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Introduction

One of the open issues in High Energy Physics is the origin of the masses of
elementary particles or, in terms of Quantum Field theory, the mechanism of
spontaneous breaking of the electroweak symmetry. The most probable scenario
is the Higgs mechanism which solves the problem of the generation of the gauge
boson and fermion masses. This mechanism furthermore predicts the existence of
a new particle, the Higgs boson.

Experimental observations have confirmed the validity of the Standard Model,
but the Higgs boson itself has never been detected. It is an extremely elusive
particle, because the production cross section is extremely low and, since its mass
is a free parameter of the theory, it must be searched over a wide range of val-
ues. Direct searches for the Higgs boson through its decay channels, made at the
LEP and Tevatron accelerators gave no evidence of its existence, fixing an exclu-
sion limit My > 115 GeV/c?. Theoretical arguments based upon self-consistence
of the Standard Model, however fix an upper limit on the Higgs boson mass at
~ 1 TeV /c?.

The resulting mass range will be explored by a new accelerator, the Large
Hadron Collider (LHC), under construction at the European Laboratory for Par-
ticle Physics (CERN) in Geneva. This collider, which will start its operation in
summer 2007, will have two proton beams with an energy of 7 TeV /c? each and a
total center of mass energy of 14 TeV /c2.

The Compact Muon Solenoid (CMS) detector is one of the two general pur-
pouse detectors which will operate at LHC and it is designed not only to search
for the Higgs particle but to detect also other possible sources of new physics (su-
persymmetry, extra dimensions, ...). The main feature of the CMS detector is
the 4 Tesla superconducting solenoid magnet that permits a compact design of
the detector with a strong magnetic field. Furthermore the high bending power
of the magnet allows a precise measurement of particle momentum, which will be
provided by the inner silicon microstrip tracking detector.

My contribution to the CMS activities has been the study of the discovery
potential of Standard Model Higgs boson in its decay channel H — ZZ®*) — 4.
This is the golden channel for Higgs boson discovery at LHC. The four muons in
the final state make it particularly promising despite the very small cross section,
barely few fb. The fully muonic decay of the Higgs boson has indeed the cleanest



experimental signature and would allow a very good estimate of the Higgs boson
mass thanks to the excellent muon momentum resolution of the CMS detector. A
clear signal in this channel is expected in the mass range 130 < My < 600 GeV /c?.

The kinematical characteristics of signal and background events have been stud-
ied in detailed. The attention has been focused in the analysis of those variables
which mainly allow a selection of the signal events against background. Selection
cuts were designed to maximize the expected signal statistical significance with an
integrated luminosity of 20 fb~!, one year of LHC operation at designed low lumi-
nosity (£ =2-10% cm™2 s7'). To account for the presence of one or two on shell
Z bosons in the final state, two different mass regions were considered: below and
above the ZZ threshold. Furthermore a mass dependent threshold optimization
has been performed.

Among the various source of background, special attention has been dedicated
to the Z boson production in association with two b quarks. The cross section for
this process is related to the b quark parton density function and it is therefore
not precisely known. Moreover Zbb events are an important background to many
other interesting physics channel at LHC, for example the SM channel pp— HZ
with H — bb, and a measurement of the production cross section is useful for
b-quark parton density function evaluation.

Thus a technique to measure the Zbb cross section has been developed and few
pb~! of luminosity will be enough to cross-check Monte Carlo predictions for this
channel.

The results of this work show that a Higgs boson with a mass of about
200 GeV/c? would be discovered after few months of data taking at the nominal
low luminoisity. A discovery in the mass range below 130 or above 500 GeV /c?, and
in the region 160 <+ 180 GeV /c?, will instead require to combine different channels
in order to be obtained in the first year of data taking.



Chapter 1

The Electroweak Interactions and
the Higgs Boson

Interactions between elementary particles are nowadays best described by the Stan-
dard Model [1]. In this Chapter the basic concepts of this model are introduced
starting with the description of the gauge symmetry SU(2) ® U(1), and how spon-
taneous breaking of the symmetry yields the massive bosons W* and Z and a
yet undiscovered particle, the Higgs boson. In the last Section is described how
fermions, through their interaction with this new particle, acquire mass. Finally
the Higgs boson field and its properties are reviewed.

In the following natural units are used, unless clearly specified, and both in
formulae and in experimental results is h = ¢ = 1.

1.1 The elementary particles

The elementary particles can be divided into fermions and bosons. The latter
are responsible of the interactions and are described in the following paragraphs.
Fermions are classified into three lepton families and three quark families:

() () ()
() () ()
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Known matter is made of leptons and quark combinations (hadrons).

All the elements belonging to the three generations have been directly observed
and up to now there are no experimental evidences of a fourth generation of ele-
mentary particles.

1.2 A gauge theory of weak interactions

From a historical point of view, the starting point of electroweak interactions is
Fermi’s theory of # and muon decay [2]. This theory was based on an effective
four-fermion Lagrangian which is usually written as follows:

L= —%ma(l — ay5)neYa (1 — 75)ve — %Ima(l — Ys)peva(l — y5)ve, (1.1)

with
G,~1.16639 x 107> GeV 2,  Ga~G,, a~1.24+0.09. (1.2)

This point like interaction is usually referred to as V-A interaction, being formed by
a vectorial and an axial component. The operator (1—-5)/2 is the negative helicity
projector whose results are helicity eigenstates if the particle energy is much greater
than its mass. So right-handed neutrinos and left-handed antineutrinos [3] do not
participate to this interaction.

The Lagrangian in eq. 1.1 is not renormalizable and it results in a non-unitary
S matrix. This problem can be overcome if electroweak interactions possesses
local invariance under the action of some group, i.e. it can be described by a gauge
theory like quantum electrodynamics (QED) [4]. This theory must reduce to eq. 1.1
in the low energy limit, in the sense that the local four-fermion interaction of the
Fermi Lagrangian will be interpreted as the exchange of a massive vector boson
(force carrier) with a momentum much smaller than its mass.

In order to obtain this result, a group of local invariance must be chosen and
then the particle fields have to be assigned to a representation of this group. Both
these steps are made with the help of the information contained in the Fermi
Lagrangian. Let us first consider the electron and the electron neutrino. They
participate in the weak interaction via the current
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1
Ju = Vg (L= 15)e. (1.3)

The current J, should be rewritten in the form of a Noether current

DT 5 (1.4)

where 1; are the components of some multiplet of the gauge group and T;;-‘ are
the corresponding group generators. In the case of J,, this can be done in the

following way. The current J ;r can be expressed as

Jy =Ly, (1.5)
where
1 Ve Veg,
L=2-(1—- = 1.
s ()= (). (16)
1 .
T+:§(7'1+Z7'2) (17)

and 7; are the usual Pauli matrices.

In the context of gauge theories, currents are in one to one correspondence with
generators of the symmetry group. The group generators, in turn, form a closed
set with respect to the commutation operation, therefore the current

J, =Ly,7 L, (1.8)

where 77 = (1, — i12)/2 and
J) = Ly,msL (1.9)

will also participate in the interaction.

No other current must be introduced since [r3,7%] = £27%; the current J,
has been interpreted as being one of the three conserved currents of a theory with
SU(2) gauge invariance and left-handed neutrino and electron fields have been
assigned to an SU(2) doublet.

The right-handed neutrino and electron components, v.r and eg, do not take
part in the weak interaction phenomena described by the Fermi Lagrangian, so
they must be assigned to the singlet (or scalar) representation. Of course, this is
not the only possible choice, but it’s the simplest one since it does not require the
introduction of fermion fields other than the observed ones.
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The current J4§ is a neutral current: it contains operators of particles with the
same charge. This neutral current cannot be identified with the electromagnetic
one. First, the electromagnetic current involves both left-handed and right-handed
fermion fields with the same weight; second, the electromagnetic current does not
contain a neutrino term, the neutrino being chargeless.

As customary in gauge theories the covariant derivative is

D" =9t — z’ng% , (1.10)

where a vector field W} and a coupling constant g have been introduced. Now the
gauge-invariant Lagrangian for fermion fields is

L =iLy,D"L + iv.gy,D"ver + i€r7y,D"er . (1.11)
This Lagrangian £ contains the usual kinetic term for fermions and a term Ly, that
describes the interaction of fermions with the gauge bosons W/'. The interaction
term can be split into two parts, corresponding to neutral-current and charged-
current interaction:
cr, = gwg‘(ﬁeL%ueL — éruer) (1.12)
and

Ly = iL7M7+LW: + I

V2 V2

where the charged part is expressed in terms of the fields

1
Wt =—
V2

Ly~ LW, (1.13)

(W, FiW}) (1.14)

as usual.

The interaction foresees the existence of intermediate vector bosons as weak
force mediators, in contrast with the Fermi theory which describes a point like
interaction as stated above.

1.2.1 Electroweak unification

It has been already observed that neutral current J4 cannot be identified with the
electromagnetic current. The simplest way of extending the gauge group SU(2)
to include another neutral generator is to include an abelian factor U(1):

SU(2) — SU(2) ® U(1). (1.15)
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The Lagrangian is required to be invariant also under the U(1) gauge transforma-
tions

P — ) = exp {ig’a%] P, (1.16)

where ¢ is a generic field of the theory, ¢’ is the coupling constant associated with
the U(1) factor of the gauge group and Y is a quantum number, usually called the
weak hypercharge, to be specified for each field 1. Since the SU(2) factor of the
gauge group acts in a different way on the left-handed and right-handed fermions,
it is natural to allow for the possibility of assigning different hypercharge quantum
numbers to the left and right components of the same fermion field. A new gauge
vector field must be introduced together with a new covariant derivative

Ti . ,Y
— —id —B" 1.1
5 — i 5B (1.17)

where Y is a diagonal matrix with the hypercharge values in its diagonal entries.

DF = ot — igWF

Since Y is diagonal, only the term Ljj, is modified. If we form a column vector ¥
with all the fermionic fields present in the theory (with left and right-handed com-
ponents of the same particle counted separately), the neutral current electroweak
interaction Lagrangian can be written in the following form

- - Y
Ly = g¥y,TUWE + g’\If”yug\IfB“ (1.18)

(T3 = £1/2 for v, and ey, respectively, and T' = 0 for v.g and eg). Now the quan-
tum numbers Y are assigned in such a way that the electromagnetic interaction
term appears in Eq. 1.18. To do this, we first perform a rotation by an angle 6y,
(weak mizing angle) [5] so that

Bt = A¥ cos by — Z sin Oy, , (1.19)

Wi = A¥sin Oy + Z* cos Oy . (1.20)
In terms of the new vector fields A,, Z, Eq. 1.18 takes the form
n ST : / Y o
w = Y7, | gsinby T3+ ¢ cos GWE UA

(1.21)
_ Y
+ Uy, (g cos Oy Ty — ¢’ sin9W§> VI
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To identify one of the two neutral vector fields, say A,,, with the photon fields,
Y (L), Y(ver) and Y (er) must be chosen so that A* couples to the electromagnetic
current. In other words, it must be

Y
gsin Oy T3 + ¢ cos QWE =eQ, (1.22)

where Q) is the electromagnetic charge matrix in units of the positron charge e.
Equation 1.22 restricted to the doublet of the left-handed leptons gives immediately

gsinfy =e. (1.23)
Choosing
g cosby =e (1.24)
we finally get
Y

2
For the electron and its neutrino we find

Y(L)=-1, Y(w.k)=0 and Y(eg) =—-2. (1.26)

Notice that the right-handed neutrino has zero charge and zero hypercharge,
and it is an SU(2) singlet: it does not take part in electroweak interactions. The
extension of the theory to other lepton doublets is straightforward.

1.2.2 Quark sector

The introduction of the hadrons in the theory can be performed in term of quark
fields taking as a starting point the hadronic current responsible for 3 decay.
The left-handed components of the quarks are arranged into Y = 41/3 isospin

doublets
Ur, 1
= 2, — 1.2
=5 )e(2) (127

and the right-handed into singlets

Ur € (1,3),
(1.28)
DR € (17 _g) )
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where U and D are combinations of the mass eigenstates u; = u, c¢,t and d; = d, s, b:

3 3
ZL,R = ZX(Ug,R)UJL,m DZL,R = Z X(DII{,R>d5:,R' (1.29)
j=1 j=1
The X(U,D). g are 3 x 3 unitary matrices related to the Cabibbo-Kobayashi-
Maskawa quark mixing matrix [6]. In analogy with the leptonic case, the quark
electroweak Lagrangian is

3
Lauark — ZZ (Qf'oD,Q}, + U'o"D, Uy + Df'o"D,DY) | (1.30)
i=1
with D, from Eq. 1.17.

The Glashow[7], Weinberg [8], Salam [9] model (Standard Model) can be then
extended to a gauge field theory SU(3).®SU(2),®U (1)y which includes the strong
interaction between hadrons, called quantum chromodynamics (QCD). The QCD
charge is represented by the colour (red, green or blue) that any quark carries and
exchanges through eight different bi-coloured massless gluons g [10]. The colour
interaction is represented by

y ©J a 1 a v
EQCD = —Gs Z(qu”Tan;?)Gu - ZG;WGZ ) (131)
ivjik
which is composed with the gluon kinetic term
G, = 0, AL — 0,A7 + gsfabcAZA,C/ (1.32)

and the interaction between the gluon fields and quarks where g5 is the QCD
coupling constant, 7# are the Dirac matrices, Tj3(a = 1,...,8) are the SU(3).
colour matrices and f,. the colour structure constant; ¢F are the Dirac spinors
associated with the i-coloured k-type quark fields and Af,(z) are the eight Yang-
Mills gluon fields.

The extension is quite straightforward except for the fact that the symmetry
group SU(3) is not an abelian group. As a consequence force carriers of a such
theory result charged particle, unlike photons in QED, so in QCD it is possible to
have interactions between two or more gluons.
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1.2.3 Mass terms

To conclude the construction of the gauge-invariant part of the Standard Model
Lagrangian, the pure Yang-Mills term has to be considered

1 1

Lyy == BuB" — Wi, WL, (1.33)

where
B* = ot BY — 0¥ B*,

(1.34)
W/ilw = MW — (()VW;L + geijkw/]HWk’/ .
The Lagrangian now describes massless gauge bosons and fermions. A mass term
for fermion fields f

—mgff=—mi(frfr+ fufr) (1.35)

manifestly violates gauge invariance because f; and fr are members of SU(2)
doublet and singlet respectively, therefore it cannot be added by hand.

In order to be consistent with the Fermi theory, which is known to correctly
describe low-energy weak interactions, the gauge vector bosons of weak interactions
have to acquire a mass. The order of magnitude of the W mass for example can
be estimated by requiring the electroweak amplitude to be equal to the Fermi
amplitude in the limit of low transfered momentum (¢> — 0). The comparison
between the two amplitude leads to the following equation

Gﬂ ( g > 2 1

—=|—=] —. 1.36

V2 \2v2) My (130
Recalling that g = e/sin 0y, Eq. 1.36 gives the lower bound

My > 37.3 GeV/c?, (1.37)

quite a large value, if compared with the present upper bound on the photon
mass [5]
m, < 6-10"7eV/c?. (1.38)

So if the weak interactions are to be mediated by vector bosons these must be
very heavy. On the other hand, gauge theories are incompatible with mass terms
for the vector bosons so one possibility is to break gauge invariance explicitly and
insert a mass term for the W boson by hand, but this leads to a non renormalizable
theory.
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1.3 The Higgs boson

The Higgs mechanism of spontaneous symmetry breaking (the Higgs mechanism
for short) solves the problem of generating the gauge boson and the fermion masses
without violating SU(2) ® U(1) gauge invariance [11]. This mechanism will be
briefly sketched in the following subsection and applied to the Standard Model
case.

1.3.1 Spontaneous breaking of the symmetry

A simple example is considered to see how a mass term for gauge vector bosons
could be introduced without spoiling renormalizability and unitarity, and then
generalized to the Standard Model. The simple theory considered is scalar electro-
dynamics, that is a gauge theory based on U(1) invariance, coupled to one complex
scalar field ¢ with charge —e. The Lagrangian is given by

L= "+ (D) Dyo— V(0), (1.39)

where D* = O + ie A" and V/(¢) is the so-called scalar potential, which is

V(g) = 1*¢* 0+ N9*0). (1.40)

The Lagrangian is invariant under the usual local U(1) transformation

() — exp [ia(x)]o(x), A (z) = A, —0,0(x). (1.41)

For 2 > 0, £ is simply the QED Lagrangian for a charged scalar particle of mass
p and with ¢* self interactions. For p? < 0, the field ¢(z) acquires a vacuum
expectation value (vev) and the potential V has no more a unique minimum state
which can be chosen at

9\ 1/2
@y = 01610) = (-4 (142

v
7
The potential V in the case pu? < 0 is shown in Fig. 1.1. If the Lagrangian is
expanded around the vacuum state (¢)

¢(z) = —5[v+ ¢1(x) + ida()] (1.43)

Sl
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it then becomes, up to some interaction terms that are omitted for simplicity,

C- _}l Flu F™ 1 (9, + ieA,)¢" (" — ieA") — 1266 — A(¢7¢)? =

1 1 1 1
= = Fu ™+ 5(5u¢1)2 + 5(5;@2)2 — U*AGT + 5627)2/4#14“ —evA,0"¢s .

1
(1.44)

Three remarks can then be made at this stage: there is a photon mass term
in the Lagrangian 1 M3 A, A" with My = ev = —ep?/), a scalar particle ¢y is still
present with a mass Mi .= —2p?, and apparently a massless particle ¢, the so
called Goldstone boson, has appeared.

However, there is still a problem to be addressed. In the beginning, the the-
ory had four degrees of freedom, two for the complex scalar field ¢ and two for
the massless electromagnetic field A,, and now it apparently has five degrees of
freedom, one for ¢;, one for ¢, and three for the massive photon A,. Therefore,
there must be a field which is not physical and indeed, in £ there is a bilinear
term evA* 0, ¢, which has to be eliminated. To do so,it can be noticed that at first

Figure 1.1: The potential V of the scalar field ¢ in the case u? < 0.
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order, the original field ¢ becomes

1 1
= —W+ o1 +192) = —=|v+n(x)|exp 2((x)/v]. 1.45
¢ \/5( G1 + i) \/5[ n(x)] exp [i¢(z) /] (1.45)
By using the freedom of gauge transformations and by performing also the
substitution

1
A, — A, — . ,.C () (1.46)

the A,0,¢ term, and in fact all { terms, disappear from the Lagrangian. This
choice of gauge, for which only the physical particles are left in the Lagrangian,
is called the unitary gauge. Thus, the photon (with two degrees of freedom) has
absorbed the would be Goldstone boson (with one degree of freedom) and has
become massive (i.e. with three degrees of freedom): the longitudinal polarization
is the Goldstone boson. The U(1) gauge symmetry is no more apparent and we
say that it is spontaneously broken. This is the Higgs mechanism which allows to
generate masses for the gauge bosons.

1.3.2 The Higgs mechanism

In the slightly more complicated non abelian case of the Standard Model, masses
need to be generated for the three gauge bosons W+ and Z but the photon should
remain massless and QED must stay an exact symmetry. Therefore, at least three
degrees of freedom for the scalar fields are needed. The simplest choice is a complex

SU(2) doublet of scalar fields ¢
ot
<I>:<¢O), Y, =+1. (1.47)
The invariant terms of the scalar field part Ls has to be added to the Standard
Model Lagrangian Lsx where the strong interaction part has been ignored

Ls = (D"®)"(D,®) — *®Td — A\(OTD)>. (1.48)

For p? < 0, the neutral component of the doublet field ® will develop a vacuum
expectation value (the vev should not be in the charged direction to preserve

U(1)q)

NG

(CD)OE<O|<I>|O):< 0 ) with v = (—u?/\)Y2. (1.49)
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The schema previously sketched can be followed: write the field ® in terms of
four fields 64 2 3(z) and H(z) at first order

0 + iy o 0
O(x) = ( \/Li(v+H) i, > = exp [i0,(z)7%(x) /v] ( %(U-}-H) ) ,  (1.50)

make a gauge transformation on this field to move to the unitary gauge

B(x) — exp |—ifu(2)7" ()| B(x) = % ( - 21(3;) ) | (1.51)

then fully expand the term |D,®|? of the Lagrangian Lg and pick up the terms
which are bilinear in the new fields 1.20 and 1.14 (W%, Z, A)

1 1
MWW ™ + MZ, 20 + SMRA, AN (1.52)

The W and Z bosons have acquired masses, while the photon is still massless

1 1
My = 592 My = 51}\/95 + g7, Ma =0. (1.53)

By spontaneously breaking the symmetry SU(2),®U(1)y, three Goldstone bosons
have been absorbed by the W* and Z bosons to form their longitudinal components
and to get their masses. Since the U(1)g symmetry is still unbroken, the photon
which is its generator, remains massless as it should be.

Using the same scalar field ¢, with hypercharge ¥ = 1, and the isodoublet
® = ir,®*, which has hypercharge Y = —1 the fermion masses can also be gen-
erated. For any fermion generation, an SU(2);, ® U(1)y invariant Yukawa term
must be introduced in the Lagrangian

Lp=—NLPegr — \gQPdp — \yQPug + h.c.. (1.54)

Taking for instance the case of the electron

Lp= —%Ae(ﬁe,el) ( (UfH) )€R+“'

1 (1.55)
= —E)\e(v + H)érep + - -
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The constant term in front of f; fz (and h.c.) is identified with the fermion mass

AU AU AU
= —, = —, m;, = —.
V2 V2 TR

Again being the s free parameters, the mass of the fermions could not be predicted
by the theory.

Very often the Standard Model refers even to SU(3) ® SU(2) ® U(1) gauge
theory when combined with the electroweak symmetry breaking mechanism. In

m, m, (1.56)

this work we will use this name for both options.

1.3.3 Higgs boson sector

The kinetic part of the Higgs field, 1(0,H)?, comes from the term involving the
covariant derivative |9,®|?, while the mass and self interaction parts come from
the scalar potential

2

2
L 0 A 0
V==—(0 H — (0 H 1.57
g (vt )(U+H>+4‘(’U+ )(’l)—l—H) (1.57)
Using the relation v? = —pu?/\
Ly 2 1 4
V:—i)\v (v+ H) +1(U+H) : (1.58)
so the Lagrangian containing the Higgs field H is given by
1 1 2 2 172 5 Ay
Ly = §(GMH)((9“H) -V = 5(8MH) — MW*H* — MWH" — ZH . (1.59)
From this Lagrangian, the Higgs boson mass simply reads
My = 2 % = =247, (1.60)

where the dependence from the free parameter A\ make it an unpredictable param-
eter of the theory.

From the Lagrangian describing the gauge boson and fermion masses also the
Higgs boson couplings to gauge bosons and fermions could be obtained

g MR MR
gary =1t gavv = —2@7\/, guuvv = —22@—;/. (1.61)
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The proportionality of the interaction strength to the fermion mass is a predic-
tion of the theory; interaction with lighter quarks is disfavored, since the vertex
couplings depend on the ratio m¢/My. Indeed the vacuum expectation value v
is fixed in terms of the W boson mass My or the Fermi constant G, determined
from muon decay

1 \/592 2 1
2
Viw = —g = =0=———— ~ 246 GeV . 1.62

2 20 ( 8G,u ) ! (\/§GM)1/2 ¢ /C ( )

1.3.4 Higgs boson mass

The Higgs boson mass is the only yet unknown free parameter of the Standard
Model.

Both theoretical and experimental constraints however exist, including those
from direct search at colliders and in particular at LEP [12, 13, 14].

Theoretical constraints

Theoretical constraints can be derived by imposing the energy range in which
the Standard Model shall be valid before perturbation theory breaks down and
new phenomena emerge. These include constraints from unitarity in scattering
amplitude, perturbativity of the Higgs self coupling, stability of the electroweak
vacuum and fine tuning [15].

The tighter theoretical constraints come from one loop matching conditions re-
lating the particle couplings to their masses [16, 17]. The allowed upper and lower
limits as a function of the cutoff parameter A at which the Standard Model is re-
placed by a higher energy theory are shown in Fig. 1.2. The upper limit is obtained
requiring that the quartic coupling of Higgs potential remain finite (triviality). The
lower line limits the region in which the quartic coupling becomes negative and
the potential is unbounded from below (vacuum stability). The allowed region lies
between the two bands which illustrate the theoretical uncertainties. If the valid-
ity of the Standard Model is assumed up to the Plank scale (A ~ 10! GeV), the
allowed Higgs mass range is between 130 and 190 GeV /c?. Conversely, a possible
discovery of the Standard Model Higgs boson outside this mass range would be a
hint of the presence of a new theory above a certain energy scale.
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Experimental constraints

Since the Higgs particle contributes to radiative corrections, many electroweak
observables can be used to constraint its mass. All the precision electroweak results
obtained by the four LEP experiments (ALEPH [19], DELPHI [20], L3 [21] and
OPAL [22]) and by SLD [23], CDF [24] and DO [25], such as cross sections, masses
and various couplings of the heavy electroweak gauge bosons, have been combined
together assuming the Standard Model to be the correct theory of nature. The
results are reported in Fig. 1.3 and the Ay? of the fit to all measurements as a

had

function of My, with the uncertainties on Ao a(My), as(Myz), m; as well as on

My is shown in Fig. 1.4.
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Figure 1.2: The triviality (upper) bound and the vacuum stability (lower) bound
on the Higgs boson mass as a function of the new physics or cut-off scale A for
a top quark mass my = 175 + 6 GeV and a4(Myz) = 0.118 £ 0.002; the allowed
region lies between the bands and the coloured /shaded bands illustrate the impact
of various uncertainties [18].
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The one loop corrections to electroweak parameters have at most logarithmic
dependence on My, as stated by the screening theorem, which explains why the
Ax? is quadratic with respect to log (Mpy).

The indirectly measured value of the Higgs boson mass, corresponding to the

minimum of the curve, is
My = 129775 GeV /c? (1.63)

at 68 percent confidence [26]. The shaded bands represent the uncertainty in the
calculation due to neglected higher-order corrections.

The precision electroweak measurements also tell us that the mass of the Stan-
dard Model Higgs boson is about 285 GeV /c? one-sided 95 percent confidence level
upper limit. Instead the area to the left of the vertical band, which is very close to
the minimum of the fit, shows the exclusion limit My > 114.4 GeV /c? from direct
searches at LEP2.

The result 1.63 is obviously model-dependent, being calculated from loop cor-
rections, that could be circumvented by some new physics contributions. This
result is well-grounded only within the Standard Model theory and has always to
be confirmed by the direct observation of the Higgs boson.
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Measurement Fit |O™ea—of)gmeas

o 1 2 3

m,[GeV] 91.1875+0.0021 91.1874
r,[GeV]  2.4952+0.0023  2.4959
o)., [nb]  41.540+0.037  41.478

R, 20.767£0.025  20.742
A 0.01714 + 0.00095 0.01643
A(P) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AP 0.0992 £ 0.0016  0.1038
A 0.0707 £0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 £ 0.027 0.668
A(SLD) 0.1513+0.0021  0.1480
sin6°"(Q,,) 0.2324 +0.0012  0.2314
m, [GeV] 80.410+0.032  80.377
rwlGevl  2.123+0.067 2.092
m, [GeV] 172.7+2.9 173.3

Figure 1.3: Summary of electroweak precision measurements at LEP, SLC and the
Tevatron [26]. The Standard Model fit results and the residuals are also shown.
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Figure 1.4: The Ayx? of the fit to the electroweak precision data as a function
of My. The solid line represents the result when all data are included and the
blue/shaded band is the estimated theoretical error from unknown higher-order

corrections [26]. The effect of including the low @ data and the use of a different
value for Aay,q are also shown.



Chapter 2

The CMS Experiment at LHC

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [27] will be the most powerful hadron collider
running in the next two decades. It is under construction in the 27 km tunnel
where the LEP [12, 13, 14] collider was situated at CERN laboratories in Geneve,
Switzerland. The LHC area is shown in Fig. 2.1.

