events were split in 22
pr and 3 mz bins respectively.

7.2 Selection cuts

In order to extract the mass, the selection cuts given in section 6.4.1 were applied to both
signal and background event samples. The number of expected events after trigger and
after all selection cuts and the relative efficiency at each cut step are given in Table 7.2
for a MSSM tt signal with my+=127.0, 138.6 and 145.0 GeV for one year of running at
low luminosity (10 fb~1). Note that this Table is not the same one as Table 6.5 obtained

for the discovery studies: in the mass studies, the tt — H*bH¥b events were considered
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as background whereas in the discovery potential studies, they were considered as signal.
In addition, the event generated samples are different as it was already pointed out in
section 5.3.5.3: for the discovery potential studies, the Fortran code was used, and for the

mass extraction studies, the ATHENA code was taken.

Signal

Cuts ma— | 94.8 | 109.8 | 117.8

l myg+ — | 127.0 | 138.6 | 145.0

\ (t20xe30)OR(j60xe60) Ngxp | 36.4-10* | 26.8-10* | 20.5-10%
(£20xe30)OR (j60xe60) 63.5 66.3 67.5
3-tag & mno isol. lep 9.0 8.0 7.3
Ermiss > 45 GeV 81.2 83.6 84.0
P >35, 20 GeV 92.3 90.8 88.7
Pl > 25 GeV 90.2 91.1 91.0
|mj; —mw]| < 20 GeV 84.5 83.5 83.4
pHghtiets 530, 20 GeV 67.3 66.1 67.0
|mjjo — my| < 40 GeV 87.6 87.3 86.6
A¢(topl, top2) >2.5 rad 78.4 78.3 78.5
PP piP? <2 91.5 90.8 90.6
AR(b jetl,b jet2) >1.0 95.0 95.0 95.0
AG(Ermiss, P ") >0.5 91.5 91.0 91.3
PruL(r jet,b jet) >0.2 82.9 86.1 86.6
Py py?® > 0.8 67.4 76.4 81.7

| All cuts Ngxp | 3810° | 2910° | 1810°

Table 7.2: Number of expected events for the signal after trigger and after all selection cuts and relative
efficiency (in percent) after each cut selection at the 3 different m4/my+ considered points and tan 8 =30
for 10 fb™'. m4 and my+ given in GeV.

In addition, in Tables 7.3 and 7.4, the number of expected events after 3-tag and
no isolated lepton selection as well as the relative efficiency after each group of cuts (as
they were numbered in section 6.4.1) are given for the MSSM ¢t backgrounds and SM
backgrounds respectively. After the selection cuts, all the SM backgrounds are rejected
except QCD, with only one MC event left in the last pr bin (pr > 400 GeV) with statistical
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weight 18. The results shown in Table 7.4 for the SM backgrounds are compatible with
the ones shown in Table 6.6 for the discovery studies. There are slight variations due
to the different nature of the Monte Carlo samples, fully generated in Fortran for the

discovery analysis and generated within Athena for the mass studies.

| MSSM ¢ — HTbH b | rest of MSSM 1t bkg
Cuts ma— | 94.8 | 109.8 | 117.8 | 94.8 | 109.8 | 117.8
1 mgy+ — | 127.0 | 138.6 | 145.0 | 127.0 | 138.6 | 145.0
| 3-tag & no isol. lep Npxp | 3.2:10° | 1.1-10° | 5.1-102 | 3.5-10* | 4.4.10* | 3.5-10* |
3-tag & no isol. lep (2) 4.6 3.8 3.1 2.5 2.7 24
ETmiss and pif* cuts (3) 67.0 | 628 | 58.4 540 | 569 | 548
Top and W mass rec (4) 17.9 17.1 174 40.8 35.6 40.3
Back to back topology (5) 47.9 41.5 41.0 58.7 56.5 59.0
Cuts on the H™ side (6) 65.0 73.3 76.4 34.2 35.5 33.9
All cuts Ngxp [12102] 37 | 16 [J1610°)1810° |1.610°|

Table 7.3: Number of expected events after 3-tag and no isolated lepton cuts (cuts group number 2.)
and relative efficiency (in percent) after each group of selection cuts for MSSM #f backgrounds at the 3
different ma/mg+ considered points and tan 8 = 30 for one year of running at low luminosity (10fb™1).