The new collider, sited about 100 m depth underground across the French-
Swiss border, will have two counter-rotating proton beams each with an energy of
7 TeV giving a total collision energy (1/s) of 14 TeV and it is composed by eight
curvilinear sections and eight rectilinear sections, where the beams may collide.
Four detectors will be installed in the caverns around the collision points, which
are shown in Fig. 2.2. Two of them are multipurpose experiments, ATLAS [28] and
CMS [29], the other two are dedicated experiments, one to heavy ion physics, AL-
ICE [30], and the other to B-physics and precision measurements of CP violation,
LHCb [31].

The LHC will take advantage of the existing accelerator complex at CERN to
create the proton beams and accelerate them. To achieve /s = 14 TeV, beams
are filled with protons delivered from the SPS and its pre-accelerators at 0.45 TeV.
Proton-proton collisions are planned to start in July 2007. Heavy ions will be also
accelerated up to total energy of 2.76 TeV /nucleon in Pb-Pb collisions.

The Large Hadron Collider is the natural choice as the next step laboratory
for particle physics. The latest discoveries of new particles have since many years
happened at hadron colliders extending the accessible energy range upwards. LHC
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Figure 2.1: The LHC area.
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can be seen as a discovery machine with a dynamic range of discovery from energy
scales from 5 GeV /c?, as in the case of B-physics, to a few TeV/c?, for the discovery
of new vector bosons or quark compositeness.

To extend the reach of new physics to as high mass scales as possible and to
increase the production cross section of the processes of interest it is important
to increase the centre of mass energy as much as possible. However high energy
beams need high magnetic bending fields.

The maximum achievable energy at LHC is constrained by the magnetic field
needed to keep beams circulating

s J—— (2.1)
0.3-p

where p is the particle momentum and p is the radius orbit.

Point 5

Cleaning

Cleaning

Point 8

Injection

i Injection
Point 1.8

Point 1

Figure 2.2: The LHC tunnel. The interaction points where the four experiments
will be installed are also shown.
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The requirement that LHC has to fit inside the existing LEP tunnel fixes p =
4.3 Km, therefore, if p is chosen equal to 7 TeV, from Eq. 2.1 B = 54 T is
obtained. However in the LHC tunnel protons are not bended continuously but the
1 232 superconducting magnets act only in the eight curvilinear segments so they
are forced to work at 8.3 T, the highest operational magnetic field for affordable
superconducting magnets.

LHC magnet coils are 14 metres long and narrow, the inner diameter being 56
mm, so two superconducting magnetic channels will be housed in the same yoke
and cryostat (a unique configuration which saves space). LHC magnet coils are
made of copper-clad niobium-titanium cables and will be operated at 1.9 K above
absolute zero. This unusually low limit puts new demands on cable quality and
coil assembly. A picture of an LHC magnet is shown in Fig. 2.3

Magnets are kept cold with superfluid helium, which has extremely efficient
heat transfer properties, allowing kilowatts of refrigeration to be transported over
more than a kilometre with a temperature increase of less than 0.1 K. Friction
can create normally-conducting ”"hot-spots” which ”quench” the magnet out of its
cold, superconducting state. A quench in any of the 1 232 LHC superconducting
magnets will disrupt machine operation for several hours.

With the beam energy limited, another way to increase the rate of events with

Figure 2.3: Picture of a superconducting magnet being installed in the LHC tunnel,
the two channels for the proton beams are clearly visible. LHC will use about 1 200
dipole magnets 14.2 m long which will reach a field strength of 8.3 Tesla.
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interesting physics is to raise the luminosity. The event rate of a specific process
T is given as
Ny =0y L, (2.2)

where £ is the luminosity and o, the cross section of the process. The luminosity
for a collider is

_ LA
_47TtAT’

where NN is the number of protons in each bunch, ¢ the time interval between

(2.3)

individual bunches, A7 the transverse dimension of the bunches at the interaction
points and f the fraction of bunch positions actually containing protons [32].
The time between the bunches is limited by the requirement that there should
be no additional interactions on each side of the interaction region. For the LHC
the bunch crossing time will be 25 ns corresponding to a bunch separation of 7.5 m.
The transverse dimensions of the beam at the interaction point can be squeezed
down to 15 pm. To be able to fill new bunches into the LHC and operate the
beam dump it is necessary to order the proton bunches in trains followed by some
empty bunches. In total 2 808 of the 3 557 available spaces with 25 ns separation
will contain protons, corresponding to f = 0.80. The only remaining way to
increase the luminosity is to increase the number of protons in each bunch, which
is however limited by electromagnetic forces between the colliding bunches. The

2

maximal luminosity achievable will be close to 2 - 10** cm~2 s~! but to be in a

stable region the nominal luminosity is fixed at 10** cm=2 s~!. A summary of the
main technical characteristics of the LHC collider are summarized in Tab. 2.1.

The number of observed events for a specific process x is given as
Ng=2L- 0, €, (2.4)

with o, the cross section of the process, € the detection efficiency and L the inte-
grated luminosity

L:/Eﬁ (2.5)

or the integral of the luminosity during the effective time the machine is running.
A standard year at the LHC is supposed to give a total running time of ¢t = 107 s.

In the start-up period (the first six months of LHC operation) the instantaneous
luminosity should be increased starting from the value of 2-10%° cm™2 s71. In the
very first period only 43 equidistant bunches will circulate to perform a deep
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Table 2.1: Main technical parameters of LHC.

Circumference 26 658.90 m
Collision energy 2x 7.0 TeV
Injection energy 0.45 TeV
Dipole peak field 83T

Luminosity 103 em =251
Number of bunches 2 808
Bunch separation 24.95 ns
Particles per bunch 1.15- 10"
Stored beam energy per beam 350 MJ
Radiated power per beam 3.7 kW
Energy loss per turn 7 keV
Circulating current per beam 0.56 A
Beam size at IP 15.9 pm
Beta values at IP 0.55 m
Normalised emittance 3.75 pm
Crossing angle 300 prad
Beam lifetime 22 h
Luminosity lifetime 10 h
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test of the accelerator. Then the number of bunches and the luminosity will be
gradually increased up to 0.5-10%3 cm™2 s™!. In this first six months an integrated
luminosity of 0.4 fb=! of data should be collected to calibrate the detectors with
physics samples (Z — (707, tt,...).

After a shut-down of six months due to hardware improvement, LHC should
work, in the next three years, at £ = 2-10%3 cm=2 s7!, the so called low luminosity
regime. Then luminosity will be finally increased to 10%* cm=2 s7! for the high
luminosity data taking period. If LHC is assumed fully efficient, 20 fb™! per year
during the three years at low luminosity for a total of 60 fb~! should be collected.
Nominally the period of high luminosity data taking will last at least five years for
a total of 500 fb~1.

The high requirement on luminosity is the reason for the choice of a proton-
proton collider. While a proton-antiproton collider has the advantage that both
counter-rotating beams can be kept in the same beam pipe, producing the enor-
mous amounts of antiprotons required for the high luminosity is not realistic and
would be more expensive than the proton-proton solution with separate beam
pipes. The charge asymmetry introduced with a proton-proton collider is not a
serious problem for the physics analysis.

In the collisions at high transferred momentum, the real interaction center of
mass energy (v/3) is smaller than the center of mass energy of the machine (1/s)

Vi = .S, (2.6)

where z, and x; are the fractions of the proton momentum carried by the colliding
partons inside the protons. If z, ~ x;, ~ x, then

V=5, (2.7)

So the production of a 100 GeV /c? mass particle needs two partons carrying 1% of
the proton momentum, while a particle with a mass of 5 TeV /c? can be produced
only with an interaction between partons with z &~ 36%.

The dynamics described above does not have a motionless centre of mass in
the LHC reference frame, but on average there is a boost along the direction of
the two beams. For this reason, boost invariant quantities have to be defined
to characterize the event. The more important are the transverse momentum
pr, defined as the magnitude of the projection of the momentum p on a plane
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perpendicular to the beam axis, and the rapidity

1. E+p, 1 (D=
yzilnEti = tanh 1(%) , (2.8)

with E energy and p, projection of the momentum of the particle along the beam
axis [33]. Under a boost in the z direction with velocity 3, y — y — tanh™' 3
and hence the rapidity distribution dN/dy is invariant. In the ultrarelativistic
approximation m/|p] << 1, the rapidity may be expanded to obtain

= [ (2)] = o9

with cos@ = p,/|p]. Eq. 2.9 defines the pseudorapidity 7, approximately equal to
y if m/|p] << 1 and € >> 1/ and in any case measurable when either the mass
or the momentum of a particle are unknown.

The number of simultaneous proton-proton inelastic interactions which take
place in each bunch crossing is given by a Poisson distribution with an average
of [34]

_Leop -t

) =—

The total proton-proton cross section as a function of the centre of mass energy is

(2.10)

shown in Fig. 2.4. The upper and lower estimates are also shown. This gives an
average of 25 simultaneous interactions (~ 5 at low luminosity) in each event with
an expected value of the total proton-proton cross section olh, ~ 80 mb (diffractive
events are also included).

Out of all these interactions, those with production of high mass objects such
as vector bosons or Higgs particles are often called physics events. The term
is misleading since all interactions of course contain physics but the dominating
QCD-jet processes with low energy transfer are believed to contain little unknown
physics and are thus regarded as background without new physics information.

The difference between the total cross section and the cross section of the
interesting physics processes is in many cases greater than ten orders of magnitude.
The absolute majority of interactions, called minimum bias events, are fusion
processes of gluons or quarks with a small energy transfer resulting in events
with many hadrons of low momentum and nothing else. The distributions of the
minimum bias events as a function of 1 and pr is shown in Fig. 2.5. It is important
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to notice that the particle distribution is flat in the region || < 6 and that the
average pr of the particle is about 0.5 GeV /c.

Every time a high pr collision occurs, it is then shadowed on average by 25 low
pr events which are called pile-up. Pile-up is one the serious difficulties at LHC and
has a big impact in the detector design. Requirements for a detector to be operated
at LHC are a fast response, in order to avoid superpositions between collisions
belonging to different bunches (typical response times are between 20 = 50ns), and
a high granularity to cope with the 20 events and 1 000 tracks produced on average
per bunch crossing.
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Figure 2.4: Total inelastic proton-proton cross section as a function of the center
of mass energy +/s [35]. The upper and lower estimations are also shown.
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Figure 2.5: Pseudorapidity n (a) and transverse momentum pr (b) distributions
of charged particles per minimum bias event [36].

In addition to this a detector installed at LHC must be radiation hard, to
operate in such high particle fluence. The fluence near the interaction point,
integrated over ten years of data taking, is about 10'"neutrons/ cm?® or about 107
Gy. This flux can damage detector components and lead to a signal reduction or
in the worst case to the detector breaking. Every single component of the detector
must pass stringent quality controls, as described in the next Chapter.

2.2 The CMS experiment

The Compact Muon Solenoid experiment, CMS, is a general purpose detector
which will operate at LHC [37]. The main feature of CMS is the 4 T superconduct-
ing solenoid that permits a compact design of the detector with a strong magnetic
field. The design priorities fulfilled by the CMS project are a redundant muon
system, a good electromagnetic calorimeter and a high quality tracking system.
The structure of CMS is typical of a general purpose experiment designed for a
collider: several cylindrical layers coaxial to the beam direction, referred as barrel
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layers, closed at both ends by detector disks orthogonal to the beam pipe, the
endcaps, to ensure detector hermeticity. In Fig. 2.6 and Fig. 2.7 schematic views
of CMS are drawn pointing out the cylindrical symmetry of the experiment, which
has a full length of 21.6 m, a diameter of 15 m and reaches a total weight of
14 500 t.

The natural coordinate frame used to describe the detector geometry is a right
handed cartesian system with the x axis pointing to the center of the LHC ring,
the 2z axis coincident with the CMS cylinder axis and the y axis directed upwards
along the vertical. The cylindrical symmetry of the CMS design and the invariant
description of proton-proton physics suggest to use a pseudo-angular reference
frame, given by the triplet (r, ¢, n) with r distance from the z axis, ¢ azimuthal
coordinate with respect to the x axis and pseudorapidity n defined by Eq. 2.9.

As stated before, CMS is built around a superconducting solenoid which con-
tains from inside out:

e Tracker: made of a Silicon Pixel vertex detector surrounded by Silicon Mi-
crostrip detectors, with a total active area of 215 m?, to reconstruct charged
particle tracks and primary and secondary interaction vertices;

e ECAL: an electromagnetic calorimeter to precisely measure electrons and
photons, composed by PbWOQy, scintillating crystals and a forward preshower
detector;

e HCAL: a hadron calorimeter system for jet direction and transverse en-
ergy measurements, extended in the forward region with the very forward
calorimeter.

Outside the magnet coil, the magnet yoke is instrumented with the Muon Cham-
bers to detect and reconstruct muon tracks: Drift Tubes in the barrel and Cathode
Strip Chambers in the endcaps, complemented overall by Resistive Plate Cham-
bers.

2.2.1 Magnet

The CMS magnet is the hugest superconducting solenoid ever built in the world
and shall be able to generate a uniform magnetic field of 4 Tesla in the inner region
storing about 2.5 GJ of energy [38].
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Figure 2.6: View of the CMS detector. In picture all the subdetectors are shown.

From inside out: Tracker, Electromagnetic and Hadronic calorimeter, Magnet coil
and Muon Chambers.
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Center of LHG

Figure 2.7: A transverse section of the CMS detector. The cylindrical symmetry
of the detector is pointed out in this picture.
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The magnet is formed by five modules. Every module is 6 metres diameter,
2.5 metres length and 50 tonnes weight. Thanks to a sophisticated helium cooling
system, modules will be kept to the low temperature of 4 K, so that the flat NiTb
cable will become superconducting allowing the 20 kA current to flow without
appreciable loss. The whole magnet is then contained in an enormous vacuum
cylinder that will isolate it from the external environment.

Finally a structure composed by 12 000 t of iron (iron yoke) will bridle the lines
of the magnetic field that otherwise would get lost causing disturbances. The iron
yoke consists of two endcaps, each of which will have three disks, and a barrel yoke
that is made up of five rings. The total induction of the magnetic field generated
by the CMS solenoid is shown in Fig. 2.8.

The coil is a supporting structure for the inner part of the apparatus, i.e. the
tracking system and most of the calorimeters as shown in Fig. 2.11.

Thanks to its large bending power it permits a precise measurement of charged
particle transverse momentum. The iron yoke elements surround the muon cham-
bers, thus providing an independent measurement of muon momentum.

2.2.2 Tracker

The Silicon Tracker is the inner subdetector of CMS [36]. It is the closest to the
interaction point and represents an essential detector to address the multiplicity

5T

Component BMOD

12

Figure 2.8: Total induction of the magnetic field generated by the superconducting
solenoid [38].
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of LHC physics goals. It extends in the region |n| < 2.5, r < 120 cm, |z] < 270 cm
and it is completely based on semiconductor detectors made of Silicon covering
the largest ever-designed Si detector surface of 210 m?. Using the Tracker, vertices
and charged particle tracks have to be reconstructed in the highly congested LHC
environment.

To better solve the pattern recognition problem, the Tracker is designed to
fulfill two basic properties: low cell occupancy and large hit redundancy. For these
reasons it is structured in an inner Silicon pixel detector surrounded by several
layers of Silicon microstrip detectors of different size and pitch between the strips.
The low occupancy is obtained by working with high granularity detectors, mainly
the ones closer to the interaction point because they have to cope with higher
particle fluxes, and fast primary charge collection, obtained with thin detectors
and overdepleting the Silicon bulks. The redundancy is guaranteed by the design
(10 layers of Silicon detectors), which allows many measured points per track
within an acceptable material budget not to degrade too much the electromagnetic
calorimeter performance. In Fig. 2.9 the third Tracker layer, assembled in Florence,
is shown.

In this way an average of 12-14 points (hits) per track are guaranteed to permit
a high tracking efficiency and a low rate (1073 or less) of fake tracks (reconstructed
tracks not corresponding to any real track). A consequence of high particle density
is the radiation damage of the Silicon sensors, mainly around the collision area of
the proton beams. Another source of radiation is the high flux in the tracking
volume due to backscattering of neutrons evaporated from nuclear interactions in
the material of the electromagnetic calorimeter. To contrast the malfunctioning
caused by the radiation damage, both pixel and microstrips detectors have to be
kept cold at a working temperature of -10° C for the whole Tracker volume, except
during limited maintenance periods, when they can be warmed up to 0° C.

The physics requirements the CMS Tracker has to satisfy are:

e isolated lepton track reconstruction: the efficiency is expected to be close to
100% in |n| < 2.0 from simulation of single muons within Tracker;

e good lepton momentum resolution: o(pr)/pr < 4% within |n| < 2.0 for
single muons with different transverse momenta, crucial for channels with
many muons in the final state;

e tagging and reconstruction of b jets, fundamental requirement for new
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Figure 2.9: The Tracker "layer three” is shown during its assembly in Florence [39].

physics studies and for top quark physics or CP violation;

e several material budget constraints are required for cables and active layers
to minimize electron bremsstrahlung and hadronic interactions not to affect
tracking performance and at the same time to fully exploit the electromag-
netic calorimeter. In Fig. 2.10 both the total radiation length X, and nuclear
interaction length A; for the Tracker material as a function of pseudorapidity
are reported. The material budget is higher in the transition region between
barrel and endcap (1 < || < 2) due to cables and services that connect the
Tracker modules to the outside system.

In the next Chapter the Silicon Tracker is described more in detail and some results
on the quality control test of the microstrip sensors are summarized.

2.2.3 Electromagnetic Calorimeter

The Electromagnetic Calorimeter is made out of 74 848 lead tungstate (PbWO,)
crystals. Such crystals were chosen because of their excellent energy resolution [41].
For Trigger purposes they are grouped together into 68 Trigger towers whose
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Figure 2.10: Material budget as a function of 7 for different Tracker subunits:
material thickness in units of radiation length Xy (left) and in units of interaction
length Ay (right) [40].

boundaries line up with the subdivisions of the HCAL. They are arranged into
a barrel, covering the central rapidity region (|n| < 1.48) and two endcaps, which
extend the coverage up to |n| = 3. A schematic view of the CMS calorimetric
system is shown in Fig. 2.11.

Thanks to the high density (8.28 g/cm?®) and the small radiation length (0.89
cm) of PbWOy, the calorimeter is very compact and can be placed inside the
magnetic coil. The small value of the Moliere radius of 2.2 ¢cm (the Moliere ra-
dius measures the transversal dimension length scale of an electromagnetic shower
evolving within the calorimeter) well matches the very fine granularity needed be-
cause of the high particle density at LHC. In the barrel, crystals with a tapered
shape, 2.2 x 2.2 cm? front face and 23 cm length are positioned at a radius of
1.29 m. Hence the total depth is 26 X and the transverse granularity in 7 and ¢
is given by 0.0175 x 0.0175. In the endcaps, crystals with 2.47 x 2.47 cm? front
face and 22 c¢m length are positioned at a distance from the interaction point of
3.17 m along the beam line. Tilts of 3° both in n and ¢ gives the structure a
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geometry slightly off-pointing from the interaction region, in order to improve the
hermeticity of the detector. Moreover the fast scintillation mechanism (80% of the
light is emitted within 25 ns) allows the crystals to be used at the crossing rate
of 40 MHz. The drawbacks of PbWO, are the low light yield (100 photons/MeV,
0.2% with respect to Nal or NaTl), which imposes a multiplication mechanism in
the photodetector, and the strong temperature dependence of the crystal response

%j—; ~ —1.9%/°C, (2.11)
where [ represents the light yield.

The collection of light is performed with Silicon avalanche photodiodes (APD),
which are able to operate inside a high magnetic field and can address the low
light-yield of the crystals. Each crystal is coupled to two APDs, for a total area of
50 mm? and consequently 4000 photoelectrons are produced per GeV of deposited
energy. In the endcaps the higher irradiation levels would also induce too high
leakage currents in APDs, therefore the forward crystals are read by vacuum photo-

triodes (VPT) [42].
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Figure 2.11: Longitudinal view of a quadrant of the CMS calorimetric system.
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The energy resolution of the CMS electromagnetic calorimeter is parametrized

as
OR a

¥l = ﬁ + i +c.
The target values for the ECAL are

(2.12)

e 2.7% GeV'/2 for the stochastic term a, limited by the photoelectron statistics;

e 200 MeV for the noise term b corresponding to a reconstructed cluster, which
depends on the photodetector dark current, the electronics noise and, at high

luminosity, the event pile-up;

e 0.5% for the constant term ¢, which is related to the longitudinal shower
containment, the uniformity of the light collection in the crystals and the
precision of the intercalibration.

The three contributions to the energy resolution of ECAL are shown in Fig. 2.12
as a function of the cluster energy. At high energies the most relevant one comes
from the constant term. The challenging goal of keeping it very small can be
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Figure 2.12: Electromagnetic calorimeter energy resolution as a function of the
particle energy. The stochastic, noise and constant terms are shown.
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reached only provided that the intercalibration between crystals is very precise
and there is a very tight control, at the level of few per mille, on instabilities and
non-uniformities in the detector response. This puts severe requirements on the
control of the temperature stability (cooling system) and on the following of the
radiation damage (monitoring system).

Crystal growth methods and doping techniques were carefully optimized in
order to improve the radiation hardness of the PbWOQO, crystals. The radiation
dose at the calorimeter front face foreseen for the LHC running at high luminosity
varies from 0.15 Gy/h in the centre of the barrel up to 15 Gy/h in the endcaps.
The effect of the ionizing radiation is the creation of colour centers, due to oxygen
vacancies or other defects in the crystals. This reduces the crystal transparency
without affecting the scintillation mechanism.

At the beginning of data taking it is foreseen to instrument a staged ECAL
without endcaps in the forward regions. This scenario is caused by the longer time
scale for construction and crystal calibration, but it seems not to affect too much
the resolution on di-jet invariant mass and transverse energy measurements [43].

2.2.4 Hadronic Calorimeter

CMS has four kinds of hadronic calorimeters which provide good segmentation,
moderate energy resolution and full angular coverage up to |n| = 5 [44]. The Barrel
Hadronic Calorimeter (HB) surrounds the electromagnetic calorimeter, and covers
the central pseudorapidity region up to |n| = 1.3. The end regions are covered up
to |n| = 3 by the two Endcap Hadron Calorimeters (HE). Pseudorapidity coverage
is extended up to |n| = 5 with the two forward calorimeters (HF) which surround
the beam pipe 11 m from the interaction point. The HB and HE are located inside
the solenoid magnet. Central shower containment is improved with an array of
scintillators located outside the magnet which we refer to as the Outer Hadronic
Calorimeter (HO).

The HB is divided into two cylindrical sections. These half barrels consist of
eighteen identical wedges made of flat absorber plates parallel to the beam axis.
The body of the wedges is made of brass, but the innermost and outermost layers
are made of stainless steel for structural strength. The active readout scintillator
tiles in each of the seventeen layers are divided into An x A¢ = 0.087 x 0.087
segments. The HB has a minimum depth of 5.8\;, and the energy resolution



The CMS Experiment at LHC 45

for single pions is approximately 120%/v/E. One of the half barrels is shown in
Fig. 2.13a. Since the barrel part of the calorimeter is not sufficiently thick to
contain all the energy of highly energetic showers, an additional tail-catcher of
scintillators tiles is located outside the magnet. It consists of one or two layers of
scintillator with the same tower granularity as the HB. Two layers are available in
the very central pseudorapidity region.The total depth of the calorimeter system
is thus extended to 11.8\;, with an improvement in both linearity and energy
resolution [45].

The HE is a sampling calorimeter consisting of eighteen 20° modules, each
made of nineteen layers of brass and scintillator. The HE extends the n coverage
to 3, and has a minimum depth of 10A;. Its transverse segmentation is the same as
for the HB and provides similar hadron energy resolution. The endcaps have been
already assembled and one of them is installed on the endcap iron in the surface
hall, as shown in Fig. 2.13b.

The HF calorimeters are located along the beam pipe, 11 m from the interaction
point. They are made of steel absorbers and embedded radiation-hard quartz
fibers, which provide a fast collection of Cherenkov radiation. The HF extends the
n coverage to 5, with a depth of 9\;. It is divided into thirteen n towers and the
azimuthal segmentation is 10°.

Figure 2.13: A half barrel hadronic calorimeter (HB) (a) and an endcap (HE) (b)
already assembled and installed in the CMS surface hall.
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The HF is a crucial tool for tagging forward jets, most of which are very

energetic, therefore the HF provides a reasonable energy resolution: 20% for 1
TeV jets.

2.2.5 Muon system

The muon system is placed outside the magnet, embedded in the iron return yoke
to make full use of the 1.8 T magnetic return flux [46], a schematic view of this
subdetector is shown in Fig. 2.14. It plays an essential role in the CMS Trigger
system, because high pr muons are clear signatures of many physics processes. The
main goal of this system is to identify muons and measure, when combined with
the Tracker, their transverse momentum py. Three different and complementary
detection technologies have been used: Drift Tube Chambers (DT) in the barrel
region (0 < n < 1.1), Cathode Strip Chambers (CSC) in the endcap region (0.9 <
n < 2.4) and Resistive Plate Chambers (RPC) in both barrel and endcap regions.

1200
Z (cm)

Figure 2.14: Longitudinal view of a quarter of the muon system, subdivided into
barrel with Drift Tubes (DT) and Resistive Plate Chambers (RPC) and endcap
with Cathode Strip Chambers (CSC) and RPCs.
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In the barrel region, the expected occupancy is low (< 10 Hz/cm?), allowing
for the use of drift tubes as detection element. In Fig. 2.15(a) a schematic view of
a Drift Tube Chamber is shown.

The chamber design is very redundant: each chamber is made up of twelve
layers of drift tubes, packed in three independent subunits called superlayers (SL),
two of them with the anode wires parallel to the beam axis for measuring the
transverse coordinate (r¢) and the remaining SL orthogonal to the other two
for determining the longitudinal coordinate (z). The Drift Tubes are parallel
aluminum plates insulated from perpendicular ”I” shaped aluminum cathodes by
polycarbonate plastic profiles. The anodes are 50 pm diameter stainless steel wires
placed between the cathodes. The internal volume is filled with a gas mixture of
Ar(85%) + CO2(15%) at atmospheric pressure, because this gas is non-flammable
and can be safely used in underground operations in large volumes, as required in
CMS. The single hit position resolution is better than 200 ym at nominal voltage
values. The position and angular resolution of the full chamber are 98 pm (r¢)
and 570 prad respectively.

Due to the larger occupancy of the endcap regions, from few Hz/cm? to more
that 100 Hz/cm?, and the intense and non uniform magnetic field, Cathode Strip
Chambers (CSC) have been chosen in this region. The CSCs are multiwire propor-
tional chambers with one cathode plane segmented in strips running orthogonal to
the wires. The chosen gas mixture is Ar(40%) + CO2(50%) + CF4(10%). In the
CMS endcap muon system each chamber is formed by six trapezoidal layers, with
strips in the radial direction for a precise measurement of the azimuthal direction.
A picture of a CSC detector is shown in Fig. 2.15(b). The single plane spatial
resolution is between 150 and 350 um depending on the location of the hit on the
strip position. The estimated overall chamber resolution is calculated to be 80-85
pm independently of the hit position.

Resistive Plate Chambers are installed both in the barrel and endcap regions.
They have a limited spatial resolution but thanks to their fast response (~ 3 ns)
they are used as a dedicated Trigger subsystem, mainly for unambiguous bunch
crossing identification. The RPCs used in CMS are double gap RPCs filled with
a CoHoFy and C4Hy g gas mixture, with common pickup strips in the middle and
work in avalanche mode to sustain the high event rate.
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Figure 2.15: Schematic view of (a) Drift Tube Chamber and (b) Cathode Strip
detector.

2.2.6 Trigger system

For the nominal LHC design luminosity of 103* cm™2 s7!, an average of 25 events
occurs at the beam crossing frequency of 25 ns. This input rate of 10° interactions
every second must be reduced to 100 Hz, the maximum rate that can be archived
by the on-line computer farm. CMS has chosen to reduce this rate in two steps: a
Level-1 Trigger [47] and a High-Level Trigger (HLT) [40].

The Level-1 Trigger runs on custom synchronous processors and has access to
a coarse granularity information from calorimeters and muon detectors. It receives
data at the full LHC bunch crossing rate of 40 MHz and takes the Trigger decision
for each bunch crossing within a latency time of 3.2 us. During this latency time,
the full detector data are stored in front-end pipeline memories. The output rate
is limited by the capabilities of the CMS data acquisition system to 100 kHz.

The High-Level Trigger is the second step of the Trigger chain. It is designed
to reduce the Level-1 output rate of 100 kHz to a final output rate of 100 Hz. The
HLT code runs on a farm of commercial processors and performs the reconstruction
and selection of physics objects using the full event data with fine granularity and
matching information from different sub-detectors. The complete data flow in the
CMS Trigger system is shown in Fig. 2.16.

The Trigger is the start of the physics event selection process. The decision to
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retain an event is based on the event’s suitability for inclusion in one of the various
data sets to be used for analysis. The data sets to be taken are determined by CMS
physics priorities as a whole. These data sets include di-lepton and multi-lepton
data sets for top and higgs searches, lepton plus jet data sets for top physics,
and inclusive electron data sets for calorimeter calibrations. In addition, other
samples are necessary for measuring efficiencies in event selection and studying
backgrounds. The Trigger has to select these samples in real time along with the
main data samples.

2.2.7 Level-1 Trigger system

The CMS Level-1 Trigger is based on the identification of muons, electrons, pho-
tons, jets, and missing transverse energy. The Trigger must have a sufficiently

Detectors

Digitizers

Front end pipelines

Readout buffers

Switching networks

Processor farms

Figure 2.16: Data flow in the CMS Trigger/DAQ system.
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high and understood efficiency at a relatively low threshold to ensure a high yield
of events.

The CMS L1 Trigger rate is limited by the speed of the detector electronics
readout and the rate at which the data can be harvested by the data acquisition
system. The L1 Trigger electronics itself is pipelined and deadtimeless, and as
such can render a decision on every beam crossing. The design capability of the
readout, event builder and event filter are each at 100 kHz.

The L1 Trigger System is organized into three major subsystems: the L1
Calorimeter Trigger, the L1 Muon Trigger, and the L1 Global Trigger. The L1
Muon Trigger also has a Global Muon Trigger that combines the Trigger informa-
tion from the three DT, CSC and RPC Trigger subsystems and sends this to the
L1 Global Trigger. A diagram of the L1 Trigger system is shown in Fig. 2.17.

Calorimeter Trigger

The input to the Calorimeter Trigger are energy sums in towers of (0.035 n) x
(0.035 ¢) provided from the ECAL, HCAL and HF by the upper level readout
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Figure 2.17: Overview of CMS Level-1 Trigger.
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Trigger Primitive Generator (TPG) circuits. The Regional Calorimeter Trigger
(RCT) finds candidate e/7, taus and jets from the data received by the TPG
and transmits the candidates along with sums of transverse energy to the Global
Calorimeter Trigger (GCT). Then it sorts the candidates and forwards the top four
of each type to the Global Trigger. The GCT also calculates the total transverse
energy and total missing energy vector.

Muon Trigger

Each of the L1 Muon Trigger systems has its own Trigger logic. The RPC strips
form Trigger segments to find the tracks and calculate the pr. The RPC logic
also provides some hit data to the CSC Trigger system to improve resolution of
ambiguities caused by two muons in the same CSC.

The Cathode Strip Chambers form Local Charged Tracks (LCT) from the
cathode strips, which are combined with the anode wire information for bunch
crossing identification. The system assigns a pr and a quality flag, which are used
to sort the candidates. The top three tracks in a sector (up to nine CSC chambers)
are transmitted to the CSC Track Finder, which combines the data into full muon
tracks and assigns pr values to them.

The Barrel Muon Drift Tubes are equipped with Bunch and Track Identifier
electronics that finds track segments from coincidences of aligned hits in four lay-
ers of one drift tube superlayer. The track segments positions and angles are sent
to the Track Correlator, which attempts to combine the segments from the two
superlayers measuring the ¢ coordinate. The best combinations of a single cham-
ber together with the superlayer n segments are collected. The overall best two
segments are sent to the Track Finder, which combines the segments from different
stations into full muon tracks and assigns pr values to them.

The Global Muon Trigger sorts the RPC, DT and CSC muon tracks, converts
these tracks into the same 7, ¢ and pr scale, and validates the muon sign. It
then attempts to correlate the CSC and DT tracks with RPC tracks. The final
ensemble of muons are sorted based on their initial quality, correlation and pr and
then the four top muons are sent to the Global Trigger.
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Global Trigger

The Global Trigger accepts muon and Calorimeter Trigger information, synchro-
nizes data arriving at different times and communicates the Level-1 decision to the
timing, Trigger and control system for distribution to the sub-systems to start the
event readout. The Global Trigger decision is made using logical combinations of
the Trigger data from the Calorimeter and Muon Global Triggers.

The CMS L1 system sorts ranked Trigger objects. This allows all Trigger
criteria to be applied and varied at the Global Trigger level rather than earlier in
the Trigger processing. All Trigger objects are accompanied by their coordinates
in (1, ¢) space. This allows the Global Trigger to vary thresholds based on the
location of the Trigger objects. It also allows the Global Trigger to require Trigger
objects to be close or opposite from each other. In addition, the presence of the
Trigger object coordinate data in the Trigger data permits a quick determination of
the regions of interest where the more detailed HLT analysis should focus. Finally
the Global L1 Trigger transmits a decision to either accept or reject each bunch
crossing.

The uncertainties in estimates of cross sections at high energies and limited
knowledge of branching ratios impose a large error on the estimated Trigger rates.
In addition we cannot assume that the CMS DAQ system will always run at its
maximum design capacity. Therefore, we provide for a safety margin of a factor
of three from the planned initial 50 kHz maximum L1 output rate to 16 kHz, in
designing algorithms for L1 Triggers. The L1 thresholds of the various Trigger
channels are reported in Tab. 2.2.

2.2.8 High-Level Trigger

The High-Level Trigger is designed to reduce the Level 1 output rate of 100 kHz
to a final output rate of 100 events/second written data on mass storage. The
HLT code runs on a farm of commercial processors and performs the reconstruc-
tion and selection of physics objects using the full event data with fine granularity
and matching information from different subdetectors. Data from the front-end
electronic modules are assembled by an event builder switching network that dis-
patches complete events to the processing nodes of the HLT farm by means of
asynchronous protocols. The switching network has a bandwidth of 1 Thit/s.
The choice of executing the HLT on a single processor farm provides the max-
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Table 2.2: Level-1 Trigger table at low (high) luminosity. Thresholds correspond

to values with 95% efficiency [40].

Trigger Threshold Rate  Cumulative Rate
(GeV/c? or GeV/e) (kHz) (kHz)

Inclusive isolated e/~ 29 (34) 3.3 (6.5) 3.3 (6.5)
Di-e/di-y 17 (19) 1.3 (3.3) 4.3 (9.4)
Inclusive isolated p 14 (20) 2.7 (6.2) 7.0 (15.6)
Di-pu 3 (5) 0.9 (1.7) 7.9 (17.3)
Single T-jet 86 (101) 2.2 (5.3) 10.1 (22.6)
Two T-jet 59 (67) 1.0 (3.6) 10.9 (25.0)
l-jet, 3-jets, d-jets  177,86,70 (250,110,95) 3.0 (3.0) 12.5 (26.7)
Jet @ Episs 86 @ 46 (113 ® 70) 2.3 (4.5) 14.3 (30.4)
e ® jet 21 ® 45 (25 ® 52) 0.8 (1.3) 15.1 (31.7)
[ ® jet - (15 ® 40) - (0.8) 15.1 (32.5)
Minimum bias 0.9 (1.0) 16.0 (33.5)
Total 16.0 (33.5)
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imum flexibility and modularity to the Trigger system, because it has neither
architectural nor design limitations other than the total bandwidth and CPU that
the experiment can acquire. In a fully programmable environment, the physics
algorithms have the maximum freedom in what data to access and in the complex-
ity of the reconstruction tools. Algorithmic changes can be easily introduced to
improve the selection of various physics channels as well as to deal with unforeseen
experimental conditions. Moreover, the system can benefit from the evolution of
network, processor and memory technologies and it is sufficiently modular to deal
with the evolution of both the accelerator and detector performance ensuring, at
any time, the minimal requirements adequate to fulfill the CMS physics program.

The HLT code runs on a single processor for a given event, and has to se-
lect/reject the event after a total processing time of about 300 ms. The real-time
nature of the selection imposes significant constraints on the resources that the
algorithms can use. The reliability of these algorithms is a key issue, since the
events rejected by the HLT are lost forever.

To minimize the CPU time required to process each event it is useful to discard
backgrounds events as soon as possible. Therefore, the HLT reconstruction and
selection is arranged in a chain of virtual Trigger levels, which consist of algorithms
of increasing complexity and CPU time consumption. Virtual Trigger levels are
usually:

e the Level 2, which uses calorimeter and muon detector information;
e the Level 2.5, which additionally uses the Tracker pixel information;

e the Level 3, which accesses the full event information, including all tracking
detectors.

At the end of each level a set of selection criteria reject a significant fraction
of the events selected by the previous step. Other selection strategies used in
implementing the software are the reconstruction on demand and the regional
reconstruction. Physics objects are reconstructed only if they are requested, and
the track reconstruction is performed only in a region of interest of the detector.
The region of interest is chosen by objects reconstructed in the previous Trigger
levels. Additionally, conditional reconstruction allows more CPU time to be saved
during track reconstruction. Because the ultimate resolution is not needed at HLT,
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the reconstruction is performed with a reduced number of hits, and is stopped as
soon as the desired resolution is achieved.

Table 2.3 shows the HLT requirements (threshold, allocated bandwidth. ..) at
low luminosity for the selection of various simulated streams, in order to have a cu-
mulative storage rate of 100 Hz. The selection is highly efficient for the benchmark
physics channels, as can be seen from the efficiency listed in Tab. 2.4. Nevertheless,
it remains inclusive by avoiding specific topological requirements.

Due to the real-time nature of the HLT selection, a key issue is the CPU power
required for the execution of the algorithms. The third column in Tab. 2.3 reports
the CPU time needed to process events on a Pentium-III 1 GHz CPU [48]. The
current requirements vary from 50 ms for jet reconstruction to 700 ms for muon
reconstruction. Weighting the CPU needs of the algorithms by the frequency of
their application (the Level-1 Trigger rate), a mean CPU time of 271 ms is found
per event that passes the Level-1 Trigger. This mean time implies that the CMS
HLT farm must consist of 15,000 CPUs, in order to run the HLT with 50 kHz
input rate. Extrapolating these figures to the LHC start-up (2007), on the basis of
Moore’s Law, the CPU units are expected to be a factor eight more powerful than
at the time of these studies. Therefore, at the LHC start up, the HLT system will
need about 2,000 CPUs.

During the time interval needed by HLT, the data are stored in random-access
memories and if an event passes the High-Level Trigger selection it is stored and
is available for offline analysis. Assuming a total time of 20 hours data taking per
day and an event size of 1 MB, a total disk space of 10 TB per day will be filled
at full luminosity.
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Table 2.3: High-Level Trigger thresholds at low luminosity for various chan-
nels [40]. The CPU figures refer to a 1 GHz Intel Pentium III CPU.

Trigger HLT Threshold HLT Rate CPU time
( GeV/c? or GeV/c) (Hz) (ms)

le ,2e 29, 17 33,1 160

1p, 2u 19, 7 25,4 710

17, 27 86, H9 3,1 130

Jet @ Epss 180 ® 123 5 50

e ® jet 19 ® 45 2 165

Inclusive b jets 237 5 300

Table 2.4: Performance of HLT selection at low luminosity after applying the cuts
listed in Tab. 2.3.

Channel Efficiency
H(115 GeV/c?)— vy 7%
H(160 GeV/c2)—WW* 99%
H 77— 4y 99%
A/H(200 GeV/c?)— 27 45%
SUSY (0.5 TeV /c? s-particles) 60%
W—er, 67%
W— puv, 69%

tt — pu+X 72%




Chapter 3

The CMS Tracker

In this Chapter the CMS Silicon Tracker [36] is described in detail. The con-
struction and the use of such a detector in the LHC environment represents an
important effort both from the experimental physics and engineering points of
view. The huge amount of detector units (modules) to produce, test and assemble
is astonishing and involves hundreds of people from several worldwide institutes.
A large number of tests were done to study the performance of different silicon
detectors and minimize the effect due to the exploitation of this detector in the
hard radiation environment present in an LHC experiment. In the first part of
this Chapter the Pixel detector and the Silicon Strip Tracker are described while
in the last Section some results in the quality control of the sensors in which the
candidate has been involved are reported.

3.1 The Pixel Vertex detector

The inner part (r < 15 cm) of the CMS Tracker is covered by the Pixel Vertex
detector. This subdetector, shown in Fig. 3.1, is a fundamental device for b-tagging
studies and impact parameter measurements. It also has paramount importance
as a starting point in reconstructing charged particle tracks.

The Pixel detector layout consists of three barrel layers with two endcap disks
on each side. The three barrel layers are located at mean radii 4.4, 7.3 and 10.2
cm and are 53 cm long. The two disks are placed at 34.5 and 46.5 cm from the
interaction point. At high luminosity conditions, the inner barrel layer will be
substituted by an outer layer placed at r =13 cm to improve resolution and limit
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Figure 3.1: Perspective view of the CMS Pixel system in the high luminosity
configuration.

radiation damages. Therefore initial n-type substrate sensors are chosen to collect
electron signals on nt implants, which are more radiation hard. However it can
not be avoided that in the barrel layers with r» < 10 cm the pixel and readout chip
lifetime is reduced by hostile radiation environment below CMS lifetime. Hence
the layer at r = 7.3 cm should be replaced after six or seven years of operations.

A good resolution in the vertex position both in the transverse and the longitu-
dinal planes is achieved using rectangular pixels of dimensions 150 x 100 ym? (with
100 pm in the ¢ direction in the barrel and in the rz direction in the endcaps)
and thickness 250 pm. A scheme of a pixel detector unit is shown in Fig. 3.2.

To enhance the spatial resolution by analog signal interpolation the effect of
charge sharing induced by the large Lorentz drift in the 4 T magnetic field is used.
Hence the detectors are deliberately not tilted in the barrel layers but are tilted
in the end disks resulting in a turbine like geometry. The charge sharing between
pixels is due to the Lorentz drift of charge carriers, which is about 28° for electrons
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Figure 3.2: Schematic view of a Pixel detector unit.

in the CMS magnetic field, three times wider than for the holes. In the barrel the
significant charge sharing between neighboring implants in the r¢ plane improves
the intrinsic hit resolution down to 10-15 pm, far below the 150 pm width of each
nt implant, with the mechanism drawn in Fig. 3.3. Charge sharing is present also
along z direction for inclined tracks leading to a similar resolution. The detectors
placed on the disks are rotated with an angle of 20° around the central radial
axis to benefit of charge sharing improved both in r and r¢ directions by induced
Lorentz effects. Despite a Lorentz angle reduced with respect to the barrel case,
the resolution in r and r¢ is expected to be 15 um at CMS start and degrading to
20 pm when radiation damages arise.

The whole Pixel system consists of about 1 400 detector modules arranged into
half-ladders of four identical modules each in the barrel, and blades with seven
different modules each in the endcaps. The Pixel detector has been designed to
provide two-hit coverage up to a rapidity of about |n| = 2.2.

Each pixel signal is read by a Pixel Unit Cell (PUC) bump-bonded directly to
the pixel module. The PUC is integrated on the readout chip, which attends to 52
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Figure 3.3: Charge sharing induced by Lorentz drift. After bulk type inversion
the detector depletes from the n-pixel side. With increasing radiation dose the
detector cannot be fully depleted and the collected charge is reduced.

columns and 80 rows for a total of 4 160 pixels. Since the number of channels is very
high (44 millions), zero-suppression is mandatory to reduce the huge data volume
down to a reasonable size. Each PUC is equipped with an analog circuit, which
provides a logical positive output if the collected signal exceeds a tunable threshold.
To reduce the number of channels to readout, two nearby PUC columns are read
by one circuit placed in the periphery. The analog signals are temporarily stored
into dedicated pipelines and on positive Level-1 Trigger decision are transmitted
through optical fibers to the front-end driver in the counting room.

3.2 The Silicon Strip Tracker

3.2.1 Silicon Microstrip detector

The outer part of the Tracker is made with layers of Silicon Microstrip detectors.
Each detector unit (module) is made with one or two sensors glued on a carbon fiber
mechanical support together with the readout electronics. In Fig. 3.4 a module
assembled in Florence is shown.
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Figure 3.4: Picture of a single side module assembled in Florence.

The sensor is a n-type phosphorus doped substrate with p* implant strips,
as shown in Fig. 3.5. The p* implants are only at one side of substrate and are
coupled to aluminum strips which form the contact for the readout electronic. The
dielectrics used in the couplings are SiOs and SizN4. The resulting capacitance
(Cac) is ~ 25 pF/cm, which is much higher than the total capacitance coupled
to the strip (Cior ~ 1.2 pF/cm), in order not to lose a significant fraction of the
signal.

The active surface of the detector is rounded by a p* ring (bias ring) used to
polarize the strips. Poly-silicon resistors, with a value (R,q,) between 1 and 2
MS, connect every strip to the bias ring. The sensor is reversely biased applying
a positive voltage (hundreds of Volts) on the backplane of the sensor, heavily n™*
doped and covered by a aluminum layer, and keeping the strips grounded. The
region between the junction and the backplane is therefore completely depleted of
free charge carriers, with exception of the thermally created ones.

When an ionizing particle passes through the depleted region, it interacts in the
bulk creating electron-hole pairs (e/h) which drift in the electric field toward the
backplane and the p* implants respectively. The mean energy required to create
a e/h pair in silicon is 3.6 eV, therefore a minimum ionizing particle (mip), which
has an average energy loss per path length of 390 eV /um, should create 32 500 e/h
pairs passing through a 300 pum thick sensor. Since the energy loss distribution
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Figure 3.5: Principle of operation of a Silicon Microstrip detector.

is Landau shaped, the most probable value, being about 288 eV /um, differs from
the average. For this reason the most probable value of e/h pairs produced by a
mip is usually quoted, which is 24 000 in a 300 pgm sensor and represents a rough
estimate of the charge to collect.

Some arrangements are made to improve the device. The n™ implant backplane
forms an ohmic contact and avoid charge injection into the bulk from the connected
aluminum layer. On the opposite side the active area is surrounded by a p™
implant, the guard ring, which limits the dark current contribution from sensor
bounds. At the detector edges, uniform n* implants are placed to limit charge
injection from the regions damaged by the cut on the wafer.

A passivation layer of SiOy covers the sensor surface, with the exception of the
ohmic contacts, to protect from scratches and to reduce influences from external
environment (humidity and chemical pollution).
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At the end of the strips AC pads allow the bonding to an array of readout
chips APV25 [49] housed on a thin hybrid circuit. The analog signal of each strip
is transmitted to ADCs located in the counting room via optical links.

With these microstrip sensors it is possible to measure one coordinate, inter-
polating the crossing position by means of charge sharing between adjacent strips.
A configuration to allow the bidimensional measurement of coordinates is real-
ized gluing two detectors back-to-back with 100 mrad tilted strip directions. This
configuration is referred to as stereo or double-sided and is preferred to the pixel
segmentation, although the resolution is worse, because the number of readout
channels is lower.

The Silicon Strip Tracker covers a tracking volume up to r = 1.1 m with a
length of 5.4 m and is divided in three parts:

4 barrel layers (Tracker Inner Barrel = TIB)
e inner Tracker
3 disks per endcap (Tracker Inner Disks = TID)

e outer Tracker 6 barrel layers (Tracker Outer Barrel = TOB)

e Tracker endcaps { 9 disks per endcap (Tracker End-Cap = TEC)

The TIB has four layers assembled in shells; the two innermost layers host double
sided detectors, pointed out in blue in Fig. 3.6. The two TIDs, each one made of
three small disks, complement the TIB region. The outer barrel structure (TOB)
consists of six concentric layers, also in this case the two inner layers are double-
sided. The TEC modules are mounted on nine disks on both side of the barrel.
The detectors of ring 1, 2 and 5 are made of double-sided modules. All of them
have a trapezoidal shape to follow the ring geometry.
The detector geometry is optimized following these criteria:

e The pitch, i.e. the distance between two consecutive electronic channels,
changes between 80 pum in the inner TIB layers to 180 pum in the outer of
the TOB, reducing the number of channels without degrading significantly
performances.
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Figure 3.6: Schematic view of the Silicon Tracker layout. Single and double sided

detectors are pointed out in red and blue respectively.

The width of the strips (w) depends on the pitch (p): the choice of the ratio
(w/p) is 0.25. This value ensures a low value of the total capacitance without
endangering the functional stability at high voltage (with small w/p values
in fact high electric fields can be generated near the strip ends limiting the
breakdown performance of the detector).

The strip length is 11 cm in inner barrel and 20 cm in the outer barrel.
Longer modules in the outer layer allow the reduction of the total number
of channels keeping a limited occupancy.

The thickness of the substrate in the TIB sensors is 320 pum, while in the
outer barrel is 500 ym in order to counterbalance the higher noise due to the
longer strips. The collected charge therefore is higher keeping constant the
signal to noise ratio.

The total number of modules is 15 148, 6 052 thin and 9 096 thick for a total
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of 9 648 128 strips to be readout in groups of 128 by 73 736 APV chips [40]. Some
geometrical parameters of the sensors used in the CMS Tracker are reported in
Tab. 3.1.

3.2.2 Readout electronics

The scheme of the readout system for the CMS Silicon Tracker is sketched in
Fig. 3.7.

The signal is collected through the metalized strip in one of the 128 input
channels of the APV chips placed on the front-end hybrid. Since the strip pitch is
different from module to module and only one type of readout chip is foreseen, a
pitch adapter is designed to connect groups of 128 strips to the input pads of the
APV.

The APV25 circuit has been developed for the readout of the analog signal of
the CMS Microstrip detectors. Every APV channel is equipped with a preamplifier,
a shaper, 192 memory cells and a deconvolution circuit. The chip is radiation hard,
low noisy and has been designed to have low power consumption.

The charge, collected by a strip of the silicon sensor, is read through a charge
sensitive amplifier followed by a CR-RC shaper with a peaking time of 50 ns. The

subdetector layer pitch length thickness n° strips
(pm) (mm) (pm)
TIB layer 1-2 80 119.2 320 768
TIB layer 3-4 120 119.2 320 512
TOB layer 5-6 122 2 x 94.5 500 768
TOB layer 7-10 183 2 x 94.5 500 512
TID layer 1 81 - 112 89.5 320 768
TID layer 2 113 - 143 90.3 320 768
TID layer 3 124 - 158 112.8 320 512
TID layer 4 113 - 139 117.1 320 512
TEC layer 5-7 126 - 156  84.0 + 66.1 500 768
TEC layer 8-10 163 - 205 99.0 + 87.8 500 512
TEC layer 11-13 140 - 172 109.8 + 98.8 500 512

Table 3.1: Geometrical parameters of the sensors used in the CMS Tracker.
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Figure 3.7: Scheme of the readout system for the CMS Silicon Microstrip Tracker.

time constant has to be very small to avoid the overposition of the events.

The output of the shaper is sampled at 40 MHz synchronously with the LHC
bunch-crossing frequency, and the final analog signal is stored into a pipeline. The
pipeline is a 128 x 192 matrix of capacitor cells (0.25 pF each) that can contain
the output of all the 128 strips for a maximum of 192 locations which correspond
to the number of bunch crossings, waiting for a response of the Level 1 Trigger.
The pipeline length allows to store data for an amount of 4.8 us, well above the
latency time of the Level 1 Trigger (3.2 us).

In case Level 1 accepts the event, the signal is further processed by the APV
circuit which can operate in two different modes: peak and deconvolution. Only
the maximum value reached by the signal is stored in the pipeline in peak mode,
while in the deconvolution mode the Analog Pulse Signal Processor circuit (APSP)
processes the signal using the triggered and the two preceding samples. The three
measurements are weighted and combined together, with a rise time constant of
25 ns, to effectively reduce the signal duration to one bunch crossing, at expense
of increasing noise [50]. This mode of operation is the most suitable at LHC rates,
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especially at high luminosity, because it reduces the signal tails of adjacent bunch
crossings and the contribution of the pile-up. Peak mode instead can be used
during the low luminosity or in the start up period for calibration purposes.

The APV output is formed by a 12 bits frame (the digital header formed by:
3 bits for the frame identification, 8 bits for the pipeline address, and one error
bit) followed by 128 analog signals, the output of the APSP serialized by a 20
MHZ multiplezer. The total readout time is (12 + 128) x 50 ns = 7 us, hence if
two Trigger signals were closer than 7 s, the information from the APV would
be lost. To avoid this potentially long APV dead time, an internal FIFO is able
to temporarily store up to a maximum of 31 (10) Trigger frames when working
in peak (deconvolution) mode, thus allowing to absorb the Level 1 Trigger time
fluctuations.

The pulse height data coming from two AP Vs are multiplexed onto a differential
line over the short distance to a laser driver transmitting at 1 300 nm wavelength.
The optical transmitter conveys the analog signals through a 100 m optical link
fiber to the counting room, located outside the CMS cavern. Then detector data
are digitized by a 9 bits ADC of the Front-End Driver (FED), which then processes
digital signals, reducing them via zero suppression.

All the readout system is controlled by the Front-End Controller (FEC), which
distributes the clock and Trigger signals to the APVs. The global Timing Trigger
Command (TTC) sends the LHC machine clock and CMS Level 1 Trigger through
the FEC interface. The two signals are transmitted by the FEC to the front-
end hybrids through a digital optical link and distributed to series of modules
by some Communication and Control Units (CCU). The clock signals are locally
recovered and eventually time-tuned by Phase Locked Loop chips (PLL) to reduce
at minimum the phase jitter and ensure high reliability.

3.2.3 Radiation damage of Silicon Microstrip detectors

The Tracker is the CMS subdetector closest to the interaction point, hence it has
to sustain the highest radiation flux, which deteriorates the modules. The radi-
ation damage is caused not only by particles produced in primary proton-proton
collisions, but also by albedo neutrons emitted from the calorimeters surrounding
the Tracker. Two different effects have been observed in Silicon detectors: surface
damages and bulk damages.
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When an incident particle crosses the detector it produces e/h pairs. The
surface damages [51] are caused by the missing recombination of the e/h pairs
created into the oxide layers of the detector surface by the crossing particles. Bulk
damages originate from the removal of some atoms from their regular sites on the
silicon lattice [52]. A point-like defect in the lattice (vacancy) is created and can
be considered an acceptor impurity, while the displaced atom behaves as a donor;
this couple of defects is referred to as Frenkel pair. Various combinations and even
clusters of these defects are also observed. The principal effects caused by the
radiation damage are classified as follows.

Inversion point and depletion voltage

One of the major effects of bulk damage due to radiation is the change in the
effective doping concentration of the silicon crystal. An empirical model, called
Hamburg model [53, 54], which is in agreement with experimental data, describes
the behavior of the effective doping concentration as a function of the fluence,
the annealing time and the storage temperature. When the fluence, normalized
to a 1 MeV neutron equivalent, has reached a certain value, the effective bulk
donor density approaches zero. At that point, continuing the irradiation, the
bulk behaves as p-type and the effective acceptor density starts to grow up. This
phenomenon is called bulk type inversion [55] and leads to an increase of the
depletion voltages for highly irradiated silicon sensors. The polarity of reverse
biasing of the device does not change after inversion, while the junction moves
from the p™ strip side to the n™ backplane side.

Leakage current

The current passing through the junction (leakage current) increases proportion-
ally to the fluence, i.e. AJ = a®. The proportional constant « is the damage
constant, which depends on temperature and it is 3 x 1077 A/cm at -5° C. As
a result, the electronic noise contribution coming from the leakage current is en-
hanced.