7.3 Mass extraction

Once the set of cuts were applied to both signal and background events, the transverse
mass given by Eq. (6.16) was obtained from the 7 jet and the missing transverse energy,
since in the H* — 7v channel the full invariant mass cannot be reconstructed (because
the z component of the missing energy is not known). In Fig. 7.1 the total transverse
mass distributions of a MSSM charged Higgs of mass mg+ = 127.0, 138.6 and 145 GeV
and tan 8 =30 are shown for 10 fb~!. Because the BR(t — H*b) decreases when m g+
approaches myop (see Fig. 6.1), the number of expected ¢t signal events diminishes when
going from Fig. 7.1(a) to 7.1(c). This is also due to the fact that the applied selection
cuts (those given in section 6.4.1) were not optimized for high charged Higgs masses,
that is for my+ < myep. For the ¢t backgrounds with a W boson, the transverse mass

is kinematically constrained to be smaller than myy+, but for the signal, the transverse
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Cuts SM backgrounds
QCD | (Z/vy*) | W | WW,W(Z/v*);
t+iet | +jet | (Z/v*)(Z/v")
3-tag & no isol. lep Npxp | 3.8:10° | 4.1.10% | 2.6-10° | 1.2-102 |
3-tag & no isol. lep (2) 0.08 0.08 0.01 0.07
ETmiss and pi’ cuts (3) 8.4 0.65 0 53.5
Top and W mass rec (4) 10.6 33.3 0 0
Back to back topology (5) 9.8 0 0 0
Cuts on the H™ side (6) 0.54 0 0 0
All cuts Ngx p | s | o [ o | 0

Table 7.4: Number of expected events after 3-tag and no isolated lepton cuts (cuts group number 2.)
and relative efficiency (in percent) after each group of selection cut for each SM background process for
one year of running at low luminosity (10 fb™1).

mass is bound to be below mg+. Thus, the M7y >80 GeV region is almost background

free, except for the t¢ background tails contribution.

In the following section, the maximum likelihood method used for extracting the

MSSM charged Higgs mass out of the transverse mass distributions is described in detail.

7.3.1 Maximum likelihood method

The transverse mass distributions for each one of the generated charged Higgs masses
listed by expression (7.1) were obtained for 10 fb!. The binning of the distributions
was set to 6 GeV/bin. Next, the bin contents of the M7 histograms were smoothed and
normalized to unity, since in this maximum likelihood method only the shape of the Mt
distribution is considered. There exists also an ’extended likelihood method’ [102] which
takes into account the signal rate itself to get a better mass resolution. However, in this
extended method, the expected signal rates must be known with a very good level of

precision.

After smoothing and normalizing the Mp distributions (in order to get the My prob-
ability distribution), only those events with transverse masses between 80 GeV and 170

GeV (Mr kinematical bounds from myy+ to myep) were kept. Next, a polynomial fit was
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performed such that the probability density functions of the transverse mass distribu-
tions were obtained. Polynomial functions of the 7th degree provided the best fit. In Fig.
7.2 these transverse mass probability density functions are shown. When increasing the
charged Higgs mass, the probability density functions grow on the right side since the
upper bound of the M7 distributions is given by mg+. In some cases, for example for
mpy+ = 145 GeV, two bumps can be distinguished: the left one resides where the W+
boson transverse mass is and the right one, corresponds to the charged Higgs particle. In
addition, the fits to those M7 probability density functions that have low statistics due
to the top mass kinematical constraint (i.e. mg+=160.0, 165.1 GeV) gave less reliable
results due to the large bin to bin fluctuations.

SEL
H*E

charged Higgs masses given by expression (7.1) with transverse mass probability density

At that point, the existence of a charged Higgs boson of mass m selected among the
function Pspr(Mr) was assumed to be the experimental distribution?. The rest of the k
generated masses had probability density functions Py(M7) where k£ = 1,...17.

Let’s label the number of expected events of the transverse mass distribution for the
selected charged Higgs mass Nggz. The likelihood function at this mfﬁL point is given

by:

Nser

Lser = H Psgr(Mr;) (7.2)
i1

where M, withi = 1,..., Ngg, is the transverse mass corresponding to the event number

i. The likelihood functions of each one of the k masses are given by:

NseL

Ly = H Py,(Mr,) (7.3)

i=1
that is, using the same set of M7, with i = 1,..., Nsgr transverse masses.
After taking the logarithm of Eq. (7.2) and (7.3), the delta log-likelihood function for
each charged Higgs of mass k was computed:

NserL

Aln(Ly) = In(Lspr) —n(Cy) = Y [ln(PSEL(MTi)) — In(Py(Mr,)) (7.4)
i=1

The delta log-likelihood function is an estimator of “how good the transverse mass prob-
ability density function k£ approaches the probability density function SEL”.