Interstrip capacitance

With irradiation, the positive charge density in the oxide increases until it reaches
a saturation point, as a consequence negative charges accumulate at the inter-
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face between Silicon and oxide increasing the capacitance (Cy,;) between adjacent
strips and leading to a worsening of the signal to noise ratio of the device. A
significant increase in the interstrip capacitance after radiation has been found
on detectors with < 111 > crystal orientation, but not on sensors with < 100 >
crystal orientation, which have been chosen for the Tracker [56].

Charge collection efficiency

The signal collected by the electrodes is reduced by charge trapping into the dam-
aged bulk since the defects produced by the irradiation can increase the fraction of
the trapped charge carriers (the charge is not necessarily lost, but can be released
after a latency time of the order of us). Experimentally the loss of efficiency of
charge collection is around 10% for dose greater than 10** neutrons/cm?.

Sensor characteristics

Selected sensors must have a breakdown voltage (Vireqr) greater than 500 V so
that they can be biased with voltage Vi, greater than depletion voltage (Viias ~
1.5 Vigepr). Typical values for Viqs are 300 V for TIB modules and 120 for TEC and
TOB modules. When the detectors work in the overdepletion regime the charge
collection is faster due to the higher electric field, thus reducing the influence
of the bulk damages in charge trapping. Test results performed on irradiated
sensors agree with the expectations. The signal to noise ratio as a function of
Viias/Vaep after an irradiation corresponding to ten years of LHC operation is
shown in Fig. 3.8a.

Furthermore the sensor bulk is made of low resistivity silicon for TIB modules.
The low resistivity in fact, delays the inversion point and keeps the depletion
voltage low even after a fluence of 10'* neutrons/cm?. This behavior is shown in
Fig. 3.8b, which reports the depletion voltage as a function of the irradiation time
for low and high resistivity detectors. It is clear that a low resistivity detector does
not need voltages greater than 300 V.

Finally detectors will work at low temperature (-10° C or less) both to minimize
the dark current and the reverse annealing effect that increases the depletion
voltage when the irradiated material is kept at room temperature for a long time.
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Figure 3.8: (a) The signal to noise ratio as a function of Vjias/Viep before (dot)
and after (triangle) an irradiation corresponding to ten years of LHC operation.
(b) Depletion voltage for high (p > 4 kQ-cm) and low (p ~ 1 kQ2-cm) resistivity
detector as a function of the irradiation time (years of LHC operation). The
irradiation is calculated according to the dose foreseen in the inner layer of the

TIB.

3.3 Process Quality Control

The number of Silicon sensors needed for the CMS Tracker will be close to 25 000.
This huge number of sensors has forced the Collaboration to develop a complex
scheme for the sensor quality control [57]. One of the step involved in this pro-
cedure is the Process Quality Control (PQC), carried out in Florence, Strasbourg
and Wien. The aim of the PQC is to monitor the stability of the sensor fabrication
process throughout the production and to identify any problem as soon as possi-
ble, in order to give a fast feedback to the producers (ST Microelectronics [58] and
Hamamatsu Photonics K.K. [59]).

The PQC is performed on a dedicated set of nine test-structures (standard half
moon) hosted in all the wafers used for the production of the CMS sensor, with
a design common to the two manufacturer companies. The percentage of wafers
tested is 5% of the total number and at least one wafer per sensor batch is analysed.

In this Section the test structures used in the Process Quality Control and the
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main parameters controlled with them are described. In the last part the main
results obtained with the measurements carried out in Florence and in the other
PQC centers are reviewed.

3.3.1 PQC measurements

The PQC setup is based on a probe card contacting the test structure, interfaced
through a switching system, to a DC voltage source and to an LCR meter. The
test structure is hosted inside a probe station during the measurements to shield
it from the light. The device is located on a chuck (the only mechanical movable
part in z —y plane) which supplies the high voltage to the back of the silicon wafer.
The probe card is mounted on the platen that can move along the z axis (vertical
direction).

First an alignment step is needed in our procedure in which the structure under
test is rotated to be aligned with the probe card. Then measurements are carried
out with a software which runs in Labview [60] and which is made of three parts:
acquisition, analysis and database interface. The acquisition part controls the
instruments and stores the results, the analysis software is used to extract the
relevant physical parameters from data, whereas the last component transfers all
the acquired information to the central CMS Tracker database [61].

The standard half moon is shown in Fig. 3.9 and from left to right is composed
by nine structures which are described in the following.

Test Structure for Capacitance

The first structure is formed by an array of 26 AC coupled strips (TS-CAP) charac-
terized by the same dielectric composition of the main sensor (submicron layers of
SiO9 and SizNy) but with a direct connection to the bias ring, without poly-silicon
resistors. Each strip can be read out by its AC pad that is placed alternatively
on the two opposite ends of the strips. This device is used to analyse the quality
of the dielectric by the measurements of the capacitance (Cy.) and the dielectric
breakdown voltage (Vger)-

The thickness of the oxide layer is derived from the common parallel plate
capacitor equation. However, the oxide layer is composed of two oxides, which
can be described by two capacitors connected in series, therefore the only way to
calculate the oxide thickness is to assume a value for the thickness of the SizNy
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and calculate the thickness of the SiOy from the following formula

A d
d1 = €0€5i0, ( 2 ) . (31)

Cot €0€Siz Ny

The CMS specifications of the coupling capacitance are C,. > 1.2 pF cm™!

pum~! per implanted strip width. For this structure, the capacitance of one strip
is
1.2 pF em 'um ™ x 4413 mm x 30 ym = 15.89 pF. (3.2)

strip length strip width

Due to the expected small value, in order to extract the 6 values of C,. it is
important to subtract the stray capacitance of the system.

The other parameter which can be studied in the TS-CAP structure is the
breakdown voltage of the dielectric, corresponding to the maximum voltage that
can be applied across the dielectric before a substantial current flows from the p™
implant to the metal pad. Contrary to the breakdown of the silicon bulk, which
is caused by avalanche effects of the charge carriers, the effect of the breakdown
of the dielectric is caused by stripping electrons from their atoms. Every impurity
of the oxide can serve as the nucleation point for this breakdown effect. The
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measurement is performed by applying GND to the bias ring and a negative HV
to the metal pads (up to -200 V in -10 V steps). When the current limit (and thus
the dielectric breakdown) is reached, the measurement is stopped for that strip.
The breakdown causes irreversible damage to the crystal structure and therefore
this destructive test cannot be done on the real sensor.

Sheet

Measurements on a structure called sheet (see Fig. 3.9) are foreseen to determine
some important resistance values. It consists of nine sheet structures used to
measure the resistivity of the aluminum layer, of the p™ implant and of the poly-
silicon resistors. All nine structures have individual contacts at the bottom of the
device, whereas the other side is connected to the common bias ring.

Gate Controlled Diode

The surface current is measured to determine the interface recombination velocity
and the interface state density [62]. This measurement is done on a structure
hosting four gate controlled diodes (GCD), two circular and two square ones, see
Fig. 3.9.

The standard measurement is carried out on the right square GCD which is
built of comb-shaped p* implanted strips intertwined with comb-shaped strips
made of MOS (metal ozide semiconductor) material. The SiOy layer in the MOS
region corresponds to the oxide in the interstrip region of the real sensor with a
thickness of 1.4 pym (for STM).

A constant reverse bias voltage V.5 is applied to the diode between the back-
plane and the p* strips, while the current through this diode is measured as a
function of the gate voltage V4. In our case, the backplane is grounded, the bias
voltage is -5 V and the gate voltage varies between +5 and -20 V with respect to
the the backplane potential.

The measured current through the diode is a superposition of two components:

Imeasured = Isurf + de . (33)

While the bulk current remains constant during the measurement, the surface
current, caused by a depletion zone which is developed underneath the gate, varies.
The observed effects are:
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e Accumulation: if V. is less then flatband voltage, Vyy, the voltage at which
there is no electrical charge in the semiconductor and, therefore, no voltage
drop across it, only the volume current [;; arising from the p-n junction is
observed. The electrons which are induced by the static oxide charge beneath
the gate are preventing the reverse voltage to completely deplete the volume.

e Depletion: when Vue S Vyp, a depletion region under the gate strips is
formed which connects to the depletion region of the diode. This effect is
caused by the repulsion of the free electrons underneath the gate by the
negative gate potential. Now the generation-recombination-centers at the Si
- SiO4 interface contribute to the total current, visible as a sharp increase.

e Inversion: if Ve > Vi +Viias, an inversion layer under the oxide consisting
of electrons is formed, which crushes out the depletion region. This is seen
in a sharp decrease of the total current. Higher negative gate voltages do
not change this state anymore.

The analysis software extracts the surface current from the measured curve as
the difference of the current level at inversion to the current during depletion and
calculates the interface recombination velocity So using

Lsury
S0 = n; X e X Agate (3-4)
where e is the elementary charge, n; = 1.45-10'° cm ™3 the intrinsic carrier density
and Agge = 2.3-1072 cm?.
A high value of the surface current indicates oxide contamination problems
during the manufacturing of the sensors and thus can induce problems during
operation when further charges are introduced by irradiation into the oxide layer.

Interstrip Capacitance in AC

The interstrip capacitance is an important parameter related to the readout elec-
tronics. A higher value leads to higher detector noise and thus lower signal to noise
ratio. The measurement of the interstrip capacitance is done by connecting to the
connectors of an LCR meter a central strip and the two neighboring strips of the
IS-TS-AC structure. The half moon is operated now at a reverse bias voltage of
Vihias = 400 V. The common acquisition software subtracts the stray capacitance
value from the result to figure out the true value.
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Mini sensor

It is a small size replica of the main sensor. The structure is composed by 192
strips with a pitch of 120 um which is an average value among the pitches of
the different sensor geometries characterizing the CMS Tracker sensors. The mini
sensor has an active area of 2.3 x 1.6 cm?. The test on this device consists of an
IV curve from 0 to 700 V in 5 V steps, from which the breakdown voltage and the
current value at 450 V are extracted.

Interstrip Capacitance in DC

The Interstrip Capacitance in DC (IS-TS-DC) structure is used to measure the
interstrip resistance. It has the same geometry as [S-TS-AC with two exceptions:
the lack of poly-silicon resistors avoids their contribution to the measurement,
which means that the strips are isolated from the bias ring. Moreover the p™
implant is directly connected to the metal layer all along the length of the strips
through vias. Thus the implant layer can be contacted using either DC or AC
pads. The interstrip resistance is measured between the central strip and its two
neighbors (which are tied to ground). The central strip is set to a potential of a
few volts and the current between them is measured.

The device is inversely polarized with Vj;,s = 100 V. This voltage is enough to
deplete the interesting region underneath the implants on the p-side. The voltage
drop between the central strip and its two neighbors must be kept small with
respect to the bias voltage to avoid a perturbation of the depletion field. Since the
interstrip resistance should be high, a very low current across the strips of a few
pA is expected. Therefore an instrument with a high current sensitivity is needed.

The resistance value is extracted with a linear fit of the IV curve obtained
by a voltage scan between +2 V. This procedure is more precise than a single
measurement, because the contribution of a constant leakage current is removed.

Diode

Using a simple diode, the wafer thickness or the Silicon resistivity can be deter-
mined through a CV curve. The Silicon bulk is biased by a voltage varied between
0 and 300 V, and the capacitance is measured at steps of 5 V. Two linear fits
are applied to the 1/C? curve as a function of the applied voltage. The shape of
this curve is linear until full depletion is reached. Then the capacitance reaches a
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plateau and the curve becomes a horizontal line. The depletion voltage corresponds
to the intersection of the two linear regions. In order to extract the parameters
we are interested in, the diode surface is needed. This can be better defined if the
diode guard ring is set to ground. Taking into account the fact that the field lines
extend into the intermediate region between the central implanted square and the
guard ring, the area entering into the calculation has been chosen as the average
between the one inside the central square and the one inside the guard ring.

The depletion depth, which should be near to the wafer thickness (320 or 500
pum) is calculated by using an equation derived from the well know parallel plate

capacitor
€5; X Adiode

)
C(depl

where €g; = 106.25 - 10712 F m™!, Agioqe = 0.246 cm?. The bulk resistivity is
calculated assuming the nominal wafer thickness as

d= (3.5)

d2
= )
2 % €si X b X Vdepl

p (3.6)

where 1 = 1350 cm?/(V-s) is the electron mobility for the lightly doped Silicon,
as the one in the bulk.

Metal Oxide Semiconductor

One MOS structure is used to extract the value of the flatband voltage (Vys)
through a CV plot. MOS structure consists of the same SiO, oxide layer as the
thick interstrip layer. This measurement shows how the interface mobility charge
underneath the gate reacts to an applied bias voltage. This voltage is applied to
the back while keeping the gate to ground, hence the sign convention is reverted
with respect to what is normally found in literature, referring to V..

Starting from a negative bias voltage of -10 V, we can identify three regions:

e accumulation (V.. > 0): free electrons are accumulated beneath the gate.
The measured capacitance is the oxide capacitance only Co, = €50 Agate/dos-
Therefore, the oxide thickness can easily be extracted from this value.

e depletion (Vi < Vp): rising the voltage, the Si region underneath the
gate depletes of free electrons. The capacitance decreases until the complete
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absence of charges on the armature of the capacitor, the flat band condi-
tion. In a theoretical situation, this happens when Vj, ~ 0 V, but humidity,
chemical pollution, migration through the surface or light particle irradia-
tion may cause an increase of the induced charge. The shift of the flatband
voltage measures the trapped positive charge in the oxide. This is the main
parameter we are interested in.

e inversion (V.. << V};): holes accumulate beneath the metal gate.

Vi is identified looking at the behavior of the CV curve and picking up the
voltage corresponding to the intermediate capacitance between the two values that
we fit in the accumulation and inversion regions.

As soon as we have the Vy, value, the oxide charge can be calculated as

QO$

Viy = Oms — —— 3.7
=0 . (3.7)
where ¢,,s is the work function between metal and semiconductor. For an alu-
minum gate and n-type silicon with a doping in the range 10 <+ 102 ¢,,, ~ —0.5
V. The oxide charge concentration (NV,,) can be then extracted using the fact that

Qox = qNoxAgatea leading to

CO$

N.. —
. quate

(¢ms - Vfb) . (38)

In order to apply correctly this formula we have to remember that we have an
opposite sign convention for the measured Vy, with respect to what is usually
quoted in literature.

3.3.2 PQC results

In this Section a selection of the results obtained with sensor batches delivered so
far is presented. At the moment the number of wafers that have been tested in
the PQC is around 4 200.

The strength of the dielectric layer to a voltage difference as measured in T'S-
CAP is shown in Fig. 3.10. This is an important feature since it is foreseen that
some beam loss events in the CMS Tracker could cause a voltage drop across the
coupling capacitance, estimated to be in the order of 100 V. The lower acceptance
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limit on the breakdown voltage is set to 120 V and almost all the structures received
so far survived beyond this value.

Other fundamental parameters monitored are related to the quality of the in-
terstrip insulator. Typical values of the density of the oxide charge at the interface,
both in HPK and STM test structures, are in the range (5+10)-10'° cm™2. Chem-
ical pollution may cause an increase of the induced charge at the interface and a
shift of the V}, value would measure the trapped charge.

This effect is enhanced by the sensor irradiation. This can be seen in Fig. 3.11
where the interstrip capacitance is shown for different values of the Vy, after a
proton irradiation at the cyclotron of the Karlsruhe Forschungzentrum, at a fluence
corresponding to 10 years of operation at LHC.

At the beginning of 2003 some STM batches were rejected due to a high Vi,
value. This problem was traced back in the manufacturer company to the contam-
ination introduced by a particular machine that has been then excluded from the
production line.

In the same period some other STM batches had problems with the too low

interstrip resistance. The R;,; values for those batches were below the 1 G2 which
ensures a good electrical separation of adjacent strips. This failure was traced back
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Figure 3.10: Dielectric breakdown voltage as function of the delivery date of the
test structures. The high quality of the sensors (all well above the 120 V limit)
and the good stability in time of this parameter are clearly shown.
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Figure 3.11: The irradiation of the test structures at fluences equivalent to 10 years
of LHC has shown that a high V},, connected to a bad quality of the interstrip Si
oxide, leads to a large increase in the interstrip capacitance. This effect is clearly
shown in the pictures where the interstrip capacitance is shown before (a) and
after (b) irradiation.

to a small parameter variation in the production line. The problems encountered
in STM sensor production are shown in Fig. 3.12 in which the flatband voltage and
the interstrip resistance of the sensors are shown as a function of the test structure
delivery date.

The following wafer bulk resistivity ranges are requested to assure a depletion
voltage below 400 V for all sensors after 10 years of operation at LHC: 1.25 <
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Figure 3.12: Summary of the problems encountered in the STM sensors production.

(a) Flatband voltage as a function of the delivery date of the test structure, the
increase of the value of Vy,, above the 10 V limit, is clear for the structures delivered
at the end of 2002. (b) Interstrip resistance as a function of the delivery date of
the test structure, the structures delivered between October 2003 and February
2004 had too small values of R;,; (limit 1 G(2).
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p < 3.25 kQ cm in the inner Tracker and 4.5 < p < 7.5 k{2 cm in the outer
Tracker. After the PQC has verified the failure of some HPK batches to satisfy
this resistivity condition the company has agreed to substitute the problematic
batches and to sort the wafers according to their resistivity in such a way that
those with the lower resistivity will be used for the sensor geometries that are
mounted in the inner layers, where the irradiation levels will be harsher. The
resistivity as a function of the delivery date of the structures is shown in Fig. 3.13.

Except for the above mentioned problems the monitored parameters show a
good stability in time. As an example the mini sensor breakdown voltage is in
average very high and almost all the structures (95% in STM, 98% in HPK) survive
up to 700 V, the upper limit of the IV measurement.

Resistivity (kOhm cm)
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Figure 3.13: HPK thin sensors resistivity as function of the delivery date of the
test structures. The picture shows the failure of some batches to satisfy the limits
chosen by the CMS Collaboration.
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Chapter 4

Simulation and Reconstruction

The software requirements and computing resources needed by LHC experiments
exceed by far those of any currently existing high energy physics experiment. Track
reconstruction in particular will be a very challenging task due to the high number
of tracks foreseen. At high luminosity, an average of 25 minimum bias events are
expected per bunch crossing, which will produce more than 1 000 tracks in the
tracker and track densities which can be as high as 10 tracks per cm per bunch
crossing at a radius of 2 cm.

This complexity led the CMS collaboration to develop software using Object-
Oriented programming which ensure the necessary modularity and to implement
it using the C++ [63] programming language. The collaboration has also decided to
adopt the same software architecture both for online selection and offline analysis.

This Chapter describes the software used to generate simulated events, to
mimic the passage of particles through and their interactions with the CMS de-
tector and the response of the detector elements. Track and muon reconstruction
is then described in details, since it is of fundamental importance for the analysis
presented in this work.

4.1 CMS software projects

The various CMS Object-Oriented projects and their relations are shown in
Fig. 4.1. The CMS reconstruction and analysis software is written in the C++ pro-
gramming language and is based on the COBRA (Coherent Object-Oriented Base for
Simulation Reconstruction and Analysis) [64] software framework, which provides
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IGUANACMS

ORCA OSCAR

Figure 4.1: Relationship between the various CMS Object-Oriented projects. Ar-
row direction means “depends on”.

basic services and utilities: physics type services (histogrammers, fitters, math-
ematical algorithms, geometry and physics calculation routines) and computer
services (data access, inter-module communication, user interface, etc.).

CMS detector geometry and material composition are simulated with the pro-
gram 0SCAR (Object-Oriented Simulation for CMS Analysis and Reconstruction)
[65], based on the GEANT 4 package [66], to mimic the effects of the passage of
particles through matter. The description of the CMS geometry is detailed and
includes not only active subdetector volumes, but also cables and mechanical sup-
port structures and information about the magnetic field.

The CMS program ORCA (Object-Oriented Reconstruction for CMS Analysis
program) [67] includes the code for reconstruction and analysis but also for simu-
lation of detector response and of Level-1 and High-Level Trigger.

Within the CMS software projects FAMOS (Fast Monte Carlo Simulation) [68]
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and IGUANA (Interactive Graphics for User Analysis) [69] are also available. The
first project is a framework for fast simulation of particle interactions in the CMS
detector. The detector response is parametrized so that the output of FAMOS is as
close as possible to the output of the full simulation (0SCAR) and full reconstruction
(ORCA). Each event is therefore processed in a much smaller time than in the full
simulation chain. FAMOS delivers the same physics objects (Calorimeter hits and
clusters, Tracker hits and reconstructed tracks, etc...), which then can be used as
inputs of the same higher-level analysis algorithms (b-tagging algorithms, electron
candidates, jet clustering, etc...).

The latter, IGUANA, is a modular C++ toolkit for interactive visualisation. It
covers three domains: graphical user interfaces, interactive detector and event
visualisation, and interactive data analysis and presentation.

4.2 Events simulation and reconstruction

The proton-proton interactions at /s = 14 TeV/c? are generated by standard
Monte Carlo generators like PYTHIA [70], CompHep [71] or Alpgen [72]. The events
produced are stored in the standard HEPEVT [73] structure in HBOOK [74] ntuples
with an average event size of 50 kB.

The collision point is smeared around the CMS reference frame origin according
to the composition of three independent gaussian distributions: along the z axis
with o, = 5.3 cm and along bending plane (z and y axes) with o, = 0, = 15 pm.

All the final particles produced at generator level are propagated through CMS
taking into account multiple scattering, Compton scattering, pair production pro-
cesses, showering in detector materials and hadronic interactions. The information
is stored in the form of hits. A simulated hit combines information about energy
depositions in the detector, their magnitude, the time at which they occur and
their location. The information stored in a hit is detector-dependent and contains
all the details needed to simulate the detector response. For tracking detectors
(inner Tracker and Muon system) for example the information stored is the entry
and exit points of the track, the momentum vector at the entry point, the type
of the particle, the energy loss in the sensitive volume, and the time offset with
respect to the Trigger interaction time.

In addition to the hits, 0SCAR also produces simulated tracks (SimTracks) and
vertices. These are not used for detector response simulation or for reconstruc-



36 CHAPTER 4

tion, but are required for analysis of the reconstruction results. The simulated
trajectories covered by the particles are indeed stored to be used in testing of the
algorithms as Monte Carlo truth. The average size of a simulated event file is 2
MB and the CPU time required to simulate one event ranges from 60 s for a pure
minimum bias event to a maximum of 500 s for inclusive 1 TeV di-jet events, if
using a 1 GHz Pentium III CPU.

The response of the detector is simulated taking into account the pile-up events
of the actual and the contiguous bunch crossings, the number of bunch crossings
to be piled up being determined by the subdetector with the slowest response
time. Pile-up events from the previous 5 and following 3 bunch crossings are
superimposed to the on-time crossing in order to mimic the electronic readout
behavior and to take into account the energy pile-up in calorimeters. Pile-up
events are randomly added from a minimum bias data base, which contains 200 000
events, separately for low and high luminosity, according to Poisson distributions
around the central values calculated in Section 2.1, which are 5 and 25 respectively.
The recycling of the same minimum bias events for pile-up is due to the limited
available CPU resources used to massively produce them.

After combining a signal event with the selected pile-up events for a particular
luminosity, the detector response is simulated taking into account the SimHits of
all events of a crossing. The time information of each hit is shifted according to
the bunch crossing to which the corresponding event belongs. The finite response
time and time resolution of the CMS subdetectors defines for each of them a time
window of sensitivity, ranging from a few tens of nanoseconds to several hundred
nanoseconds. To simulate the full detector response and occupancy, simulated
hits in the full time interval of sensitivity need to be taken into account. The final
products are the digitized hits (digis), which are used as input for the Trigger
simulation or the reconstruction programs. The digis are equivalent to the raw
data collected by CMS when real data taking will be operational. Digitization is
performed independently for low and high luminosity simulations.

4.3 Track reconstruction

Due to the complexity of the CMS Tracker, with its tens of thousands of detector
modules, tens of millions of channels, and tens of thousands of hits per bunch
crossing, it is not obvious that there is a single optimal track reconstruction algo-
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rithm in all circumstances. It is more likely that there should be several specific
algorithms, each of them optimized for a specific task within the complex physics
at CMS. Therefore a flexible framework for developing and evaluating track recon-
struction algorithms is used.

The CMS track reconstruction framework is based on the KalmanFilter for-
malism [75], but not restricted to it. More advanced algorithms, like the Determi-
nisticAnnealingFilter [76] or the MultiTrackFilter [77] have been success-
fully implemented as well. In the case of the Kalman filter formalism, the basic
operations are propagation of a trajectory state to some surface, and updating of
a trajectory state with information from a measurement.

4.3.1 The Kalman filter

The basic object in the implementation of the track reconstruction in ORCA is
the RecHit, which contains the information of the position of the hit and the
corresponding errors expressed in different coordinate frames: the measurement
frame (a strip, a pixel cell), the local frame (the surface of a detector) and the global
CMS frame. The RecHits are created from digis and in testing the performance
of the reconstruction algorithms it is useful to associate them to the corresponding
simulated hits, or SimHits. This is done with some hit association criteria, based
on information produced during digitization.

The basic object in track reconstruction is the TrajectoryStateOnSurface,
usually referred to as TSOS, which contains the local and global position and direc-
tion of the track together with the curvature and the covariance matrix of track
parameters. A reconstructed track (RecTrack) in the tracker is a sequence of
RecHits propagated from a surface to another by updating the TSOS state with a
geometrical extrapolation. The trajectory is fitted to the track model, depending
on the shape of the magnetic field, taking into account measurements and errors
of the RecHits and the stochastic model of material effects (multiple scattering,
energy loss). Hence the track fitting requires the knowledge of the detector layout
and resolution together with the model describing the trajectory of a particle.

At this level the software is the same for reconstruction of either Monte Carlo
tracks or true tracks, because they are reconstructed from RecHits, which are digis
in case of Monte Carlo events or the raw data when CMS will be turned on. Of
course all the operations related to associations of reconstructed with simulated
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objects are excepted.

Any RecTrack can be associated with a set of compatible simulated tracks in
the tracker (TkSimTracks) by means of a track associator. A TrackAssociatorBy-
Hits associates a RecTrack to a TkSimTrack if the number of RecHits associated
to the SimHits is greater than a given fraction of the total. Usually this threshold
is set to 50%, hence a RecTrack is associated to a TkSimTrack if it shares more
than 50% of its RecHits with the simulated track SimHits. This method is useful
in studying track reconstruction efficiency and fake track rate of the track finding
algorithms (fake tracks are reconstructed tracks whose hits are produced by the
detector noise and which are not associated to any SimTrack).

The simplest, but probably the more robust, track reconstruction algorithm de-
veloped within ORCA is based on the Kalman filter (CombinatorialTrackFinder) a
recursive procedure to estimate the states of a dynamic system, a stochastic model
evolving in time. It is mathematically equivalent to a global least-squares mini-
mization (LSM). The Kalman filter allows also to incorporate multiple scattering
and energy loss during track propagation.

The design and implementation of the Kalman filter in ORCA is modular [78],
a ModularKfReconstructor being composed with four C++ classes dealing with
different tasks, which interplay with each other. The four objects for track recon-
struction in ORCA are

e SeedGenerator generator of seeds, the trajectory starting values;
e TrajectoryBuilder building of the trajectories starting from the seeds;

e TrajectoryCleaner resolution of ambiguities among multiple reconstructed
trajectories;

e TrajectorySmoother smoothing of the trajectories, better estimation of the
track parameters.

Seed generation

A charged track can be described by five parameters: two positions, the transverse
(z0) and longitudinal (dp) impact parameter with respect to the interaction point,
two directions, the pseudorapidity n and the azimuthal angle ¢, and finally the
transverse momentum pr.
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Seed generation provides initial trajectory candidates with an estimation of
those five parameters and their errors. Usually seeds consist of pairs of RecHits
and use a beam spot constraint and a minimal transverse momentum constraint
to provide initial trajectory parameters. The beam spot constraint may introduce
a bias at this stage, which is removed during the final fit.

A reduced set of data is investigated in order to define those starting values
of potential track candidates. The seeds can be extracted by measurements in
muon chambers or calorimeters or by pixel hits. They are useful to reduce the
parameter space where to look for further hits to add to the trajectory candidate,
because they allow a preliminary rough estimate of the track parameters. The
choice of the size of the set of data can have dramatic effect on the reconstruction
efficiency, fake rate, and CPU time. If the size is too small the track reconstruction
efficiency will suffer; if the size is bigger than the physics requirements, additional
CPU time will be wasted to reconstruct ghost tracks that will have to be removed
with additional track selection criteria. In a similar way, the choice of the minimal
transverse momentum has a strong influence on the number of seeds, and even
more on the overall CPU time, since it takes longer to reconstruct a soft track
than a hard track.

The CombinatorialSeedGeneratorFromPixel is used to create seeds from the
pixel detector layers. In Fig. 4.2 the principle of seed generation is sketched: all
the pairs of hits compatible from being generated by a track originated from the
beam spot (a cylinder of 0.1 cm radius and 15 cm long centered in the CMS
reference frame origin) and with a minimum pr of 0.9 GeV/c are selected to form
the seeds to propagate from inside out through the Tracker layers. Starting from
each RecHit from the pixel outer layer, the inner RecHits compatible with the
searched trajectory are linked with the starting one to form a seed.

The pixel layers are therefore essential for fast and accurate track reconstruc-
tion. In case of staging of some of them, the innermost double-sided Silicon Strip
layers are used. For the baseline Pixel detector (three barrel and two endcap layers
on each side), all pairs of layers are used to provide a high degree of redundancy
and efficiency.

Trajectory building

In the trajectory builder the seeds are transformed into a set of trajectory can-
didates. The CombinatorialTrajectoryBuilder works in two steps. First the
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Figure 4.2: Principle of operation of the CombinatorialSeedGeneratorFromPixel
seed generator.

compatible layers for the propagation of a trajectory candidate are selected (nav-
igation) and then RecHits belonging to these layers are consistently added. A
combinatorial search of compatible hits is performed. At this stage the trajectory
candidates could be more than one per seed.

This part of the track reconstruction is the most expensive in terms of com-
puting power. Even if the search for compatible RecHits is optimized for each
layer, the combinatorial growth of the number of candidates has to be limited to
prevent the CombinatorialTrajectoryBuilder from taking an arbitrarily large
computing time and memory. In propagating the trajectory candidates from layer
to layer it is possible to split a single candidate into two or more candidates if
two or more different RecHits can be accepted. In this way the number of the
trajectories to propagate could grow rapidly for some complex events.

To avoid the explosion of the algorithm, a maximum number of trajectory can-
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didates with pp > 0.9 GeV/c is propagated to the following layer starting from the
present one (the best N, typically five, candidates in term of x?). This procedure
goes on until the absence of compatible layers (for instance the Tracker is ended)
or compatible hits (typical for fake tracks) occurs. If two consecutive layers with
no compatible hits are found, the propagation is immediately stopped. Additional
stopping conditions can be inserted, as the maximum number of RecHits to be
added to each RecTrack to perform conditional tracking developed for High-Level
Trigger purposes.

Trajectory cleaning

In the combinatorial trajectory building the possibility to reconstruct trajectories
sharing a certain number of RecHits or the same seed is inherently. The ambi-
guities of multiple reconstructed trajectories are solved by the trajectory cleaner.
The TrajectoryCleanerBySharedHits gathers together the mutually exclusive
ones from the sample of all the reconstructed trajectories and discards for each
set all but the best one, which is defined as the trajectory with the best value
of x? normalized to the degrees of freedom. Trajectory cleaning is invoked on all
surviving candidates from all seeds, since trajectories from two different seeds can
also be mutually exclusive.

Trajectory smoothing

After trajectory building and cleaning, the parameters of each surviving trajec-
tory are fully known at the last measurement (typically at the outer layers of the
tracker), but are very poorly determined at the origin. A backward fit of the same
hits as in the forward fit, but starting from outside, gives optimal knowledge of the
parameters at origin, but loses the knowledge at the outer layers. In the Kalman
formalism, the procedure of combining the forward and backward fits in a statis-
tically correct way (without double counting) is called smoothing. The Kalman
filter smoother (KFFittingSmoother) performs the statistical combination of the
track parameters at every measurement surface along the track, fully including
all other measurements, and yields a x? probability of the track which is more
reliable than after a forward or a backward fit. At this stage any possible bias
introduced by the beam spot constraint of the seed can be removed by repeating
the forward fit starting from the first measurement. The track parameters at the
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interaction point, at the Calorimeter surface, or at any other surface are computed
by extrapolation (propagation) from the nearest measurement on the track.

4.3.2 Regional track reconstruction

A strategy to speed up the reconstruction is the Regional Track reconstruction.
The seeds of the muon chambers are used to define a geometrical region in the
Tracker, typically a cone, called region of interest. The cone axis is given by the
momentum direction, while the width of the cone is proportional to the momen-
tum estimation and inversely proportional to the direction error. Inside the region
defined by this cone a standard reconstruction is performed. The track propaga-
tion time is reduced because a large part of the detector is excluded in the track
reconstruction.

4.3.3 Influence of Tracker material on track reconstruction

Track reconstruction is based upon the equations of motion of a charged particle
in a magnetic field. In the standard Kalman filter the evolution of the state vector
and its covariance matrix is determined. This simple model has to be modified
in the presence of matter: deterministic effects are included in the track model,
stochastic processes result in additional contributions to the covariance matrix
(process nmoise in the terminology of dynamic systems). In order to speed up the
reconstruction, the material of the tracker is described in a simplified way

e all material is assumed to be concentrated on thin surfaces and these surfaces
coincide with the active elements;

e the material properties of each detector layer are described by two numbers:
the thickness in units of radiation length, and the thickness multiplied by
the mean ratio of atomic number to atomic mass.

Two kinds of effects are taken into account: energy loss (for electrons due to
bremsstrahlung, for all other particles due to ionization), and multiple scattering.
Ionization energy loss is described according to the Bethe-Bloch formula without
density corrections [79]; the average and variance of the fractional energy loss of
electrons due to radiation are computed based on the p.d.f. given by Bethe and
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Heitler [80]. The effect of multiple scattering is calculated using the approximation
for the gaussian core given by Highland [79].

As explained above, the effects due to the presence of material only enter the
propagation stage of the Kalman filter. The track propagation is thus divided into
two parts: a purely geometrical extrapolation and an update of track parameters
and their covariance matrix at the destination surface. The mean energy loss (dFE)
results in a change of the predicted momentum, while the spread of the energy
loss and the deflection due to multiple scattering modify the covariance matrix.
Corrections to the path length due to the angle of incidence are also taken into
account and applied both in the forward and, reverting the sign of (dF), in the
backward filter.

The simplified treatment of the material is valid only inside the Tracker vol-
ume. Propagation to the Muon system requires detailed knowledge of the passive
material. Currently the propagations outside of the Tracker volume are performed
with the GEANE package [81], which uses the full simulation geometry.

4.3.4 Track reconstruction performance

The track reconstruction efficiency when using the CombinatorialTrajectory-
Builder has been estimated for samples of single muons with pr = 1, 10 and 100
GeV/c. A track is deemed to be successfully reconstructed if it shares more than
50% of the hits with a simulated track. Reconstructed tracks are required to have
at least eight hits.

The tracking performance is expressed in terms of efficiency and momentum
resolution; two efficiencies are then defined. The algorithmic efficiency (Fig. 4.3,
left plot) is the efficiency of reconstructing correctly tracks which have at least
eight hits in the Tracker, of which at least two are in the pixel detector

num. reco. tracks with eight hits

(4.1)

€algo = .
“9° = um. sim. tracks with eight hits
This measures directly the performance of the track reconstruction algorithm and
is essentially the efficiency of the trajectory builder, since the seed generator is fully
efficient. The global efficiency (Fig. 4.3, right plot) is the reconstruction efficiency

for all tracks

number reconstructed tracks (4.2)

€glo = -
gre number simulated tracks
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In addition to the efficiency of the algorithm, it includes the acceptance, hit effi-
ciency and any other factor influencing reconstruction. It mainly differs from the
algorithmic efficiency in the forward region, with the loss of coverage of the disks,
especially in the pixel system.

As the algorithmic efficiency shows, the trajectory builder is fully efficient in
the full pseudorapidity range, with a drop beyond |n| = 2.4 due to the lack of
coverage of the endcap disks. For the global efficiency, the drop in the region at
1 ~ 0 is due to the gaps between the two half barrels of the pixel at z = 0. As the
gaps for the three layers are aligned, this will cause some tracks not to have the
two required pixel hits. At high pseudorapidity, the drop of efficiency is mainly
due to the lack of coverage of the two pairs of forward /backward pixel disks.

The resolution on the transverse momentum is shown instead in Fig. 4.4. At
high momentum (100 GeV/c), the resolution is around 1-2% up to a pseudo-
rapidity of |n| = 1.75, for higher values of |n| the lever arm of the measurement is
reduced resulting in a worse resolution. The degradation around |n| = 1.0 is due
to the gap between the barrel and the endcap disks and the degradation beyond
In| = 1.1 is due to the lower hit resolution of the last hits of the track measured
in the TEC ring 7 with respect to the hit resolution in the TOB layers 5 and 6.
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Figure 4.3: Algorithmic (left) and global (right) track reconstruction efficiency for
single muons using the Tracker only [40].
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Figure 4.4: Resolution of the pr for single muons with transverse momentum
between 10 and 1000 GeV /c using the combined Muon system and Silicon Tracker

reconstruction as a function of pseudorapidity [82].

At a transverse momentum of 100 GeV/c, the material in the tracker accounts for
between 20 and 30% of the transverse momentum resolution; at lower momenta,
the resolution is dominated by multiple scattering and its distribution reflects the

amount of material traversed by the track.

4.4 Muon reconstruction

While track reconstruction starts from the inner region, muon reconstruction pro-
ceeds outside-in. The low occupancy in the muon chambers allows an easy and fast
muon reconstruction for Trigger puproses, but the momentum estimation, given
by the muon chambers only, is too rough for analysis and for the fast Trigger
decision. Muon tracks have to be reconstructed using the whole detector informa-
tion and particularly the Tracker data in order to exploit the excellent momentum

resolution achievable with the 4 T magnetic field.
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The muon reconstruction thus proceeds in two steps: first, muons are fully
reconstructed in the muon chambers; next, the muon trajectories are extended
into the tracker to further refine the pt measurement. Both steps are performed
by the High-Level Trigger and have been called respectively Level-2 and Level-3
reconstruction or Standalone and Global in offline reconstruction.

Isolation criteria can also be applied to the muon candidates to provide addi-
tional rejection: at Level-2 using the calorimetric energy sum in a cone around
the muon, and at Level-3 using the number of pixel tracks in a region around the
projected muon trajectory. This suppresses non-prompt muons from b, ¢, 7, and
K decays.

4.4.1 Muon Standalone reconstruction and Level-2 selec-
tion

Reconstructed track segments from the muon chambers are used for muon identifi-
cation and selection at Level-2. The state vectors (track position, momentum and
direction) associated with the segments found in the innermost chambers are prop-
agated outwards through the iron yoke using the GEANE package, which takes into
account the muon energy loss in the material, the effect of the multiple scattering,
and the non-constant magnetic field in the muon system.

The estimate of the momentum from the Level-1 Global Muon Trigger is used
initially for the track propagation in the magnetic field. The predicted state vec-
tor at the next measurement surface is compared with existing measured points
and updated accordingly using the Kalman filter technique already described for
the Tracker. In the barrel chambers, reconstructed track segments are used as
measurements in the Kalman filter procedure; in the endcap chambers, where the
magnetic field is inhomogeneous, the individual reconstructed hits belonging to
the track segments are used.

The procedure is iterated until the outermost measurement surface of the muon
system is reached, when a constrained fit to the track parameters, working from the
outside-in, is performed under the assumption that the muon candidate originated
from the interaction region (defined by the beam spot size: 0, = 0, = 15 um and
0, = 5.3 cm). In both the forward and backward propagations just described, a
measurement is not added to the muon trajectory if its contribution to the total
x? exceeds 25. The resulting track parameters, propagated inward to the collision
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vertex, are used to reject or accept the event for further Level-3 processing [83].
For offline reconstruction a different seed generation algorithm has been de-

veloped, which performs local reconstruction in the whole Muon system and uses

patterns of segments reconstructed in CSC and/or DT chambers as initial seeds.
Figure 4.5 shows Level-2 constrained fit as expressed by standard deviation of

the quantity 1/pr.
d(1/pr) _ (1/p¥°—1/pt")
e WD )

where p7" and pic© are the generated and reconstructed transverse momenta, re-

spectively. Muons from W decays at high luminosity are used as the reference
sample. The distributions are broken up into three pseudorapidity intervals: bar-
rel (|n| < 0.8), overlap (0.8 < |n| < 1.3) and endcap (1.3 < |n| < 2.1). In these
three regions, the fitted pr resolutions are 10%, 15%, and 16%, respectively.

4.4.2 Global and Level-3 selection

Starting from a Level-2 or Standalone reconstructed muon, respectively in online or
offline case, the muon trajectory is extrapolated from the innermost muon station
to the outer Tracker surface, taking into account the muon energy loss in the
material and the effect of multiple scattering.
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Figure 4.5: Relative error on 1/pr after Level-2 muon reconstruction. The dis-
tributions are broken up into three pseudorapidity intervals: barrel (|n| < 0.8),
overlap (0.8 < |n| < 1.3) and endcap (1.3 < |n| < 2.1) [40].
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As with Level-2/Standalone, the GEANE package is currently used for the prop-
agation through the iron and calorimeters. Silicon layers compatible with the
muon trajectory are then determined, and a region of interest within them is de-
fined to perform regional track reconstruction. The determination of the region
of interest is based on the track parameters and uncertainties of the extrapolated
Level-2/Standalone muon trajectory, obtained with the assumption that the muon
originates from the interaction point as described in the previous section. This has
a strong impact on the reconstruction efficiency, fake rate, and CPU reconstruction
time: well measured muons are reconstructed faster and with higher efficiency than
poorly measured ones. Inside the region of interest, initial candidates for the muon
trajectory (regional seeds) are built from pairs of reconstructed hits, and starting
from these seeds a regional track reconstruction algorithm based on the Kalman
filter technique is used to reconstruct tracks inside the selected region of interest.
Figure 4.6 shows the relative error on the transverse momentum determined by
the Level-3 constrained fit. Muons from W decays at high luminosity are used as
the reference sample. The distributions are broken up into three pseudorapidity
intervals: barrel (|| < 0.8), overlap (0.8 < |n| < 1.3) and endcap (1.3 < |n| < 2.1).
In these three regions, the fitted pr resolutions are 1.0%, 1.4%, and 1.7%, respec-
tively, thus the improvement over the Standalone muon measurement from Level-2
is substantial.

The efficiency of the Global tracking algorithm is shown in Fig. 4.7 as a function
of n for single muons with pr > 50 GeV/c and no pile-up. The muons were
generated with four flat distributions in pr up to 1000 GeV/c. The achieved
algorithmic efficiency is typically 95 <+ 99%, except in the regions where the muon
traverses cracks in the geometry, less hits are available and the efficieny drops.
This effect is visible in the pseudorapidity regions around || = 0.25 and |n| = 0.75
(the regions between two wheels) and around |n| = 1.2, where the DT and CSC
systems overlap.
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Figure 4.6: Relative error on 1/py after Level-3 muon reconstruction. The dis-

tributions are broken up into three pseudorapidity intervals: barrel (|n| < 0.8),
overlap (0.8 < |n| < 1.3) and endcap (1.3 < |n| < 2.1) [40].
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Figure 4.7: Efficiency of the Global tracking algorithm as a function of n for single

muons generated with a flat pr distribution over 50 < pr < 1000 GeV /c [82].
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Chapter 5

Standard Model Higgs Boson
Physics at LHC

In this Chapter the production mechanisms, the decay channels of the Higgs boson
at LHC and the search strategies for different mass regions are reported.

5.1 Higgs boson production

For all possible Higgs boson masses the dominating Higgs boson production mech-
anism at the LHC is the gluon fusion process whose Feynman diagram is shown
in Fig. 5.1a. The other processes shown in Fig. 5.1 are also of interest because of
the special signatures they can provide for the identification of the Higgs boson.
In Fig. 5.2 the cross section is shown as a function of the Standard Model Higgs
boson mass. At the higher masses a significant part of the cross section is from
vector boson fusion.

5.1.1 Gluon fusion: gg — H

The gluon fusion process for Higgs boson production, shown in Fig. 5.1a, can be
calculated from the width of the H — gg decay and the gluon structure function.
The loop is totally dominated by the top quark because of the strong Higgs boson
coupling to the heavy top quark. The cross section for the basic gluon to Higgs
boson process is [84]
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Figure 5.1: The dominant Standard Model Higgs boson production mechanisms in
hadronic collisions. (a) Gluon fusion (b) vector boson fusion (c¢) and (d) associated
production.
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where Afl, (1) with 7g = M§;/4m] is a form factor [15].

o(gg — H) = : (5.1)

The lowest order cross section has large corrections from higher order QCD di-
agrams. The increase in cross section from higher order diagrams is conventionally
defined as the K-factor

K =210 (5.2)

Y

where LO (HO) refer to lowest (higher) order results. The K-factor for gluon
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Figure 5.2: Production cross section of the Standard Model Higgs boson as a
function of its mass for the main processes. The cross sections are calculated using
HIGLU and other programs [86]; they contain higher order corrections and the
CTEQ6m [87] p.d.f. has been adopted.

fusion is evaluated in Ref. [85] with a next-to-leading order calculation and K
results between 1.5 and 1.8.

The value of the cross section including the K-factor has two main uncertain-
ties. The first is from the gluon structure function which still has large uncertainty
in the low x region. The cross section using a large set of todays best available
structure functions was calculated in Ref. [88] and the results differ by around 20%
which can be taken as the theoretical unertainty from gluon structure function. At
the time of data taking for LHC it can be expected to have much better structure
functions available with data from HERA [89] and the Tevatron [90].

The second uncertainty in the gluon fusion cross section is from corrections
above the next-to-leading order. The cross section changes with the renormaliza-
tion scale p as an effect of un-calculated higher order diagrams. By changing p
between My /2 and 2My it can be guessed that the remaining uncertainties from
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higher order effects are below 15% [91].

The production of the Higgs boson through gluon fusion is sensitive to a fourth
generation of quarks. Because the Higgs boson couples in proportion to the fermion
mass, a heavier generation of quarks is not suppressed in the process as would be
expected for a loop process with a heavier particle in the loop. Including a fourth
generation of very heavy quarks will more than double the cross section. This
has the consequence that the Higgs boson cross section is sensitive to a fourth
generation of quarks even if the quarks are too heavy for a direct discovery at the

LHC.

5.1.2 Vector boson fusion: qq — qqV*V* — qqH

The process of Higgs boson production through vector boson fusion shown in
Fig. 5.1b is important only for high Higgs boson masses where the coupling to
longitudinal polarized vector bosons is strong.

At the high energies where a heavy Higgs particle is created, the vector bosons
act essentially as massless particles and can be treated as particles present inside
the colliding protons. With this simplification the full process in Fig. 5.1b can be
separated into a calculation of the vector boson structure function in the proton
and a calculation of Higgs boson production in colliding vector boson beams. The
method is called the effective W approximation. The production of a Higgs boson
is dominated by the longitudinal polarized state and the small contribution from
the transverse polarized state can be ignored.

Following the derivation in Ref. [92] the cross section for production of a Higgs
boson in the fusion of two vector bosons can be written as

ro ]_67T2 1 dx M2
o(quaqe — q;qpH) = / 1

My, —Fy(2)Fy(—)Tv(H = VV),  (5.3)

V=W.Z MIQ-I/g Xz ST

where Fy is the structure function for the vector boson V with partial width I'y
in the longitudinal polarized state and q’l, q'2 denoting the two outgoing quarks.
To get the full cross section for the Higgs boson from vector boson fusion
the cross section above has to be convoluted with the structure functions of the
incoming quarks. For all possible values of the Higgs boson mass the cross section
is below the gluon fusion process, but with the additional signature of the two
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outgoing quarks participating in the process the identification could be easier in
this production channel.

5.1.3 Associated production

Even if the cross sections for the associated Higgs boson production shown in
Fig. 5.1c and 5.1d are low compared to the total Higgs boson cross section, they
can be of interest since the final states have some clear signatures.

The associated production with a W vector boson was first mentioned in
Ref. [93]. For a Higgs boson mass of 150 GeV/c? the production cross section
is around 1 pb or 4% of the gluon fusion cross section. With the present structure
functions available the uncertainty in the cross section is around 30%.

The other associated production of interest is the ttH process. The cross section
was first calculated in Ref. [94]. For Higgs boson masses below 200 GeV /c? the
cross section is about a factor 5 below the cross section for associated production
with a W, while for masses above 500 GeV/c? it is greater than the WH cross
section but is still far below the gluon fusion cross section.

5.2 Higgs boson decay

With the Higgs boson decaying directly into pairs of all massive particles and
through loop diagrams even into pairs of massless gluons and photons, the spec-
trum of Higgs boson signatures is large. After a discovery of a Higgs particle it
will be important to detect it in several decay channels to check if the coupling
strength is proportional to the fermion mass as the Standard Model predicts.

The total width and the branching ratios are plotted in Fig. 5.3 and Fig. 5.4.
They are calculated with the program HDECAY [95] which includes the dominant
higher order corrections to the decay width.

As shown in Fig. 5.4, the branching ratios change dramatically across the pos-
sible range of the Higgs boson mass requiring different strategies for the Higgs
particle identification depending on its mass.
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Figure 5.3: The Standard Model Higgs boson total decay width as a function of
My.
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Figure 5.4: The decay branching ratios of the Standard Model Higgs boson into
the main channels as a function of its mass.
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5.2.1 Fermionic decays

In the Born approximation, the partial width of the Higgs boson decay into fermion
pairs, whose diagram is shown in Fig. 5.5, is given by [96]

T (H = 1) = 22\, (5.4)
with B = (1—4m?/M%)'/2 being the velocity of the fermions in the final state and
N, the colour factor N, = 3(1) for quarks (leptons). The Higgs particle couples to
all fermions proportionally to their mass so the coupling to a pair of top quarks
is by far the strongest. If the Higgs boson mass is below twice the top mass the
dominant fermionic decay will be to bottom quarks. In the lepton case, only decays
into 77 pair and, to a much lesser extent, decays into muons pair are relevant.

In the case of the hadronic decays of the Higgs boson, the QCD corrections
turn out to be quite large and therefore must be included. At one loop level the
gluon exchange and the emission of a gluon in the final state should be included.
The Feynman diagrams for these corrections are shown in Fig. 5.6. In the limit
My >> 2myg, the next-to-leading order decay width is [97]

3G 4oy (9 3. m?
'(H q) = £ Mgm? |1 4+ Zlog—2 )| . 5.5
(H = adq) 1/2n qu[ o (4+2 OgM%)] (5.5)

As can be seen, there is a large logarithmic log(m,/My) contribution which,
for light quarks, might render the partial decay width very small. These large
logarithms, however, can be absorbed in the redefinition of the quark masses: by
using the running quark mass in the MS scheme at the scale of the Higgs boson
mass, these logarithms are summed to all orders in the strong interaction coupling

Figure 5.5: Leading order Feynman diagram for the decay process of the Standard
Model Higgs boson into a pair of fermions.
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Figure 5.6: Some of the higher order corrections to the decay channel of the
Standard Model Higgs boson into two fermions.

constant. The partial Higgs boson decay widths for light quarks can then be
written as [97]

3G
I'H — qq) = . 2“7TMHm§(MH) [1+ Agq+ AR (5.6)

with the running quark mass m, and the strong coupling constant defined at the
scale My;.

Since the values of the running b and ¢ quark masses at the scale p ~ My =
100 GeV /c? are typically, respectively, a factor 1.5 and a factor 2 smaller than the
pole masses, the partial decay widths are suppressed by large factors compared to
the case where the pole masses are used.

For Higgs bosons decaying into top quarks, the QCD corrections do not lead
to large logarithms since my is comparable to My. These corrections however can
be sizable, in particular near the threshold My ~ 2m;.

5.2.2 Vector boson decay

Above the WW and ZZ kinematical thresholds, the Higgs boson decays mainly into
pairs of massive gauge bosons, the corresponding diagrams being that in Fig. 5.7.
The decay widths are directly proportional to the HVV couplings. The widths are
given by [98]

3
I'H—VV) = 1G“MH

Sv(V1 —4z)(1 — 4o + 1227), (5.7)

2

where z = M%,/M% and dw = 2 and dz = 1. For large enough Higgs boson masses,
when the phase space factors can be ignored, the decay width into WW bosons is



Standard Model Higgs Boson Physics at LHC 109

Figure 5.7: Leading order Feynman diagram for the decay process of the Standard
Model Higgs boson into two vector bosons.

two times larger than the decay width into ZZ bosons and the branching ratios for
the decays are approximately 2/3 and 1/3 for energies below tt threshold.

5.2.3 Two photons decay

Since the photon is massless there is no coupling between the Standard Model Higgs
boson and the photon. However, the decay is possible through loop processes with
either fermions or bosons in the loop. Feynman diagrams for the lowest order
processes are shown in Fig. 5.8.

The calculation of the matrix element for the decay is rather difficult and
involves dimensional regularization of the infinities arising from the loop. The
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Figure 5.8: Leading order Feynman diagrams for the decay process of the Standard
Model Higgs boson into two photons.
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final result for the squared matrix element is [99]

2M4

SN , (5.8)

2
Z ozNCe?F,;

with the sum over all scalars, fermions and bosons in the loop with charge e; and

|MJ* =
327

colour factor N.. The factors F; depend on the particle in the loop. They disappear
for small value of the fermion mass which means that light quarks and leptons are
insignificant. The only fermion participating is the top quark. For bosons the loop
only contains the charged W.

The width of the H — ~v decay channel is

a292M3
10247 ?’M2

ZNezF

which always gives a branching ratio below 0.3% due to the much larger width

I'H — yy) = , (5.9)

of the H — bb decay. The two photon signature is, however, clean and is an
important decay channel at the LHC. The radiative corrections to the H — ~y
decay width are relatively simple as they only affect the top quark loop and neither
the W loop nor the final state photons. The corrections are below 3% [100] and
thus of limited importance.

5.3 Search strategies at LHC

Higgs boson production cross section is greater than 1 pb in the whole mass range
(100 GeV /c* +1 TeV /c?). More than two thousands events are therefore expected
in one year of data taking at the nominal low luminosity (2-10% cm™2 s71) with
an increase of a factor five in the high luminosity regime (10** cm™2 s71).

Fully hadronic events are the most copious final states from Higgs boson de-
cays. These decays can not be easily resolved when merged in QCD background,
therefore topologies with leptons or photons are preferred, even if they have smaller
branching ratio. Similarly signatures of the associated production, with a lepton-
ically decaying particle, can be searched for.

As decay BR’s depend on the Higgs boson mass, search strategies change ac-
cordingly.
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5.3.1 Low mass region

The region My < 130 GeV/c? is the hardest to be explored. The best way to
detect a light Higgs boson would be in the dominant H — bb channel. The large
cross section (28 pb for My = 115 GéV /c?) is however overwhelmed by the di-jet
rate (more than six orders of magnitude higher).

A more favorable situation can be obtained by either looking at associative
production (ttH, WH or ZH) or at one of the rarer decays.

The most promising way of identifying a Higgs boson in the low mass region
is to select the decay H — ~~. The channel suffers from a branching ratio around
1073, but the backgrounds are much lower than in the case of the H — bb decay
thanks to the clear signature of two isolated photons in the final state. The main
backgrounds are from direct photon production and jets faking photons. The
expected signal to background ratio is 1072, which make this channel much more
attractive than the bb channel.