2Once the LHC will be running, this selected sample will be the real data.
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Next, the Aln(Ly) values were plot as a function of the k masses as it is shown in
Fig. 7.3 below. Around the minimum of this delta-loglikelihood plot, which should be
at the selected charged Higgs mass, a parabolic fit was performed. The minimum of this

parabola determined the reconstructed charged Higgs mass.

This procedure was repeated many times in order to get Ngpxp pseudo-experiments.
To do so, for each pseudo-experiment a random gaussian fluctuation to the number of
expected events Nggr, was computed, that is N, = Nggr + 6Nsgr. Afterwards, a
random set of Ngp;transverse masses was generated according to the probability density
function Psgr(Mr) and the delta log-likelihood values were recalculated for each one of
the k masses so that a new delta log-likelihood plot was obtained?. From this plot, a new
reconstructed Higgs mass could be obtained as explained above.

Afterwards, the minimums of the parabolas of the delta log-likelihood fits were plotted
in a distribution. This distribution has a gaussian shape if a reasonable number of pseudo-
experiments are generated. Finally, a gaussian fit to the reconstructed this distribution
was performed. The mean of such gaussian and the standard deviation gave the charged

Higgs mass and the statistical error on it.

In Fig. 7.3, the delta log-likelihood values as a function of the k£ generated charged
Higgs masses (given by expression (7.1)) are represented for m$5% =127, 138.6 and 145
GeV. A parabolic fit was performed around the minimum and the vertex of the parabola
gave the reconstructed H* mass for that pseudo-experiment. The error bars are the stan-
dard deviations of the delta log-likelihood values for Ngxp =1000 pseudo-experiments.
One can observe that for the three plots given in Fig. 7.3, the points with mpy+ $ 110
GeV have more or less the same behaviour. In this charged Higgs mass region, the con-
tribution of the #f background (with two W¥ in the final state faking the H¥ signature)
overlap with the HT signal contribution so that the sum of these two components give a
similar Mt distribution. Hence, for a given mfﬁf the Aln(Ly) value is very similar for
this H* my, values and therefore, does not give any useful information. As a consequence
this mass points were not used for the log-likelihood fit. In Fig. 7.4, the distribution

of the reconstructed charged Higgs masses obtained with the delta log-likelihood fits is

3This procedure will also take place in the case of real data: from the My probability density function
obtained for real events (with Ngyr the number of events in the transverse mass distribution), Ngxp
pseudo-experiments can be generated each one with Npyr = Ngvr + § NgvT events, where SNgy T is a

gaussian fluctuation on the real number of events.
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shown for 10000 pseudo-experiments and 3 different mISﬁL, namely 127, 138.6 and 145
GeV. Such distributions are fitted with a gaussian and its mean value and standard devi-
ation give the reconstructed charged Higgs mass and the statistical error on it. In Table

7.5, the reconstructed H* masses together with their statistical errors are listed for each

SEL
H* -

structed my+ + statistical error range since, as it will be shown in the next section, the

generated m One can see there that the generated mg+ does not lie in the recon-

systematic effects will contribute to increase this error.

Generated Reconstructed | Stat. Error
mfff‘ (GeV) mg+ (GeV) (GeV)
127.0 128.4 1.1
138.6 141.1 1.0
145.0 142.1 0.8

Table 7.5: Reconstructed charged Higgs masses and their statistical error as obtained with the maximum
likelihood method.

7.3.2 Systematic errors

The statistical errors obtained with the maximum likelihood method are quite small.
The main source of error for the charged Higgs signature under study is the systematic
one. For the mass reconstruction, the systematic errors due to the uncertainty on the
T-tagging efficiency and the jet and FErg,;ss energy scales are considered as it was done

for the charged Higgs discovery studies (see section 6.5).

On the contrary, the uncertainties on the t¢ cross section and on the luminosity mea-
surement, that were important for the significance calculations, are not considered here,
since they would only produce a global scale effect on the final Mz distribution. Such
scale effect cancels out when normalizing in order to get the transverse mass probability

density functions.

In the same way, the uncertainty on the b-tagging efficiency only produces a global
scale effect on the final My distribution, since after the selection cuts, almost only those
events that contain true b jets remain. In addition, the b jet quantities are not used when

computing the transverse mass.
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Moreover, other uncertainties intrinsically related to the mass reconstruction method

were also considered:

1. Uncertainty due to different histogram binning.
The maximum likelihood method for the mass reconstruction was applied to Mr
distributions with a binning of 6 GeV/bin. The variation on the reconstructed
charged Higgs mass when changing the M7 histograms binning to 4 GeV /bin and
5 GeV/bin was studied.