5.3.2 Intermediate mass region

In the mass region between 130 GeV /c? < My < 2Mjy the branching ratio to vector
bosons reaches significant levels. The obvious decay channels are H — WW®) —
(tvpl oy and H — ZZ* — (70~ ¢+~ with only one vector boson on-shell.

The WW® decay mode has to be extracted from a background mainly due to
non resonant WW production and tt — WTW~bb.

The fully leptonic decay H — ZZ* — 4/ has the cleanest experimental signa-
ture, particularly in the four muon channel. The signal selection is based on the
mass constraint which can be made on one of the lepton pairs. The main irre-
ducible background is continuum ZZ production while reducible backgrounds are
tt and Zbb.

Looking at Fig. 5.4 a funny shape of the branching ratio to Z bosons can be
seen for Higgs boson masses in the interval 130 GeV/c? < My < 180 GeV/c? . Tt
is caused by a threshold effect where the decay to two W bosons on the mass shell
becomes possible while still at least one of the Z bosons needs to be below the
mass shell in the concurrent H — ZZ* decay.
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5.3.3 High mass region

If the Standard Model Higgs boson has a mass above twice the Z mass the discovery
will be easy through the decay channel H — ZZ — ¢*¢=¢*¢~. This is called the
golden channel for Higgs boson discovery at LHC. Both lepton pairs will have an
on-shell Z mass which makes possible to reduce many types of backgrounds.

The upper mass limit for detecting the Higgs boson in this decay channel is
given by the reduced production rate and the increased width of the Higgs boson.
As an example fewer than 200 Higgs particles with My = 700 GeV /c? decay in the
H — 77 — 4¢ channel in a year at high luminosity and the large width of such a
heavy Higgs boson makes it very difficult to observe a mass peak.

A selective decay channel like the four lepton channel is thus no longer sufficient
for the highest Higgs boson masses. With the decays to vector bosons totally
dominating, the only possible detection channels left are with at least one of the
vector bosons decaying to neutrinos or jets. The decay channel H — WW — {ujj,
where j denotes a jet from a quark in the W decay, has a branching ratio just
below 30%, yelding a rate some 50 times higher than the four lepton channel from
H — ZZ decays. The decay channel H — ZZ — (*{~v, v, which has a six times
larger branching ratio than the four lepton channel could also be interesting.
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H — 77%) — w T, Signal
and Background

Many decay channels can be exploited in the Higgs boson search, the different
strategies depending on the Higgs boson mass range as described in the previous
Chapter. The decay channel H — ZZ®), followed by Z decays into lepton pairs,
gives however a spectacular signature for Standard Model Higgs boson discovery
at LHC in the mass range 130 < My < 600 GeV /c?.

This decay channel can be divided into three classes depending on the flavor
of the four leptons in the final state. In the present work only the Higgs boson
decay into four muons, H — ZZ®*) — 44, the so called golden channel, is studied.
The fully muonic decay of the Higgs boson has in fact the cleanest experimental
signature and would allow a very good estimate of the Higgs boson mass thanks
to the excellent muon momentum resolution of the CMS detector.

The main background sources of this channel are continuum ZZ* — 4. pro-
duction, tt — 4p and Zbb — 4u. In the second case leptons come from t—Wb
decay followed by W— uv and semileptonic b decay, in the latter case two leptons
are from Z — p*p~ and the other two from b quark decay chains.

In the first part of this Chapter the kinematical characteristics of signal events
are reviewed while in the second part the main background sources are described.
Attention has been focused on the description of those kinematical variables which
mainly allow a selection of the signal events against background.
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6.1 Higgs boson signal

It has already been extensively described how the Standard Model Higgs bo-
son cross section is dominated by gluon-gluon fusion (80%) over the mass range
100 GeV/c? < My < 1 TeV/c?. At LHC, where /s = 14 TeV/c?, the cross section
for this process is around 45 pb at My = 120 GeV /c? and decreases monotonically
to 5 pb at My = 500 GeV /c?.

The associated production processes, qq—HW, qq—HZ, gg/qq — ttH and
gg/qq — bbH have cross sections lower by a factor of 20 at My ~ 100 GeV /c?
and by a factor of 1000 at large masses, Mg > 500 GeV/c?. The production
cross section for the gauge boson fusion, VV—H, is about 10% of the gluon fusion
production cross section for My < 200 GeV /c?, and becomes comparable for My ~
1 TeV /2.

The QCD corrections for the gg—H process are large, with a K-factor ranging
from 1.5 to 1.8 [85]. The QCD corrections are smaller for the gauge boson fusion
(K-factor ~ 1.1) and for the associated production processes qq—HW, qq—HZ
(K-factor ~ 1.3) and gg/qq— ttH (K-factor ~ 1.2) [85].

The numerical values of the Higgs boson cross section can be predicted with
HIGLU 2.1 and other programs which include the next-to-leading order corrections
where known so that the uncertainties are quoted of the order of 15%.

Within the CMS Official Production [101], a sample of 10 000 H — ZZ®) — 4y
simulated events is available for eighteen different Higgs boson masses. Those
events were generated with the Monte Carlo generator PYTHIA 6.2 with the pres-
election requirements that the four muons should be within the acceptance of the
CMS muon chambers: they must have a pseudorapidity smaller than 2.4 and a
transverse momentum in excess of 3 GeV/c. Moreover the masses of the generated
Z bosons are required to lay between 5 and 150 GeV /c2.

Events were generated forcing the decays H — ZZ and Z — ("¢~ and selecting
those with at least four muons in the final state. The full simulation of the detector
response was performed as described in Chapter 4.

The Higgs boson production cross section for the eighteen simulated samples
is reported in Tab. 6.1, where the contributions of the main generation processes
are also shown. The numerical results are obtained by using the CTEQ6m [87]
parton density function and choosing m; = 175 GeV /c?. The branching ratio, the
preselection cut acceptance, which contains the probability to have a four muons
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final state, and the final cross section are shown in Tab. 6.2 instead.

The H — ZZ™ branching ratios as a function of Higgs boson mass are calcu-
lated with the program HDECAY which include next-to-leading order corrections,
while the values of the other branching ratios are those reported by the Particle
Data Group [5]. In the following the main kinematical characteristics of the signal
events are described.

6.1.1 Z boson kinematics

One of the most important characteristics of the signal events is the presence of
two Z bosons in the intermediate state, which could be either real or off-mass-shell
according to the Higgs boson mass. In the mass region My > 2My the Higgs boson
will decay mainly into two on-shell Z bosons.

The fraction of events with both Z off-mass-shell is decreasing with increasing
Higgs boson mass. There are about 20%, 12% and 3% of such events for Higgs
boson masses of 130 GeV /c?, 150 GeV /c? and 180 GeV /c?, respectively. This is
illustrated in Fig. 6.1, where the mass distribution of the Z closest to the nominal
Z boson mass, for three different Higgs boson masses, is shown. In the following
analysis the vector boson closer to the nominal Z mass is referred to as Z boson,
and the other one as 7Z*.

The Z* mass distribution is shown in Fig. 6.2. A M. characteristic upper
edge, at the position My — Mz can be noticed, becoming more pronounced as the
Higgs boson mass increases.

6.1.2 Muon kinematics

The main characteristic of the studied physics channel is the presence of four
relatively isolated and high pr muons in the final state. These muons properties
are used to effectively reduce the backgrounds. As an illustration, in Fig. 6.3
the transverse momentum distributions of the four muons from the 7Z and Z*
decays, sorted by decreasing pr, for three values of the Higgs boson mass after the
preselection cuts are shown. The difference between the distributions for various
Higgs boson masses becomes clear on the third muon. From the softest muon
distribution, for which the peak at My < 130 GeV /c? is around 10 GeV /c, it can
be foreseen that the signal acceptance is very sensitive to the minimum cut chosen.
In this mass region, despite the higher cross section, the number of expected signal
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Table 6.1: Summary of the production cross section of the Higgs boson signal for the studied masses. The
numerical results are obtained by using the CTEQ6m parton density function and choosing m; = 175 GeV /c%.

My gg—H VV—-H WH ZH gg,qq— Hqq | oror
(GeV/c®) | (pb) (pb)  (pb)  (ph) (pb) (pb)
115 39.3 465  1.98 1.05 0.75 A7.64
120 36.5 447 174 0.92 0.67 44.20
130 31.7 414 135  0.72 0.53 38.34
140 27.8 383  1.06 0.57 0.43 33.59
150 24.6 356 0.84 045 0.35 29.71
160 21.9 332 0.68 0.37 0.29 26.46
170 19.7 309 055  0.30 0.24 93.79
180 17.8 288 045 0.25 0.20 21.49
190 16.2 271 038  0.20 0.17 19.56
200 14.8 253 031 0.17 0.15 17.86
250 10.2 1.87 0.4 0.08 0.08 12.26
300 8.00 142 007 0.04 0.05 9.41
350 7.93 110 0.04 0.02 0.03 8.53
400 7.88 087  0.02 0.01 0.02 8.71
450 5.70 0.70  0.01 0.008 0.02 6.50
500 3.86 057 0.0l 0.005 0.01 4.53
550 2.58 046  0.006 0.003 0.01 3.13
600 1.73 0.39  0.004 0.002 0.01 2.18
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Figure 6.1: The mass distribution of the on-shell Z boson (the Z closer to the
nominal Z boson mass) for three different Higgs masses.

events is small due to the low branching ratio and it is very important to maximize
the acceptance together with the reconstruction efficiency to optimize the low mass
reach.

6.1.3 Internal bremsstrahlung

Another specificity of this channel is the radiation of photons in the Z decays, which
is called internal bremsstrahlung (also Final State Radiation photons). Those
photons are emitted by muons as shown in Fig. 6.4.

This process is taken into account using the program PHOTOS [102], which
implements an algorithm for single and double photon emission in these decays.
The distribution of the angular distance (AR) between the emitted photon and
the muon, as well as the photon pr are shown in Fig. 6.5. Most of emitted photons
have low energy (E7 < 1 GeV/c?) but the fraction of events with highly energetic
photons increase with the Higgs boson mass; for example it is respectively 18% and
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Figure 6.2: The mass distribution of the off-shell Z* boson for three different Higgs
masses.

37% with My = 130 GeV/c? and My = 500 GeV/c?. The mean angular distance
between the photon and the muon (< AR, >) decreases instead monotonically
from 0.57 when My = 130 GeV/c? to 0.27 at My = 500 GeV/c?. However, an
important fraction of the photons are clearly separated from the muons with a
non-negligible pr [103]. These photons can be important in improving the Higgs
boson mass resolution expecially at low mass.

6.2 Background

The background of the H — ZZ®*) — 4y channel is composed by all processes
with four muons in the final state. There are two basic classes of such processes,
called reducible and irreducible backgrounds. The reducible backgrounds have very
pronounced kinematical and topological differences with respect to the signal, both
in the final states as well as in the two and four muon combinations. Therefore, by
appropriate kinematical and topological cuts, these backgrounds can be effectively
suppressed. The main reducible background processes are tt — W~W*bb — 44
and Zbb — 4.
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Figure 6.3: The pr distributions of the four muons in signal events for three
different Higgs boson masses. In each event muons are sorted according to pr
value.
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Figure 6.4: Feynman diagram showing the internal bremmstrahlung process.
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Figure 6.5: Transverse energy distribution of the final state radiation photons (left)

and angular separation between the photon and the muon (right) in signal events
for My = 150 GeV /c?.
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The only irreducible background is ZZ®*) /v* — 4y, with very similar final and
intermediate state kinematics when compared to the signal events. Nevertheless,
adjusting properly the kinematical cuts and using some additional cuts, like the
four-muons transverse momentum, this background can also be suppressed to some
extent.

6.2.1 ZZ"™ /~v* background

At LHC two are the main processes which contribute to Z boson pairs production:
qq — Z7Z®) and gg— ZZ®*). The leading order diagrams for such processes are
shown in Fig. 6.6.

The qq — ZZ™ cross section has been evaluated with the Monte Carlo genera-
tor MCFM [104], which performs the calculation in next-to-leading order in ag. The
expected cross section has been calculated using CTEQ6m as parton distribution
function set and the factorization and renormalization scales u are set equal to the
average of the produced vector boson masses. The cross section results to be

o10(22) =10.7pb,  onLo(ZZ) =153 pb. (6.1)

The uncertainty due to the parton density function is around 6%.

Although being a loop process of higher order in ag, gg— ZZ™ is important
since the gluon-gluon luminosity is much higher than the quark-antiquark luminos-
ity for small x at hadron colliders. At the leading order, its contribution has been
calculated for the case of two real Z production [105]. The gg—7ZZ cross section

q z g zZ
TOOT

< 00009

q g z

(a) (b)

Figure 6.6: Leading order Feynman diagrams of the main production mechanisms
of a ZZ pair at LHC.
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was estimated to be 20% of qq —ZZ while next-to-leading order corrections to this
process are still unknown. To summarize, the ZZ®*) production cross section used
in this study is

o(pp — ZZ%) =15.340.20- 10.7 = 17.4 pb. (6.2)

A sample of 10 000 ZZ™) simulated events is available within the CMS Offi-
cial Production. The events were generated with PYTHIA 6.2 and with the same
preselection cuts (|n,| < 2.4, pf > 3.0 GeV/c and 5 < Mz < 150 GeV/c?) as the
Higgs boson sample. In those events the Z bosons are allowed to decay only into a
pair of leptons then only the events with four muons in the final state are selected.
The acceptance to these generation cuts is 3.42%. The sample contains 52.7% of
events with two on-mass-shell Z bosons, 35.9% with only one Z while 11.4% have
both Z bosons off-mass-shell.

It is important to note that the ZZ® sample does not contain gg—ZZ*) events,
in fact this production mechanism has not been yet implemented in the Monte
Carlo generator PYTHIA.

As an illustration of the PYTHIA generated Zs kinematics, in Fig. 6.7 the in-
variant mass distributions of the Z and Z* bosons are shown. The pp(ZZ™) and
the invariant mass m(ZZ*) distributions are shown in Fig. 6.8. A detailed study
of the pp(ZZ™) distribution is presented in the last Section of this Chapter.

The pr distributions of the four muons from the Z decays are shown in Fig. 6.9,
sorted in decreasing order of pr. The softest muon distribution shows an almost
exponential fall off, giving a potentially high rejection power by increasing the
threshold.

6.2.2 tt background

The top quark decays almost exclusively into W bosons and b quarks. In the decay
chain of a tt pair there are several sources which lead to final states with muons.
They can come directly from the W decay, in the leptonic decay of a 7 coming
from the W, from the semileptonic decay of mesons produced in the fragmentation
of a b quark or of its decay products. Anyhow at least two out of the four muons
belong to a hadronic jet and they are not isolated. The most probable scenario
is given by two muons produced directly from the W decays and the other two
produced in the b semileptonic decay. This typical decay chain is schematically
shown in Fig. 6.10.
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Figure 6.7: The Z and Z*) boson mass distribution as produced by PYTHIA.
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Figure 6.10: Typical decay chain of a tt pair. Two muons come from the W bosons
decays, the other two come from the b-jet hadronization.

At hadron colliders, like LHC, the most important contributions to the tt
production cross section are gluon fusion and qq annihilation. Some leading order
Feynman diagrams are shown in Fig. 6.11.

The tt cross section has been calculated to be [106, 107]

In the calculation the mass of the top quark has been set to 175 GeV/c? and the

9 f q t
g i S
TEOOY—— 2\
2N
AN g g
36666 G000
S
N
%
S
ROTTSY  S— a
g t g t q t

(a) (b) (c)

Figure 6.11: Leading order Feynman diagrams which contribute to the tt produc-
tion at LHC.
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MRST [108] parton density function has been used. The full next-to-leading order
corrections are included, while no complete or consistent result beyond NLO is
available at the moment.

The total tt production cross section is given in Fig. 6.12 as a function of the
top mass, in the lower inset the scale uncertainty of the theoretical predictions is
shown. The dashed lines refer to the NLO scale dependence, which is of the order
of 5%. The dotted lines refer to the inclusion of the NLL corrections, according to
the results of Ref. [109].

The PDF dependence is shown on the right hand side of Fig. 6.12. The current
uncertainty is at the level of 3%. Notice that the largest deviations from the default
set occur for sets using different input values of ag(My). The difference between
the reference sets of the two groups (MRST and CTEQ5m) is at the level of few
percent.

Combining in quadrature the scale and PDF dependence of the total tt cross
section, the overall theoretical systematic uncertainty is 4%.

A sample of 90 000 tt fully simulated events is available within the CMS Offi-
cial Production. The events were generated with PYTHIA 6.2 and with the same
preselection cuts (|7, | < 2.4, pf > 3.0 GeV/c and 5 < m(utu~) < 150 GeV/c?) as
the Higgs boson sample. The W bosons are forced to decay into leptons while b

1100 L L
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Figure 6.12: tt production rates. Left: scale dependence at fixed order (NLO,
dashed lines in the lower inset) and at NLO+NLL (solid lines). Right: PDF
dependece [106].
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quarks are left free to decay, but eventually only events with four muons in the fi-
nal state are selected. The generation of those events is very CPU time consuming
being the acceptance of the preselection cuts only 0.45%.

In Fig. 6.13 the pr of the four muons is reported. The soft spectra of the third
and forth muons explain the low acceptance of the generation cut and show the
high rejection power of a pr cut.

Some of the interesting two-muons and four-muons distributions are shown in
Fig. 6.14 and 6.15. The first muon pair is chosen as the one with the invariant mass
closest to the nominal Z mass. From the two muons invariant mass distribution
the power of a Z mass cut is evident (requesting one p* ™ pair to have an invariant
mass compatible with the Z mass). Moreover, it is interesting to note a low mass
peak in the second two-muons invariant mass distribution which is due to leptons
originating from the same cascade. This peak will be effectively suppressed by a
lower Z* mass cut.

6.2.3 Z plus jets background

The third important source of background are 4 muons coming from Zjj production
and decay. In most of the cases, two muons come from the Z decay while the other
two originate from cascade decays of mesons produced in the quark hadronization.
The presence of a real Z boson makes this background insensitive to a Z mass cut
(in the case My < 2Myz), unlike to the tt background. This background is also
characterized by the presence of two non-isolated muons, coming from the b-meson
cascade decays.

Particularly important is the case in which the Z boson is produced in associ-
ation with two b quarks which is described in this Section. In the next Chapter a
detailed study of the Zjj (with j = u, d, s, ¢) contribution to the H — ZZ®*) — 4y
background is presented.

At leading order, there are two processes for the production of this background
at hadron colliders: gg — Zbb and qq — Zbb. Some of their leading order Feyn-
man diagrams are shown in Fig. 6.16. The total cross section has been calculated
using the CompHep Monte Carlo generator [71] at the leading order, and a value of
about 650 pb was found.

The Monte Carlo generator PYTHIA produces such final states starting from
qq — Zg and gq—Zq, then it generates additional b quarks with the parton



800

600

400

200

o

H — 77" — p*p~ptp~, Signal and Background

20

40

60

80

100 120 140
P, (GeVic)

:E 5000

a

4000

3000

2000

1000

10

20

@ W

| L

60 70 80
P (GeV/c)

3:2200
2000
1800
1600
1400

1200

1000}
800 F
600
400F

200F

S 18000
16000
14000
12000

10000

8000

6000

4000

2000

20

40

2" W

100 120
P, (GeVic)

10

ST I AR SR

@" W

20

50 0
P (GeV/c%

129
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Figure 6.14: Invariant mass distributions of the two p*u~ pairs in tt background.
The first muon pair (left) is chosen as the one with the invariant mass closest to
the nominal Z mass.
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Figure 6.16: Some leading order Feynman diagrams which contribute to the Zbb
production at LHC.

showering. This approach significantly underestimates the final rates after selection
cuts, since the quarks generated by the parton shower evolution have a softer
spectrum than those generated using exact matrix elements [110]. Then for the
events generation, the CompHEP Monte Carlo generator has been used [71]. In
CompHEP, the matrix elements of the Zbb are calculated exactly at leading order.
As an example the pr and 7 distributions of the b quarks generated by PYTHIA and
CompHEP are shown in Fig. 6.17. The softer pr spectrum of the b quark produced
by PYTHIA is evident.

The partonic events generated by CompHEP are then passed through PYTHIA for
the hadronization and the initial and final state parton showers generation. The
generation of internal photons in the Z decay is done using PHOTOS, as in the case
of the signal and of the other backgrounds. The Z boson is forced to decay in
a couple of leptons while b quarks are left free to decay in order not to bias the
sample. Furthermore, to obtain a sufficiently large statistical sample, the same
preselection cut as above has been imposed demanding |n,| < 2.4, pf. > 3.0 GeV /c
and 5 < My < 150 GeV/c2. The acceptance to these preselection cuts is 0.1%.

The invariant mass distributions of the two muons coming from Z and Z* are
shown in Fig. 6.18. The interesting property of the invariant mass distribution is
a large near zero mass peak of the smaller two-muons combination mass (muons
coming from the same cascade), which will allow a considerable reduction of this
background by an appropriate threshold. In Fig. 6.19 the four muons mass distri-
bution is shown. It clearly has a similar shape as for the tt background.
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The transverse momentum distribution of the four muons, sorted in decreasing
order, is given in Fig. 6.20. In comparison with the signal and the other back-
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Figure 6.17: Comparison of the n (left) and pr (right) distributions of the b quarks
in Zbb events generated by PYTHIA and CompHEP.
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Figure 6.19: Invariant mass distribution of the four muons coming from the Zbb
events.

grounds, a softer distribution of the two lightest muons can be noticed, making
this background particularly sensitive to this kinematical cut.

6.2.4 Background summary

A summary of the cross section, preselection cut acceptance and expected number
of events for an integrated luminosity of 20 fb=! of the backgrounds described
above is reported in Tab. 6.3.

6.3 Higher order predictions

In recent years much effort has been devoted to refining the theoretical predictions
for the various Higgs production channels and the corresponding backgrounds,
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which are now known to next-to-leading order accuracy (NLO) in most of the
cases. For the main Standard Model Higgs boson production channel, gluon-
gluon fusion, even next-to-next-to-leading order (NNLO) QCD corrections to the
total rate have been computed [111]. Nonetheless, predictions for less inclusive
observables are definitely required to perform realistic studies. In particular, an
accurate knowledge of the transverse momentum distribution of the Higgs boson
can be important to enhance the statistical significance of the signal over the
background in H — ZZ — 4p channel. In this section the most recent prediction
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Table 6.3: Cross section, preselection cut acceptance (£) and expected number of
events after an integrated luminosity of 20 fb=! for the main background sources.

Background | o BR-¢ BR:-¢-0 Events
(pb) ()  (L=20fb7")
77*) 174 4.3-107* 7.48 150
tt 840 2.0-107*  168.0 3360
Zbb 650 1.8-107*  120.7 2414

available on the SM Higgs production channel is reviewed.

6.3.1 Parton shower Monte Carlo

The Monte Carlo (MC) generators usually used to simulate events, like PYTHIA or
HERWIG [112], are referred to as Parton Shower Monte Carlo (PSMC).

The way events are generated can be divided into three steps: first the lead-
ing order cross section calculation is performed, then the shower mechanism lets
partons emit as many gluons and quarks as possible, last final state partons are
hadronized.

This procedure, shown in Fig. 6.21, has some advantages: for example the
analytic computations are easy to calculate and the mechanism is very flexible.
However there are some drawbacks: the high pt and multijet configurations are
not properly described and the total rate is computed to leading order accuracy
only. The problems stem from the fact that PSMCs predict correctly only collinear
emissions but underestimate the high pr spectrum.

A series of next-to-leading order Monte Carlo generators have been developed
in order to obtain better prediction but usually they do not perform the showering
step thus they are not useful in the event simulation. However recently a new
MC generator, MCONLO, has been developed. It is a NLO Monte Carlo which is
interfaced to the HERWIG Parton Shower to yield useful events. Unlike the standard
PSMCs, the partonic hard subprocesses are computed by including the full NLO
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Figure 6.21: Events generation is carried out by Parton Shower Monte Carlo into
three steps: initially the leading order cross section calculation is performed (a),
then the shower mechanism let partons emit as many gluons and quarks as possible
(b). After these two steps final state partons are hadronized.

QCD corrections, as shown in Fig. 6.22. This has non trivial implications on
the dynamics of most of the processes relevant to LHC physics. The hardest pr
emission is computed exactly and it provides the only way to sensibly compute
the K-factors event by event and to use this information in detector simulation,
which is impossible with analytic NLO parton level calculations.

Just as an example in Fig. 6.23 the comparision between the pr distribution of
the Standard Model Higgs boson generated by PYTHIA and MC@NLO is shown. As
can be seen the NLO spectrum is harder than the LO one, as expected.

The same distributions calculated for the ZZ background are reported in

Figure 6.22: In NLO Parton Shower Monte Carlo, like MC@NLO, the partonic hard
subprocesses are computed by including the full NLO QCD corrections.
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Figure 6.23: pr distributions of the Higgs boson in the case My = 180 GeV /c?
predicted by PYTHIA (LO) and MC@NLO (NLO), both distributions are normalized
to the same cross section.

Fig. 6.24, which show a different behavior. In ZZ production PYTHIA underes-
timates the number of events at high pr [113]. This is to be expected, since this
transverse momentum region is dominated by the higher order processes with one
or more associated hard jets in the final state, which are not properly modeled in
PYTHIA.

A practical application of the results discussed in this Section is presented in
the next Chapter in the context of the Higgs boson search in the H — ZZ — 4pu
channel. As an approximate way to include higher order effects in the analysis,
the corrected spectra presented above have been used to reweight signal events
generated with the Monte Carlo PYTHIA.
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Figure 6.24: The pr distribution of the ZZ system predicted by LO Monte Carlo
PYTHIA and NLO Monte Carlo MC@NLQO, both distributions are normalized to the
same cross section.

6.3.2 Next leading logarithmic predictions

When the transverse momentum pr of the Higgs boson is of the order of its
mass (My), the perturbative series is controlled by a small expansion parameter,
as(M%), and the fixed order prediction is reliable. The leading order [114] calcula-
tion shows that the large-m; approximation (m; being the mass of the top quark)
works well as long as both My and pr(H) are smaller than my. In the framework
of this approximation, the NLO QCD corrections have been computed [115].

The small pr region (pr << My) is the most important, because it is here that
the bulk of events is expected. In this region the convergence of the fixed order
expansion is spoiled, since the coefficients of the perturbative series in ag(M%) are
enhanced by powers of large logarithmic terms, log™ (M3 /p%).

To obtain reliable perturbative predictions, these terms have to be systemati-
cally resummed to all orders in aig [116]. The fixed order and resummed approaches
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then have to be consistently matched at intermediate values of pr, so as to avoid
double counting. In the case of the Higgs boson, the resummation has been ex-
plicitly worked out up to next-to-next-to-leading logarithmic (NNLL) level [117].

The NNLL+NLO distributions has been calculated in the mass range
180 < My < 300 GeV /c? using the MRST set of parton density functions. The
effect of the resummation starts to be relevant below pr < 100 GeV/c and it
increases the LO result by about 40% at pr = 30 GeV/c. In Fig. 6.25 the full
NNLL+NLO result is compared with the LO and NLO ones for the Higgs boson
with a mass of 180 GeV /c?. The MCONLO predictions are in good agreement with
the NNLL analytical calculation.

}_ —
5 040 p.(H) (M =180 GeVic?)
[} r T H
o L
0.351] —— Pythia 6.227
0.3 — MC@NLO 3.1
0.250r ——— NNLL + NLO
0.2
0.15F
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Figure 6.25: The full NNLL+NLO result is compared with the LO and NLO
ones for the Higgs boson with a mass of 180 GeV/c?. The three distributions are
normalized to the same cross section.



140 CHAPTER 6



Chapter 7

H— 77%) — e, Event
Selection

To extract the H — ZZ®* — 4y signal from the most important sources of back-
ground, selection criteria, based on the kinematical characteristics described in the
previous Chapter, can be used.

Selection cuts were designed to maximize the expected signal statistical sig-
nificance with an integrated luminosity of 20 fb~!, one year of LHC operation at
the designed low luminosity. To account for the presence of one or two on-shell Z
bosons in the final state, two different mass regions were considered: below and
above the ZZ threshold.