2. Uncertainty due to the change of polynomial degree in the M7 probability density
function fits.
Several other polynomial degrees where also tried for the mass reconstruction, specif-

ically, polynomials of the 11th and 9th degree were used.

3. Error due to the lack of statistics of the Monte Carlo samples.
The effect of the limited statistics was reflected on the bin by bin fluctuations of
the Mt distributions. So that random poisson fluctuations on the Mt distributions
were added for the Monte Carlo samples at the different my values. Next, the

charged Higgs mass was reconstructed again with the maximum likelihood method.

These uncertainties produced a shift $ 1GeV on the reconstructed charged Higgs mass

peak. Thus, this error was added quadratically to the rest of systematic uncertainties.

In Table 7.6, the systematic errors computed for each selected charged Higgs mass are
listed.

The Er7piss systematic error is the one that gives the largest contribution since the
missing transverse energy enters directly in the transverse mass calculation (see Eg.
(6.16)). Concerning the 7-tagging efficiency error, it is not negligible, and for a charged
Higgs generated mass of 138.6 GeV this value is really high: 4.0 GeV. These fluctuations
on the estimated systematic error between the different mass hypothesis are due to the
statistical fluctuations in the transverse mass distributions, hence, the solution would be

to increase the statistics of the Monte Carlo samples.
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Systematic I H* mass point (GeV)
uncertainties | 127.0 [ 138.6 | 145.0
Jet energy scale (£1%) 0.9 1.4 2.2
Eppiss scale (£4%) 3.0 2.8 2.2
T-tagging eff. (£3%) 1.5 4.0 1.3
other uncertainties 1.0 1.0 1.0
Total sys. error | 36 | 51 | 35

Table 7.6: Systematic errors given in GeV for the charged Higgs mass extraction. tan 8 = 30 was used.

7.3.3 Results

The final reconstructed MSSM charged Higgs masses for each one of the Monte Carlo gen-
erated mg+; 127, 138.6 and 145.0 GeV; are listed in Table 7.7 together with the statistical
and the systematic errors and the relative precision of the measurement. From these re-
sults it can be concluded that the precision on the charged Higgs mass is completely
dominated by the systematic uncertainties. In addition, by making use of a maximum
likelihood method, the light charged Higgs mass can be extracted from the transverse

mass distribution with a precision of $ 5 GeV.

Generated HE | Reconstructed H* Statistical Systematic | Rel. precision
mass (GeV) mass (GeV) error (GeV) | error (GeV) AM/M (%)
127.0 128.4 1.1 3.6 2.8
138.6 141.1 1.0 5.1 3.6
145.0 142.1 0.8 3.5 2.4

Table 7.7: Reconstructed MSSM charged Higgs mass values with the maximum likelihood method for
the three generated charged Higgs masses.

At this point it’s also worth commenting what would happen if other values of tan 3
were considered for the mass extraction studies. To have an idea of how things change
when changing tan 3, one should take into account the BR(t — H™b) plot in Fig. 6.1.
For example, when increasing tan 3 (and for tan 8 > 10), the number of H* increase for

the same mass, so that more t¢ signal events are produced whereas the number of ¢¢ back-
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ground events containing W7 bosons diminish proportionally. So, if ones thinks about
the My distribution (Fig. 7.1), this will translate not only into an increase of the number
of expected events in the 80 GeV< My <170 GeV range but also the leading edge of the
transverse mass distribution summing up all contributions will become more pronounced.
On the other hand, when lowering tan 8 (and for tan 8 > 7.5) the opposite effect would
take place: the BR(t — H™b) is decreasing whereas an increase of the BR(t — Wb)
is produced, and the number of expected events in the 80 GeV< Mt <170 GeV range
would diminish giving a less pronounced edge on the transverse mass distribution. In
the very unfavourable tan 8 ~ 7.5 limit, it could happen that in the 80 GeV< Mt <170
GeV range, the signal would go below the t# — W*bW Tb tail and the mass could not
be extracted anymore. Hence, when dealing with real LHC data, one should perform the
mass extraction studies for different tan 8 values, i.e., one should find the tan 8 which fits
best the Mr distribution for a given charged Higgs mass. Besides, tan 8 can be directly
measured in some decay channels: the production rates of H/A — 77 and H/A — uu
are sensitive to tan 3. In [103], an estimation of the precision on tanf is given. For
example, in the H/A — 71 channel, for mg =150 GeV and an integrated luminosity of
300 fb~!, tan B could be measured with an accuracy of +£15% for tan 8 = 5 and of +6%
for tan 8 = 40.