In this Chapter the selection criteria applied both below and above the ZZ
threshold are described in details. Then the discovery potential of the Higgs boson
in the mass range 115 < My < 600 GeV /c? with the H — ZZ®*) — 4 channel is
reported.

7.1 Detector response simulation and reconstruc-
tion

All the generated events, as described in previous Chapter, were processed with
0SCAR_3_6_5 to simulate the detector response and then digitized with ORCA_8_7 1,
adding minimum bias pile-up events of the Monte Carlo Official Production. Low
luminosity conditions are simulated by superimposing on average 3.4 events with
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low transfered momentum to the interesting one.

All the samples have been preselected by requiring |n,| < 2.4, a pf in excess
of 3.0 GeV/c and the invariant mass of the muon-antimuon pairs to lay between
5 and 150 GeV/c?. The invariant mass distributions of the four muons coming
from Higgs boson decay (three different masses) and from the background after
the preselection cuts only are shown in Fig. 7.1. The contributions of the three
main background sources are also shown.

The reconstruction of the four muons in the events was performed using
ORCA_8.7_3 and in particular the GlobalMuonReconstructor offline algorithm
which gets muon trajectories at the innermost muon station and propagates them
to the outer Tracker surface and then to the interaction point [40].

In signal events the reconstruction efficiency (€.c), expressed as the ratio be-
tween number of events with four reconstructed muons and the total number of
simulated events, is about 65% for My = 115 GeV /c? and increases with the Higgs

J'L dt=20fb*
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Figure 7.1: The invariant mass distributions of the four muons coming from Higgs
boson decay and from the three main sources of background after the preselection
cuts described in the text.
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boson mass up to ~ 90% for My > 300 GeV/c?. For ZZ™ the efficiency is 70%
while in tt and Zbb it is lower, ~ 48% and ~ 34% respectivley. Muons coming
from b jets have indeed a softer pr spectrum and are reconstructed less efficiently.

7.1.1 Online event selection

The online selection of H — ZZ™) — pp~ptp~ events relies on the single-muon
and di-muon triggers. In the present study the full online selection has not been
applied to the simulated events, in particular, thresholds on muon pt and 7 ac-
ceptance of the Trigger have not been applied.

In the low luminosity running period, the Level-1 Trigger accepts muons in the
barrel region only, e.g. || < 2.1. The transverse momentum threshold for single-
muon selection is 14 GeV /¢, while the threshold for di-muon events is 3 GeV /c. In
the High-Level Trigger, pr thresholds of 19 GeV /c for single muons and of 7 GeV /c
for di-muons events are chosen.

It has been already stressed that the studied channel is characterized by a final
state with four high pr muons. Therefore the probability to have one or two muons
out of the four within the Trigger thresholds is expected to be very high.

In order to correctly estimate the Trigger efficiency, a signal sample has been
processed. The reconstruction of the muons has been performed through the simu-
lation of the CMS Trigger system using the L3MuonReconstructor algorithm. As
expected the Trigger efficiency is very high, greater than 99%.

To summarize, the inefficiency of the online selection for the channel under
study is expected to be below 1% and therefore it has been neglected in this study.

7.2 Offline event selection

In this Section the event selection criteria used in the present analysis are de-
scribed. The cut thresholds vary according to the Higgs boson mass. In order to
perform a mass dependent threshold optimization a ROOT [118] macro, based on
the minimization package MINUIT [119], has been developed.
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7.2.1 Selection above ZZ threshold

Di-muon mass and transverse momenta

For each event all possible combinations of two muon-antimuon pairs are con-
sidered. The reconstructed Z mass distribution obtained in signal events with
My = 200 GeV /c? is shown in Fig. 7.2.

Both di-muon pairs must have an invariant mass compatible with the Z hy-
pothesis, for example for Mg = 200 GeV /c? it must be within 10 GeV /c? from the
nominal Z mass, Mz = 91.2 GeV /c2. The tt and Zbb backgrounds are suppressed,
leaving ZZ events as the only relevant background.

The distributions of the four muon transverse momenta in signal events with
My = 200 GeV/c2, in Zbb and in tt events are shown in Fig. 7.3, sorted according
to the pr. The corresponding distributions in ZZ are similar to those of the signal
and a significant rejection against this background can not be achieved using these
variables. Cuts at 20 GeV/c and 15 GeV /c are applied to the most energetic two
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| ‘ | | ‘ |
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Figure 7.2:  Reconstructed 7 mass distribution in signal events with
My = 200 GeV /2.
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Figure 7.3: pr distributions of the muons, before any other cut, in signal events
with My = 200 GeV/c?, tt and Zbb events. In each event the four muons are
sorted according to the pr value.

muons, with a signal efficiency of more than 98%. Cuts with variable thresholds
are then applied to the other two muons. Due to the soft pr spectrum of the
softest muon in tt and Zbb events further reduction of those backgrounds can be

easily achieved. The related efficiencies are: more than 98% for Higgs boson signal
and ZZ, 55% and 35% for tt and Zbb respectively.

Transverse momentum of the four muons cut

The gluon fusion contribution is about 80% of the signal cross section. This is a
2 — 1 process and the produced Higgs boson has a small pt, of the order of the
gluon transverse momentum inside the proton. Higgs bosons with higher pr are
produced by higher order processes, where the Higgs boson is generated with one



146 CHAPTER 7

or more partons in the final state.

Even for the ZZ background the transverse momentum of the four muon system
with respect to the incident protons is generated by higher order processes, but
the predominance of the quark-antiquark annihilation as production mechanism
gives it a softer transverse momentum distribution than that of the signal.

The pr distribution of the four muons system in signal events with My =
200 GeV/c? and 300 GeV/c? and in ZZ background events is shown in Fig. 7.4.

In order to reduce the ZZ background against the signal a pr cut on the four
muon system is applied with a variable threshold between 10 and 18 GeV/c ac-
cording to the Higgs mass, with an efficiency greater than 80% for the signal and
of about 50% for the ZZ.

A summary of the reconstruction efficiency, cut thresholds and selection effi-
ciencies in the case Mg = 200 GeV/c? is given in Table 7.1. The efficiencies for
the other Higgs boson masses are shown in Appendix A.

T
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D 7z

0.035

da/dp
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0.015
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Figure 7.4: Higgs boson candidate pr distribution in signal (My = 200 and
300 GeV/c?) and ZZ™ background events. The distributions are normalized to

the same cross section.
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Table 7.1: Efficiencies after applying the cuts described in the text for
My = 200 GeV /c?.

4
€reco 2 mMass cut ph cut p cut

(8 GeV/c?)  (20,15,15,10 GeV/c) (10 GeV/c)

H (200 GeV/c?) | 82.9% 46.9% 45.1% 38.7%
7.7 71.5% 28.1% 27.0% 15.2%

Zbb 34.0% 0.14% 0.08% 0.07%

tt 48.2% 0.07% 0.05% 0.05%

7.2.2 Selection below the ZZ threshold

Isolation

Signal events have four isolated muons in the final state and the same holds for
77 background events. In tt and Zbb events instead the two muons coming
from b-quark decays are not isolated. An isolation cut therefore yields substantial
rejection for these two backgrounds.

Two different algorithms, belonging to the standard MuonIsolation ORCA
package [120] have been used: Tracker and Calorimeter isolation.

The base algorithm is sketched in Fig. 7.5. Both Tracker and Calorimeter
isolation exploit the sum of a discriminant variable, pr and Er respectively, of all
the reconstructed charged particles between a cone with a variable width AR =
VA% + A¢? and a veto cone (AR = 0.005) both around the muon direction. The
veto region is needed in order to exclude the muon itself in the calculation. Muons
are considered isolated if the summed pr (Er) is lower than a fixed threshold pf**
(EF).

The Tracker isolation cut efficiencies on signal and background as a function
of pi** for a cone size AR = 0.25 are shown in Fig. 7.6. With the threshold
PR = 4.0 GeV /c, the efficiency is about 10% for tt and 30% for Zbb, while signal
(both My = 130, 160 GeV/c?) and ZZ™ have an efficiency greater than 85%. The
Zbb efficiency is three times greater than that for tt events because the b jets
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Figure 7.5: Schematic view of the MuonIsolation algorithm.

in Zbb events are less energetic and muons coming from them tend to be more
isolated.

The cone sizes chosen in the analysis are AR = 0.25 in Tracker and AR = 0.45
in Calorimeter. The thresholds vary from 3 to 4.5 GeV /c in the Tracker isolation
and from 10 to 20 GeV /c? in the Calorimeter isolation.

Di-muon mass and transverse momenta

For each event, all possible combinations of opposite signed muon pairs are built.
At least one combination is required to have one and only one muon pair with an
invariant mass compatible with a Z hypothesis, My = 91.2 GeV/c%. For example
for My = 130 GeV/c? it must be within 15 GeV/c?>. The reconstructed Z mass
distribution is shown in Fig. 7.7.

The signal efficiency is about 75% for My = 130 GeV/c? and My = 150 GeV /c?
and 40% in ZZ* background. This cut alone rejects more than 70% of tt events
and Zbb background.

Cuts at 15 GeV/c and 12 GeV /c are applied to the pr of the most energetic two
muons. Variable cuts depending on My are then applied to the other two muons,
for example for My = 130 GeV /c? the thresholds are 12 GeV/c and 8 GeV /c. The
overall efficiencies for this set of pr cuts are near 72% for signal at 130 GeV /c?,

65% for ZZ*), 20% for Zbb and 50% for tt.
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Figure 7.6: Tracker isolation cut acceptances as a function of the threshold p7**
(AR = 0.25) for signal (a) and background (b).
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Figure 7.7:  Reconstructed 7 mass distribution in signal events with
My = 130 GeV /c?.

A summary of the reconstruction efficiency, cut thresholds and selection effi-
ciencies in the case My = 130 GeV/c? is given in Table 7.2. The efficiencies for
the other Higgs boson masses are shown in Appendix B.

7.3 Additional cuts

Isolation cuts allow to highly suppress the tt and Zbb backgrounds below the signal
level and finally the ZZ*) background remains as the most important contribution.
Besides the cuts used up to now in the analysis, there are some additional cuts
which could help to further suppress these backgrounds.

Those additional cuts however reduce the number of signal events without a
substantial rejection of the ZZ®*) background. Therefore they have not been applied
in the present analysis, preferring a greater signal selection instead.
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Table 7.2: Efficiencies after applying the cuts described in the text for
My = 130 GeV /c?%.

€reco 24 mass cut ph cut isolation cut

(15 GeV/c2)  (15,12,12,8 GeV/c) (3,15 GeV /c)

H (130 GeV/c?) | 75.4% 55.0% 39.9% 34.9%
77 71.5% 29.3% 19.4% 17.0%

Zbb 34.0% 10.8% 2.57% 0.15%

tt 48.2% 8.48% 3.97% 0.06%

7.3.1 Decay angle cut

To further reduce the ZZ®) background, the scalar nature of the Higgs boson can
be exploited by cutting on the Higgs boson decay angle 6p, i.e. the angle between
the reconstructed Z and H direction in the H rest frame. The cosp distribution
in signal and background events is shown in Fig. 7.8. The Zbb background peaks
at cosfp = 1 because the Z boson has a large momentum compared to the muon
pair from b quarks. About 85% of the signal is kept by the requirement that cos fp
be greater than 0.7, while the efficiency is 70% for ZZ and tt and about 55% for
Zbb.

7.3.2 Muon transverse impact parameter cut

It is possible to further reduce Zbb and tt backgrounds, where two muons come
from secondary vertices, by applying a cut on the transverse impact parameter of
the muons with respect to the beam line. As an example, requiring all four muons
to have a transverse impact parameter within 200 um rejects 36% of the Zbb and
44% of the tt, while 98% of the Higgs signal at 130 GeV /c? is kept.
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Figure 7.8: Distribution of cosfp in signal and background events.

7.4 Additional background sources

In this Section additional background sources are reviewed and their influence on
the results of the present analysis is studied in detail.

7.4.1 Zjj background

The total cross section foreseen by PYTHIA for the production of a Z boson in
association with two c or light quarks is about 40 times greater than the Zbb one

oro(Zjj) = 30 425 pb. (7.1)
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Though the probability to find four muons in the final state is much lower
the contribution of this background may not be negligible. To estimate it a fully
simulated sample of about one million of events available within the Official Pro-
duction has been used. The production of the sample has been carried out using
the PYTHIA Monte Carlo generator. The only preselection required in this sample
is the Z boson forced to decay in a pair of leptons.

The fraction of Zjj events with a four muon final state with pr > 3.0 GeV/c
and |n| < 2.4 in this sample is ~ 2 - 1075. The pr spectrum of the muons coming
from jet hadronization is shown in Fig. 7.9. The muons are very soft and only a
small fraction (0.2%) has a pr > 3.0 GeV/c, the minimum pr needed to reach the
muon chambers. Therefore the number of Zjj expected events for an integrated
luminosity of 20 fb~! is 1 460, about half of the expected Zbb events, see Tab. 6.3.

The same set of cuts described above has been applied to the Zjj sample. Both
below and above ZZ threshold no Zjj event passes the selection.

The limited available statistic does not allow to set an upper limit to the final
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Figure 7.9: pr distribution of the muons coming from c or light jets in Zjj events.
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cross section of the events surviving the selection. In a conservative approach
however, the Zjj selection efficiency can be assumed to be the same of the Zbb
events. According to the expectation of the number of events, the selected Zjj
events should be about half of the Zbb events which in turn are greatly reduced by
the selection cuts as can be seen in Tab. 7.3; thus Zjj background can be regarded
as negligible.

7.4.2 Background from multiple collisions

Events with muons from different collisions in the same bunch crossing may become
a significant source of background due to the much higher rates compared to
genuine 4y processes. The extra muon might also occur in the same collision, but
from a double parton scattering process.

Sources of 3u backgrounds result from processes which could also give a four
muon background like tt, Zbb and ZZ®. There can also be other processes like
Whbb and ZW. All of the backgrounds are characterized by the occurrence of a
heavy gauge boson. This heavy particle is needed in order to mimic kinematic
distributions similar to the signal. The total cross sections for these three muons
backgrounds has been estimated to be 21 pb [121].

The expected rate of single muons was studied with PYTHIA; in minimum bias
events, the probability of occurrence of such muons is determined to be 6.12-1074,
after preselection cuts of pr > 3 GeV/c, |n| < 2.4. Misidentified muons and the
effect of non prompt muons must be studied with the full detector simulation.

For this purpose, the large minimum bias sample of 200 000 fully simulated
events was analysed. The probability for the occurrence of reconstructed muons
satisfying the preselection criteria pr > 3 GeV /c and |n| < 2.4 was thus determined
to be (3.6 & 0.4) - 10~*. Overall, the probability of an extra single, reconstructed
muon within the preselection cuts was determined to be approximately 10~2 per
collision. To get the cross section of an event consisting of a three muon process
plus one extra muon, 03, the three muon cross section, o3, is multiplied by the
probability for such an extra muon to occur in any of the collisions of the event,

O3+ = O3+ P(p) - Npu - (7.2)

Here, P(p) is the probability to find one reconstructed muon in a minimum bias
event, and NN, is the number of underlying events. Thus at low luminosity (when
Ny = 3.4) the resulting cross section is estimated to be about 21 fb.
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In order to estimate the contribution of single muons in combination with three
muon processes to the background after all cuts, the muons found in a sample of
fully simulated three muon events must be combined with reconstructed, single
muons from the minimum bias sample. A detailed study of the dominant three
muon background, Zbb, is described below [121]. Dedicated data samples of the
Zbb — 3u background and of minimum bias events with a muon in each event
were produced and processed through the full simulation.

The efficiency to reconstruct all three muons of the Zbb background was found
to be 47%. The reconstruction efficiency of single muons from minimum bias is
35%, which is rather low due to the typically very low value of pr of such muons as
described in Chapter 2. All cuts described above, for a Higgs mass of 130 GeV /c?,
are applied to the combined events. Furthermore the invariant mass of the four
muons is required to lie in the range 110 + 145 GeV /c?. The final rejection factor
is 1072,

An additional muon in the same collision could arise either from a misidentified
muon in the beam remnant, or from double parton scattering. The cross section
of double parton scattering is estimated to be [122]

O doubleparton = Zou ' Tl , (7.3)
Oeff
where oy, is the one muon cross section of the minimum bias, and o.¢y is estimated
to range between (10 <+ 30) mb, which is not far from the minimum bias cross
section.

The total four muon cross section of 21 fb approximates well the case of double
parton scattering. The cross section after all cuts for three muon background plus
an extra muon from a double parton scattering is estimated to be only 0.002 fb. In
case of three muons plus a minimum bias muon a vertex cut could further reduce
this background with a rejection factor of 0.003.

In summary this background is totally negligible compared to the other back-
ground sources.

7.5 Discovery potential

The invariant mass distributions of the Higgs boson were fitted with a double
Gaussian function in order to take into account the radiative tails. The oy was
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then calculated as the weighted mean of the two sigmas of the Gaussian distri-
butions. The resolution on the Higgs boson mass, oy, is about 2.4 GeV/c? for
My = 200 GeV /c?. At 300 GeV/c? and 500 GeV/c?, o is completely dominated
by the natural width and amounts to respectively 9 GeV/c? and 36 GeV/c?. The
reconstructed mass peak at My = 500 GeV /c? is shifted by about 10 GeV /c? due to
internal bremsstrahlung and to the showering of high energy muons which worsen
track reconstruction. Those effects are clearly shown in Fig. 7.10.

For Higgs boson masses below the ZZ threshold the resolution on the Higgs bo-
son mass is completely dominated by the muon momentum resolution, the natural
width of the Higgs boson is in fact less than 0.2 GeV/c? for My < 160 GeV /c?.
The reconstructed Higgs boson mass distributions in the two cases are shown
in Fig. 7.11. The measured resolution is about 1.1 and 1.4 GeV/c? for My =
130 GeV/c? and 160 GeV /c? respectively.

In a real experiment a discovery is claimed when the probability for the back-
ground to reproduce the observed events is less than 2.85 - 107, corresponding to
a deviation by more than 50 on the positive tail of a Gaussian distribution. In a
planned experiment, however, an expected significance of five means that this ex-
periment has 50% probability of discovery, in case the signal hypothesis is correct.
In order to estimate the expected significance, events were counted in a window
of variable width (depending on My) around the reconstructed Higgs boson mass
and compared to the number of background events alone. Some examples of signal
efficiencies for the mass cut are: about 87% for My = 130 GeV/c?, about 85% for
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Figure 7.10: Reconstructed Higgs boson mass in signal at My = 200 GeV /c? on
the left and at My = 500 GeV /c? on the right.
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Figure 7.11: Reconstructed Higgs boson mass for My = 130 GeV/c? on the left
and for My = 160 GeV/c? on the right.

My = 200 GeV/c? and 86% for My = 600 GeV/c?. The final cross sections for
signal and background events after all selection cuts are shown in Table 7.3.

In the limit of large number of background events, the significance is given by
S} = N,/v/N,. Since in the present case the number of events is of the order
of 10, the Gaussian approximation cannot be used, and the Poisson probability

distribution

Fn2) = S5 exp(—)

must be considered. The significance was therefore estimated using the likelihood

ratio [123], i.e.
ﬁ Ns N5+Nb
= =12 = (1 - —) exp(—N,),
Ny

where N, and N, are respectively the number of signal and background events in
the chosen mass window, L = f(Ns + Ny; Ny) and Lsip = f(Ng + Np; N + Np).
The significance was defined as S;, = +/2In @ and it was found that Sy, = 5 actually
corresponds to 50% probability of discovery with the given expected signal and
background events. The probability of discovery is given by [124]

P= Y fn;Ny+N,),

n=ng+1

where ng is the maximum number of events compatible with the background only
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Table 7.3: Final cross section for signal and background events after all the de-

CHAPTER 7

scribed cuts. The statistical error is also shown.

o5 (fb) oy (fb)
My( GeV /c?) - 77 Zbb tt
115 0.050 + 0.003 | 0.008 & 0.003 | 0.024 +0.005 | 0.003 £ 0.002
120 0.108 + 0.004 | 0.046 & 0.007 | 0.039 + 0.006 | 0.022 £ 0.006
130 0.295 + 0.005 | 0.052 & 0.007 | 0.012 £ 0.004 | 0.007 & 0.004
140 0.451 +0.008 | 0.038 & 0.006 | 0.008 + 0.003 | 0.005 =+ 0.003
150 0.557 £ 0.009 | 0.055 & 0.007 | 0.005 #+ 0.002 | 0.003 £ 0.002
160 0.270 + 0.004 | 0.083 & 0.009 | 0.017 £ 0.004 | 0.007 & 0.004
170 0.077 £ 0.001 | 0.044 & 0.007 | 0.002 £ 0.001 | 0.007 & 0.004
180 0.151 +0.003 | 0.081 & 0.009 | 0.014 +0.004 | 0.020 £ 0.006
190 1.041 4 0.015 | 0.092 +0.008 | 0.004 % 0.002 | 0.015 «+ 0.005
200 1.083 £ 0.016 | 0.082 +0.007 | 0.009 & 0.003 | 0.009 % 0.004
250 0.919 +0.013 | 0.086 & 0.008 | 0.016 + 0.004 | 0.020 & 0.006
300 0.540 + 0.009 | 0.035 & 0.005 | 0.001 +0.001 | 0.002 £ 0.002
350 0.752 4 0.010 | 0.086 & 0.008 | 0.003 + 0.002 | 0.002 £ 0.002
400 0.710 £ 0.010 | 0.045 & 0.005 | 0.005 #+ 0.002 | 0.003 £ 0.002
450 0.506 + 0.007 | 0.032 & 0.005 | 0.006 + 0.003 | 0.002 £ 0.002
500 0.421 +0.005 | 0.055 & 0.006 | 0.004 + 0.002 | 0.003 £ 0.002
550 0.289 + 0.004 | 0.052 4 0.006 | 0.001 +0.001 | 0.001 £ 0.001
600 0.214 +0.003 | 0.043 & 0.005 | 0.002 + 0.001 | 0.003 & 0.003
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hypothesis at 50, i.e.

> fN,) <2.85-1077.

n=ng+1

An alternative significance estimator has been suggested recently. In this
method [123], likelihood fits to the mass distribution are performed with the sig-
nal plus background and the background only hypotheses, and the significance is
defined as S;o = \/ 2In (Lsyp/Lp). In those fits only the number of background
and signal events are left free, while the parameters for the shapes are fixed to the

results obtained separately on background and signal events. As an example the
fits performed for My = 300 GeV /c? are shown in Fig. 7.12.

In Table 7.4 the expected number of signal and background events for an in-
tegrated luminosity of 20 fb~! are shown together with the discovery probability
and the different significance estimates.

Compared to Sy, the significance Spo is slightly lower because the number
of background events is not constrained to the expectations, but is left free to

events

0.5

0.4

0.3

0.2

0.1z

=|

940 260 280 300 320 340 360
GeV/c?

Figure 7.12: Results used to estimate Spo for My = 300 GeV/c?. Fits to signal
plus background distribution either with the background shape only and with both
background and signal shape are shown.
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Table 7.4: Number of expected signal and background events with 20 fb=! in-
tegrated luminosity, together with 5o discovery probability and significance esti-
mates. The significance S; with background set to its upper limit is given between
parenthesis. The statistical uncertainty is also shown.

My ( GeV/c?) N, N, 50 prob. (%) St Sro
115 1.00 £0.06 0.60£0.20 0.02 1.18 (0.9) 1.14
120 22+08 1.42+0.30 0.04 1.54 (1.43) 1.70
130 59401 1.424+0.30 6.9 3.5 (3.3) 3.2
140 9.0+0.2 1.02+0.24 54.5 5.3 (4.9) 4.7
150 11.2+0.2 1.26 £0.22 69.9 5.9 (5.7) 5.2
160 5.4 4 0.08 2.04+0.3 3.9 2.9 (2.8) 2.6
170 1.54+0.02 1.06£0.24 0.04 1.26 (1.16) 1.05
180 3.240.1 2.240.3 0.1 1.81 (1.73) 1.22
190 208 £0.3 1.9440.22 98.9 8.5 (8.1) 7.5
200 21.7+0.3 20+0.3 99.3 8.7 (8.3) 7.7
250 18.44+0.3 28+0.3 89.7 7.0 (6.8) 5.6
300 10.8+0.2 0.76 +0.16 81.4 6.4 (6.2) 5.0
350 15.1+£0.2 1.80+£0.24 86.0 6.7 (6.6) 5.9
400 142402 1.06=+0.18 93.8 7.3 (7.0) 5.9
450 10.1 0.1 0.84+0.2 75.9 6.1 (5.7) 4.2
500 8.44+0.10 1.2240.20 36.9 4.8 (4.6) 3.4
550 5.8+ 0.1 1.08£0.16 15.7 3.7 (3.5) 3.0
600 43+01 096+0.16 4.2 3.1 (2.9) 2.6
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partially accommodate for the signal excess, thus reducing the likelihood ratio.
The expected significance calculated with both estimators after an integrated
luminosity of 20 fb=! is shown in Fig. 7.13 (left). On the right-hand side of this
figure a comparison between the results obtained by a fast simulation study per-
formed by the ATLAS Collaboration in the channel H — ZZ®) — 4/ [125] and
the present study is reported. To compare the results the efficiencies in the four
electron and in the mixed e-p channel are assumed equal to the four muon channel.
Whatever method is used to estimate the significance, with an integrated lu-
minosity of 20 fb~! a good discovery probability is found for an Higgs boson mass
from 200 to 500 GeV /c? and from 130 to 150 GeV /c?. In fact only few months of
data taking at the nominal low luminosity should be needed for a discovery in this
mass range. For a Higgs boson mass below 130 or above 500 GeV /c?, and in the
region 160 + 180 GeV /c?, different channels will have to be combined to discover
it in the first year of data taking. In Fig. 7.14 the luminosity required for a five
sigma expected significance is reported as a function of the Higgs boson mass.

7.6 Higher order corrections

Generally speaking, the number of events for a given integrated luminosity and a
particular process, as computed at NLO, is given by

N/L =onro = Kioro, (7.4)

where K is called the inclusive K-factor, which is thus defined as the ratio of
the inclusive (total) NLO and LO cross sections. At LO, the produced particle
(system) has no transverse momentum, while in (N)NLO additional partons lead
to a non-vanishing pr spectrum.

Most experimental simulations are based on LO cross sections, supplemented
with parton showering through the standard MC programs. Thanks to additional
(mostly soft) jets, an approximate pr spectrum of the particular final state is
generated. However, this spectrum is at best an approximation, since only soft and
collinear radiation from the primary parton subprocess can be generated correctly
(QCD radiation at large transverse momenta is strongly suppressed and can be
accounted for either with matrix-element corrections [126] or by matching the full
NLO calculation to the parton shower [127]).
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Figure 7.13: Expected statistical significance after an integrated luminosity of
20 fb~! (left). A comparison between the results obtained by the present work and
by a fast simulation study performed by the ATLAS Collaboration (right).
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Figure 7.14: Luminosity required for a five sigma expected significance as a func-
tion of the Higgs boson mass.
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On the other hand, if the (N)NLO calculation has been performed differentially
as a function of a kinematical variable 3, the above equation can then be rewritten
as [128]

Nje= [0d5— [ k(). (7.5)

where the integral goes over the complete possible range of 3, and the $-dependent
K-factor is defined as

K(3) = <dUNLo(5))/(dUMCLo(5)) ‘ (7.6)

dp dp

In order to study the effects of selection cuts that depend on § every simulated

event can be corrected (reweighted) according to the differential K-factor defined
in Eq. 7.6.

7.6.1 Results

As described in the previous Section the discovery potential of the Higgs boson
with mass greater than 2My is strongly related to the rejection efficiency of the pr
cut on the Higgs boson candidate. To better determine this efficiency the technique
described before has been applied in order to correct the simulated events for signal
and ZZ background according to the next-to-leading order prediction of the Monte
Carlo generator MC@NLO.