In Fig. 7.5, the reconstructed charged Higgs mass is plot as a function of the generated
mg+ with the statistical and systematic errors drawn at each point. In addition, an ideal
line (i.e. reconstructed my+= generated my+) is also drawn. Thus, the results, adding
the statistical and the systematics effects, are compatible with the line of slope 1 for the

ideal case.
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Chapter 8
Summary and Outlook

The sensitivity for the ATLAS detector to the discovery of a MSSM charged Higgs pro-
duced in top decays has been studied in detail in the channel pp — t£ — H*bW Tb with
H* = rv and WF — g¢ql.

After event selection (QCD filter), the most relevant remaining background is ¢t —
W*bW b with one W boson decaying leptonically into 7v and the other one decaying
hadronically in two light jets. That background was further reduced by imposing a cut
on the transverse mass and a harder cut on the 7 jet transverse momentum: due to 7
polarization effects [89], in one-prong 7 hadronic decays, 7 jets from H* decay are harder

than the ones produced in W+ decay.

The discovery potential of the ATLAS detector for a charged Higgs produced in top
decays was already studied in [44] in the leptonic channel. In addition, the case mg+ >
Myop Was also investigated [33]. The significance studies presented in this thesis complete
the (m 4, tan 8) survey for the MSSM charged Higgs. Furthermore, in the so far uncovered
5-10 tan 3 region a significance greater than 50 is obtained already for 10 fb~! of data
(corresponding to one year of running at low luminosity) with the channel studied in this
work. Therefore, the discovery potential studies of ATLAS standalone and ATLAS+CMS
combined for any of the different MSSM Higgs bosons (h, H, A, HT, H™) cover the whole
MSSM (m 4, tan 3) space.

Moreover, an important aspect of this channel is that it gives the possibility to measure

the mass. The light MSSM charged Higgs mass was obtained from the transverse mass
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distribution (since in the H* — 7v channel there is no resonance peak) by means of
a maximum likelihood method and the expected precision on this mass was also given.
The error was completely dominated by systematics and a precision close to 4% could be

achieved for an integrated luminosity of 10 fb~!.

To conclude, the results presented in this work show that the prospects for discovering
the charged Higgs at the LHC are very good. At the Tevatron Run II, this discovery is
quite unlikely due to the small #¢ cross section, two orders of magnitude lower than that of
LHC ( o(pp — tt) ~ 7 pb at 4/s = 2.0 TeV [104] ), and the limited integrated luminosity.
Most likely we will have to wait for the first LHC data in order to prove the existence of

the charged Higgs and get more insight in Supersymmetry.



Appendix A

Effects of the new 7 4+ Ep,,;ss and
jet+Ep,,;ss trigger thresholds on

the discovery potential of a
MSSM H= produced in top decays

As it was pointed out in section 6.4.1, at the moment of writing this thesis the thresholds
of the 7 4+ ErTmiss and jet+FErng;ss triggers were increased in order to reduce the final
amount of data to store on tape after the Event Filter. Those new thresholds were

already presented in Table 4.4. As a reminder, those changes are listed below:

o (t20xe30)— (t35xed5)

e (j60xe60)—(j70xe70)

In section 4.4.3 it was shown that the MSSM H¥ signature studied in this thesis had
a weak dependency on the 7+ FErg,;ss trigger thresholds since most of the 7 jets produced

in H* decays also fulfilled the jet+FE7ypiss trigger.

In order to study how these changes affected the discovery potential of the MSSM
charged Higgs, the set of cuts given in section 6.4 were applied to the generated sig-

nal and background processes (see section 6.3) with the new trigger conditions, namely
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(t35xe45).0R.(j70xe70). In Fig. A.1 the change in statistical significance (without taking
into account systematic error effects) as well as the lost in luminosity in percent (i.e.,
how much the luminosity would have to be increased in order to reach the statistical
significance values achieved with the old thresholds) as a function of tan 3 is represented
for three different MSSM H* masses, 90, 127 and 160 GeV.

It can be seen that almost no decrease in the statistical significance is produced. Thus,
only a few percent of relative additional luminosity would recover the statistical signifi-
cance losses due to the new trigger menus ( the negative values in the luminosity plots

are due to a lack of statistics in the signal events).

This results are not surprising. In the selection cuts, already a cut on events with
FErmiss >45 GeV and a 7 jet of at least 25 GeV was applied. Moreover, the transverse
momentum of the 7 jet is really high (specially for the 7%’s produced in H* — 7%v, —
7ty 7, decays as it was already commented in section 6.3.1). Therefore, many of these
7 jets (see Fig. 6.10(a)) are going to fulfill the ’j70’ trigger requirement.
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