In Fig. 7.15 the pr distributions of the Higgs boson with My = 200 and
300 GeV/c? and of the ZZ system are shown. As already described in the pre-
vious Chapter, the NLO Higgs pr spectrum is harder, for example leading order
77, spectrum has to be corrected for the underestimation of the events in the high
pr region.

In order to include the higher order prediction in a more complete way the
kinematical variables of the four final state muons generated by MCEGNLO and PYTHIA
have been compared, as shown in Fig. 7.16. The preselection acceptance increases
by 2.5% in ZZ events due to the more central distribution of the muons, while the
di-muon mass distributions of both Higgs and ZZ background are nearly identical
as shown in Fig. 7.16b. Finally the pt distributions of the generated muons are
softer in the next-to-leading order case as the Higgs boson mass increases. The
distributions for a Higgs boson with a mass of 300 and 500 GeV/c? is shown in
Fig. 7.16¢. This effect is clearer for the fourth (softest) muon leading to a worsening
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Figure 7.15: Higgs boson candidate pr distribution in signal (Mg = 200 and
300 GeV /c?) and ZZ*) background events.

of the efficiency of the pr cut which is of a few percent for My = 300 GeV /c? but
10% for My = 500 GeV /c?.

In Tab. 7.5 the efficiencies related to the selection cuts described in LO analysis
are compared to those obtained at NLO for My = 200, 300 and 500 GeV /c?. As
expected greater changes are in the pt of Higgs candidate cut thresholds.

If the next-to-leading order predictions are taken into account with the same
cut thresholds used in the LO analysis the significance decreases respectively from
8.7 to 8.3 and from 6.4 to 5.9 for My = 200 and 300 GeV /c?. For greater Higgs
boson masses the results are worsened by the softer pf spectrum generated by
MCONLO, for My = 500 GeV /c? it drops down from 4.8 to 3.5.

A further optimization of the cuts tends to decrease pr thresholds in order to
increase the number of selected signal events. The resulting significances are 8.6,
6.2 and 4.7 for Mg = 200, 300 and 500 GeV /c? respectively.

In conclusion when the higher order predictions are included in the calculation
of the selection cut efficiencies through the reweighting procedure the discovery
potential is slightly reduced, especially at high Higgs masses.
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166

Table 7.5: Selection efficiencies obtained after reweighting of the events for
My = 200, 300 and 500 GeV /c?. In parenthesis the leading order efficiencies.

CHAPTER 7

7Z mass cut

P cut

pi* cut

H (200 GeV /c?)
77

46.9% (46.9%
28.8% (28.1%

44.4% (45.1%
27.5% (27.0%

38.5% (38.7%

24.1% (15.2%

H (300 GeV/c?)
77

46.6% (46.6%

40.3% (41.6%

36.8% (37.4%

24.6% (15.9%

H (500 GeV /c?)
77

( )
( )
( )
32.5% (31.9%)
57.5% (57.5%)

( )

37.9% (37.1%

( )
( )
( )
28.6% (27.9%)
47.9% (53.3%)

( )

32.7% (32.1%

50.1%

(
(
(
(
45.1% (
(

)
)
)
)
)
)

24.6% (18.8%




Chapter 8

Z. Boson Production in
Association with Two b Quark

The discovery of new physics at hadron colliders often relies on a detailed un-
derstanding of Standard Model background processes. Prominent among these is
the production of weak bosons (W, Z) in association with jets which contains a b
quark.

In the search for an intermediate mass Higgs boson with the H — ZZ®*) — 4y
channel, one of the possible backgrounds is the production and decay of a Z boson
in association with two b quarks which with a probability of few percent yield a
stiff lepton with sufficient isolation to mimic a lepton from an off-shell Z decay. The
cross section is related to the b-quark parton density function therefore it is not
precisely known. Moreover Zbb events are background to many other interesting
physics channels at LHC, for example the SM channel pp— HZ with H — bb or
the MSSM channel pp— bbH.

A detailed understanding of Zbb events is therefore of crucial interest and a
precise estimation of the production cross section is useful for b quark parton
density function evaluation [129].

In the first part of this Chapter the jet finding algorithm and some technique
to identify b-quark jets are reviewed. Then a technique to measure the Zbb cross
section is presented and the obtained results are reported.
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8.1 Jet reconstruction

8.1.1 Jet finding algorithm

The Calorimeter data are organized into towers. The towers are treated as massless
particles with energy equal to the scalar sum of the energies of the components of
the tower, and using the center of the tower and the nominal interaction point to
define the jet direction.

Jet finding is done using a simple Iterative Cone Algorithm. In this algo-
rithm, a list of towers is made, and a protojet is formed using the tower with
the highest Er (seed tower). The direction of the protojet is calculated from the
transverse-energy-weighted angles of the towers in a cone of fixed width around
the seed tower direction in 7-¢ space and the transverse energy of the protojet is
calculated using the direction of the seed tower and the sum of the energies of the
towers in the cone. The direction of this protojet is used to seed a new protojet
iteratively. The procedure is repeated until the energy of the protojet changes
by less than 1% between iterations and the direction of the protojet changes in
An? + A¢? by less than 0.01, or until 100 iterations are reached.

When a stable protojet is found, the towers used to form the jet are removed
from the list of detected objects, and the procedure is repeated until no objects
are left or until the tower with the highest Er is below a seed threshold, which
is a parameter of the algorithm. The simple cone algorithm has therefore two
parameters, namely the size of the cone and the minimum jet Er.

8.1.2 Jet energy scale correction

The CMS Calorimeter system is optimized for the precision measurement of elec-
trons and photons, and has a non-linear response to pions. Since the energy of a
typical pion in a jet is roughly proportional to 1/sin(é), where 6 is the polar angle
of the pion, the response of the Calorimeter to jets of a given transverse energy
varies with 7. In addition, since only those channels that are above a threshold
are read out, a random cone on the Calorimeter could have a positive energy due
to noise alone. At high luminosity, there will be an additional offset due to energy
from particles from pile-up interactions.

Corrections for these effects are introduced both at Level-1 and in the HLT.
At the start of the experiment, the corrections will be derived from Monte Carlo
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data by comparing the energies of jets found using the generator-level particles of
the hard interaction to jets reconstructed in the Calorimeter. As soon as sufficient
data is collected, new corrections will be derived from single photon plus jet data
and Z boson plus jet data.

In the following analysis jet energies are calibrated using the v+jet algorithm.
In this algorithm the total transverse momentum in the initial state of this scatter-
ing process is assumed negligible, then the direct photon produced in y+jet events
has a transverse momentum that is equal and opposite to the recoiling jet. The
high resolution (~ 1%) of the Electromagnetic Calorimeter provides an accurate
measurement of the photons and through the direct kinematical relationship is the
basis of the jet calibration procedure [130].

8.2 B tagging

The identification of b-quark decays allows the selection of processes in which b
quarks are produced in heavy particle decays. The identification of hadron jets
originating from b quarks relies on the properties of B decays. B hadrons have
a lifetime 73 ~ 1.56 ps, which corresponds to a ¢t ~ 468 um, and produce on
average five charged particles per decay.

The lifetime information can be exploited in different ways. The first class of
methods relies on tracks with a large impact parameter. As shown in Fig. 8.1,
tracks from B decays have a large impact parameter because they originate from
a displaced vertex, while the impact parameter of tracks coming from the primary
vertex is compatible with the tracking resolution.

A complementary approach is based on the reconstruction of the decay vertex
associated with a B hadron. The reconstruction of this vertex would be the clearest
evidence of such a decay. This method is however limited by the secondary vertex
reconstruction efficiency:.

Both methods rely on a powerful microvertex detector. Their power is limited
both by inefficiency in track and vertex reconstruction and by the experimental
resolution of tracks parameters. The mistagging rate for these algorithms is due
to secondary interactions and decays of long-lived particles. Secondary interac-
tions with the Tracker material can provide secondary vertices and thus tracks
with a large impact parameter. Long-lived particles, such as K%, A and espe-
cially charm, can provide real decay vertices and therefore constitute a physical
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impact
parameter |

P Jet direction

Figure 8.1: Representation (not on scale) of a hadron jet from a b quark.

irreducible background.

A completely different approach for b tagging relies on low pr leptons produced
in the decays b—clv and ¢—(d, s)lv. This method has a lower efficiency, since it
is limited only to the leptonic decays (BR(b— u) ~ 20%), but can be useful in
analysis where the charge information carried by the lepton helps in determining
the flavour of the B meson.

The best performance however is obtained by combining results from the dif-
ferent methods since a greater amount of information about B decays would be
used.

The b-tagging performance is studied in terms of the b-tagging efficiency (e)
and mistagging rate (¢;). Both variables are related to the single jet: the b-tagging
efficiency is the fraction of jets tagged as b, while the mistagging rate is the fraction
of non b-jets tagged as b in the samples with light quark and cc pairs.

In the following two b-tagging algorithms used in the analysis are briefly de-
scribed.
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Figure 8.2: Left: the spectrum of the discriminator for b (red), ¢ (violet) and udsg
(blu) jets; right: misidentification efficiency versus b-efficiency for ¢, gluon and uds
jets. All plots are for jets in the barrel region of the detector (|n| < 1.4).

8.2.1 Combined b tagging

The CombinedBTag algorithm [131] is based on the use of multiple variables which
are combined in a single discriminating variable. Three jet categories are defined:

e the algorithm finds a secondary vertex candidate for the weak b-hadron de-
cay;

e if no secondary vertex is found a so-called Pseudo Vertex is built from tracks
which are not compatible with the primary event vertex if a certain number
of such tracks is available;

e none of the conditions mentioned above is fulfilled.

Depending on the category, a different set of variables is used to build the final
discriminator. It is important to note, that the category itself is already a strong
discriminator. Figure 8.2 shows a typical spectrum for the discriminator (left) and
the resulting misidentification efficiency versus b-tagging efficiency (right). The
working point has to be chosen by putting a proper cut on the discriminator
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8.2.2 Soft lepton tag

The soft lepton b-tagging algorithm is based on the relatively high b quark decay
branching ratio to electrons and muons, about 20% for each lepton family. The
key point is the identification of leptons among the tracks associated to each jet; to
increase the purity of the selection additional cuts are performed on the parameters
of the leptons relative to the jet.

Once the leptons have been identified in the event, jet b-tagging purity is in-
creased feeding some of the lepton parameters through a neural network and cut-
ting on the networks output depending on the desired trade off between efficiency
and purity. The lepton parameters currently used are:

e lepton transverse momentum relative to the lepton-excluded jet axis;
e significance of the three-dimensional lepton impact parameter;

e pseudo angular distance in the n-¢ plane between the lepton and the lepton-
excluded jet axis;

e lepton momentum to jet energy ratio.

8.3 7bb cross section measurement

8.3.1 Simulation and reconstruction

The main processes involved in the measurement are Zbb as signal, Zjj (with
7 — (¥~ and j=u, d, s, ¢) and tt — WTW~b (with W — (v) as backgrounds.

The signal sample was generated using the CompHep Monte Carlo generator.
The partonic final state was passed through PYTHIA for the hadronization and the
initial and final state parton showers generation. The tt sample was generated
using PYTHIA while the Zjj sample was available in the Official Monte Carlo Pro-
duction. In every sample both the Z and W bosons were forced to decay in leptons
while no other kinematical preselection was applied.

It is important to note that Zjj sample already contains events in which the 7
boson is produced in association with two b jets, i.e. signal events. The production
processes through which PYTHIA generates those events are already implemented
in CompHep, as shown in Fig. 8.3, so in order to avoid double counting problems
those events have been not considered in the analysis.
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All the events were processed with the CMS fast simulation program,
FAMOS_1.2.0.

8.3.2 Event selection

Events are selected requiring two opposite signed isolated leptons with

PP > 10 GeV/c and an invariant mass (mg) compatible with the Z boson mass

My, — my| < 10 GeV /c? (8.1)

plus two jets with p/*° > 10 GeV/c, [P¢!| < 2.5 and at least two associated
charged tracks. The low threshold for the pr of the jet is justified by the very soft
momentum spectrum of b-quark jets in signal events. The selection efficiencies are
reported in Tab. 8.1. The tt events are greatly suppressed due to the almost flat
invariant mass distribution of the Z candidate. The invariant mass distribution of
the lepton pairs for 20 fb=! is shown in Fig. 8.4.

A b-tag identification is then performed using a logical combination of both
CombinedBTag and SoftLeptonTag algorithms, which have been described in the
previous Section. The discriminant thresholds have not yet been optimized. The
related b-tagging and mistagging efficiencies are reported in Tab. 8.2.

In Fig. 8.5 the flavor, associated through the Monte Carlo truth, of the mistag-
ged jets is reported. The association algorithm tries to find the highest pt parton
compatible with the jet direction inside the cone defined by the reconstructed
jet itself. As can be seen many mistagged jets are associated by the algorithm to
gluons. In those events probably a pair of b quarks is generated from a hard gluon,

b Z° b z
b
AN =9
VVV 1
g b
Figure 8.3: The same production process which produces Zbb in PYTHIA (left) and

CompHep (right). In the first case the other b is produced by the showering while
in second the bb acts as a spectator.

b

=3
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Table 8.1: Lepton selection efficiency (€epion) and jet selection efficiency (ee) for
the three studied samples.

channel | €pron €jet

7Zbb | 86.7% 75.1%
73] 61.9% 52.9%

tt 6.1% 6.1%
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Figure 8.4: Invariant mass distribution of the lepton pairs from both signal and
background after an integrated luminosity of 20 fb=1.
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but either one of the two b’s carries a large fraction of the gluon momentum or
both b’s were reconstructed as a single jet.

8.3.3 Cross section measurement

If the b-jet identification has been carried out, the whole sample can be divided
into three classes according the number of b jets found in each event. If ny and
my; are respectively the fractions of events with two and one jet tagged as b, the
following system can be written

(o = fe + [loeres +[1— F(1+ fij)] €

M = 2fen(1 — ) + [ foslen(1 — €;) + €;(1 — &)+
\ +2[1 = f(1+ fiy)]e; (1 — )

where ¢, is the b-tagging efficiency, ¢; the mistagging efficiency and

Ny Ny
f - ) fbj = _]7
Nror Ny

(8.3)

i.e. f is the true fraction of events with two b jets and f;; the true ratio between
events with one b jet and events with two b jets. If the b-tagging efficiency and
the fraction f;; are known, the system can be solved for the mistagging efficiency
and the fraction f which gives the real number of event with two b jets.

The estimates of €, and f; have been obtained from the Monte Carlo and are
47% and 0.75 respectively. In a real measurements of the Zbb cross section however
those values have to be estimated indipendently. A recent theoretical calculation
has evaluated the fraction of Zjj with only one b jet [132].

The numbers 7y, and 7,; can be determined from the invariant mass distribution
of the two leptons in events with one or two b-tagged jets. In Fig. 8.6 the invariant
mass distributions of the leptons in those events are shown together with the fitting
function and the chosen mass window.

The fitting function (F) is a Pearson like function [133]

1 arctan(x
s i o



176

CHAPTER 8

Table 8.2: The b-tagging (¢,) and mistagging (e;) efficiency of both used algorithms

for the three studied samples.

channel | CombinedBtag Soft lepton tag

€p € € €

Zbb | 30.7% 1.0% 108% 1.0%

Zjj - < 1.0% - 4.5%

tt 54.6% 1.1% 16.4% 4.1%
=07
l].ﬁf—
H.Ef—
uf—
u.az_—
02

u.1f— I
o T 9 & & 3B

flavour

Figure 8.5: Flavor of the mistagged jets.
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plus a Landau to reproduce the invariant mass distribution of the leptons coming
from tt events. The Pearson function is essentially an asymmetric version of Stu-
dent’s ¢ distribution. In particular, for small values of the parameter m, the tails
are much longer than those of a Gaussian. For m = 1 the Pearson distribution
become an asymmetric version of the Breit-Wiegner.

The fitted values of ny, and 7 are: ny, = 2.63-10724+0.12 and my; = 0.17£0.02.
An upper limit on the uncertainty of 7, and 7, has been estimated as the statistical
error on the selected sample normalized to the integrated luminosity corresponding
to the sample with the lowest number of events. The available statistic is limited
by the Zjj sample which corresponds to a luminosity of about 0.5 fb~!. No effects
due to the choice of the fitting function are included yet.

8.3.4 Results

The numerical system resolution is obtained with an iterative process (Newton-
Raphson method [134]). The starting point is a linear approximation of the system

events
events

3000 [—

2000 [—

1000 [—

ui.']'l.I...I...I...IE...IE... ol

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
GeV/c? GeV/c?

Figure 8.6: Fits to the invariant mass distributions of the lepton pair in events
with two (left) and one (right) b-tagged jets).
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to solve

F(x + 0x) = F(x) + J - x + O(6x?), (8.5)

where J;; = 0F;/0x; is the Jacobian of the system. The resulting set of linear
equation gives the corrections to the solution that move each function to zero
simultaneously

J.6x=-F. (8.6)

The solution of the linearized system is added to the starting guess vector (X,q)
Xpew = Xold + 0X. (8.7)

The process is iterated to convergence.

The results obtained for f and ¢; are reported in Tab. 8.3. The poor agreement
of these results with the Monte Carlo expectation depends on the approximate
parametrization used in the system. Some correlation has to be taken into account
for a better description of the events.

In Monte Carlo events it is found that events with two leading b jets have
higher b-tagging efficiency (~ 12% greater). Applying a correction factor for it
the aggreement with Monte Carlo truth is clearly improved. The new results are
also shown in Tab. 8.3. Other correlation with smaller contribution to the final
result however has to be included with a refinement of the parametrization.

Once the value of f, hence of Ny, is known, Zbb events remain to be selected
against tt. The fraction N(tt)/N(Zbb) can be extracted from the invariant mass

Table 8.3: Results obtained from the numerical solution of the system and, as a
comparison, the MC expectation. The results are reported in both cases with or
without correlation.

Numerical Numerical MC
results results truth

(without corr.) (with corr.)

¥ 10% 13.9%  16.5%
3 5.5% 3.9% 3.4%
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distribution of the two reconstructed leptons. The shape of the distribution of
the combinatorial of the leptons coming from the leptonic decay of the two W
bosons in tt events is obtained by a fit to the invariant mass distribution of the
totally uncorrelated e-u pairs. The results are shown in Fig. 8.7. The fraction
N(tt)/N(Zbb) is found to be 6.6% in good agreement with the value of 6.2%
obtained from the MC truth.

In order to estimate the error associated with the measured quantities ¢; and
f, the statistical errors of n,; and 7, have been combined with the uncertainties
assumed on the knowledge of the two parameters ¢, and fi;. To roughly calculate
the final uncertainties they are taken with a 10% errors. In Tab. 8.4 the relevant
quantities are shown together with the final determination of f and ;.

The main contribution to the uncertainties of f is given by the errors on the
determination of the b-tagging efficiency. A detailed study of the systematic un-
certainties involved in the procedure (Monte Carlo choice, fitting functions,...) will
have to be done. The very high expected cross section of the processes involved in
the measurements makes the statistical uncertainties negligible after an integrated
luminosity of few hundreds of pb~! has been collected.

In conclusion the method presented in this Chapter should allow to cross-check
Monte Carlo predictions for the Zbb events with a 20% uncertainty after few weeks
of LHC data taking.
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Figure 8.7: Fits to the invariant mass distributions of the e-u pairs (left) and to
the e*e™/u* ™ pairs in Zbb and tt events (right).

Table 8.4: Parameters of the system with their errors and final results.

Parameter Value

Mob (2.63+0.12) - 102
M 0.17£0.02

foj 0.76 £+ 0.08

€ 0.47 +0.05

n; 3.9+26

f 13.9£4.0




Conclusions

Although all experimental data agree with extraordinary precision with Standard
Model expectations, the Higgs boson has not yet been observed. The mass range
of the search extends from the direct limit of 115 GeV/c?* to 1 TeV/c?, even
though a fit to experimental data indicates a Higgs boson mass in the range
(110 =+ 200 GeV /c?).

In the mass range from about 120 to 500 GeV /c? one of the main Higgs search
channels is H — ZZ® — ¢*t¢=¢*¢~, where the leptons could be muons or electrons.
The present work consists in the study of the CMS potential for the Higgs search
in the four muon final state.

The signal cross section and branching ratios have been estimated with the
programs implementing the most recent theoretical calculations, including QCD
next-to-leading order corrections. The final state particles have been generated
using the Monte Carlo programs PYTHIA and CompHep and full detector response
has been simulated.

The main background processes tt — W~ W+bb — 4p, Zbb — 4y and ZZ™ —
441 have been analyzed with a full simulation of detector response. Other sources
of background like Zjj (with j=c,u,d,s) or the background coming form multiple
collisions have also been studied and found to be negligible.

To account for the presence of one or two on-shell Z bosons in the final state, two
different sets of selection cuts were considered in two different mass regions: below
and above the ZZ threshold. In addition a mass dependent thresholds optimization
has been performed in both regions.

The effects of the next-to-leading order predictions obtained with the Monte
Carlo generator MC@NLO on cut efficiencies have been studied in detail including the
corrections through a reweighting procedure. The corresponding K-factors have
been calculated with a comparison of the corresponding NLO and LO distributions.
Analytical computations including NNLL terms have also been considered and
found to be in good agreement with the predictions of MC@NLO. Similar results for
the irreducible ZZ background are not yet available.

With the set of cuts presented in this work a high statistical significance, hence
a good discovery probability, is expected after an integrated luminosity of 20 fb~1!.
Few months of data taking at the nominal low luminosity should be enough for the
discovery of a Higgs boson with a mass between 200 and 500 GeV /c? or between
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130 and 150 GeV/c?. The combination of different channels is needed instead to
discover a Higgs boson with a mass below 130 or above 500 GeV/c? in the first
year of data taking.

As this work was going on, it was found that a detailed understanding of Zbb
events is of crucial interest, not only in the search for an intermediate-mass Higgs
boson, but in many other interesting physics channels like pp— HZ with H — bb or
the MSSM channel pp— bbH. Furthermore a precise estimation of the production
cross section is useful for b-quark parton density function evaluation.

Therefore a technique to measure the Zbb cross section has been studied. It
relies on the selection of events with two opposite signed leptons and two jets. After
b-jets identification and a Z mass cut on the lepton pairs the whole sample can be
divided into three classes according to the number of b jets found in each event.
The real number of events with two b jets can then be extracted as a function of
b-tagging and mistagging efficiencies and the ratio between events with one b jet
and events with two b jets.

The preliminary results of this study show that the cross section measurements
can be performed after few hundreds of pb~! of data taking with an error of 20%,
mainly due to the uncertainty on the b-tag efficiency estimation, the statystical un-
certainty being already negligible. A detailed study of the systematic uncertainties
involved in the procedure will have however to be done.
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Summary of efficiencies for
MH > QMZ

In this Appendix a complete list of the selection efficiencies obtained for Higgs
boson masses above ZZ threshold is reported.

Table A.1: Efficiencies after applying the cuts described in the text for
My = 190 GeV /2.

4
€reco L mass cut ph cut pt cut

(8 GeV/c?)  (20,15,15,10 GeV/c) (10 GeV/c)

H (190 GeV/c?) | 82% 46.2% 44.3% 38.0%
77 T1L5%  28.1% 27.0% 15.2%
7bb 34.0%  0.14% 0.08% 0.07%

tt 48.2% 0.07% 0.05% 0.05%
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Table A.2: Efficiencies after applying the cuts described in the text for
My = 250 GeV /c2

4
€reco 2 mass cut Pt cut pi cut

(12 GeV/c?)  (20,15,15,10 GeV/c) (10 GeV/c)

H (250 GeV/c?) | 84.9% 51.9% 50.0% 44.5%
77 71.5% 31.9% 30.5% 17.6%

Zbb 34.0% 0.29% 0.16% 0.16%

tt 48.2% 0.16% 0.12% 0.11%

Table A.3: Efficiencies after applying the cuts described in the text for
Mg = 300 GeV /c2.

4
€reco 2L mass cut ph cut pq cut

(12 GeV/c?)  (20,15,15,15 GeV/c) (10 GeV /c)

H (300 GeV/c?) | 77.0% 46.6% 41.6% 37.4%
77 71.5% 31.9% 27.9% 15.9%
Zbb 34.0% 0.29% 0.11% 0.11%

tt 48.2% 0.16% 0.08% 0.08%




Summary of efficiencies for My > 2My, I11

Table A.4: Efficiencies after applying the cuts described in the text for
My = 350 GeV /c2.

4
€reco 2 mass cut Pt cut pi cut

(12 GeV/c?)  (20,15,15,10 GeV/c) (13 GeV/c)

H (350 GeV/c?) | 87.0% 51.6% 47.1% 42.9%
77 71.5% 31.9% 27.9% 15.9%

Zbb 34.0% 0.29% 0.11% 0.10%

tt 48.2% 0.16% 0.08% 0.08%

Table A.5: Efficiencies after applying the cuts described in the text for
My = 400 GeV /c?.

4
€reco 2L mass cut ph cut pi cut

(20 GeV/c?)  (20,15,15,15 GeV/c) (16 GeV /c)

H (400 GeV/c?) | 86.7% 57.4% 52.7% 44.5%
77 71.5% 36.3% 31.4% 12.6%
Zbb 34.0% 0.72% 0.24% 0.23%

tt 48.2% 0.52% 0.24% 0.22%




IV APPENDIX A

Table A.6: Efficiencies after applying the cuts described in the text for
My = 450 GeV /c2

4
€reco 2 mass cut Pt cut pi cut

(20 GeV/c?)  (20,15,15,15 GeV/c) (18 GeV/c)

H (My= 450 GeV/c?) | 87.2% 57.3% 52.9% 44.5%
77 71.5% 36.3% 31.4% 11.2%

Zbb 34.0% 0.72% 0.24% 0.22%

tt 48.2% 0.52% 0.24% 0.22%

Table A.7: Efficiencies after applying the cuts described in the text for
Mg = 500 GeV /c2.

4
€reco 2 mass cut ph cut p cut

(22 GeV/c?) (20,15,15,15 GeV/c) (10 GeV/c)

H (500 GeV/c?) | 86.6% 57.5% 53.3% 50.1%
77 71.5% 37.1% 32.1% 18.8%
Zbb 34.0% 0.85% 0.27% 0.26%

tt 48.2% 0.67% 0.31% 0.30%




Summary of efficiencies for My > 2My, \Y%

Table A.8: Efficiencies after applying the cuts described in the text for
My = 550 GeV /c2.

4
€reco 2 mass cut Pt cut pi cut

(22 GeV/c?)  (20,15,15,15 GeV/c) (13 GeV/c)

H (550 GeV/c?) | 86.9% 56.2% 52.7% 48.5%
77 71.5% 37.1% 32.1% 15.5%

Zbb 34.0% 0.85% 0.27% 0.26%

tt 48.2% 0.67% 0.31% 0.30%

Table A.9: Efficiencies after applying the cuts described in the text for
Mg = 600 GeV /c2.

4
€reco 2 mass cut ph cut p cut

(22 GeV/c?)  (20,15,15,15 GeV/c) (16 GeV/c)

H (600 GeV/c?) | 86.3% 56.0% 52.7% 47.4%
77 71.5% 37.1% 32.1% 12.9%
Zbb 34.0% 0.85% 0.27% 0.26%

tt 48.2% 0.67% 0.31% 0.28%
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Summary of efficiencies for
MH < QMZ

In this Appendix a complete list of the selection efficiencies obtained for Higgs
boson masses below ZZ threshold is reported.

Table B.1: Efficiencies after applying the cuts described in the text for
My = 115 GeV /2.

€reco 24 mass cut ph cut isolation cut

(30 GeV/c?) (20,15,10,6 GeV/c) (3.5,10 GeV /c)

H (115 GeV/c?) | 67.9% 51% 39.6% 34.2%
77 71.5% 36.6% 29.8% 26.4%
7Zbb 34.0% 12.5% 5.4% 0.47%

tt 48.2% 18.4% 12.2% 0.23%
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Table B.2: Efficiencies after applying the cuts described in the text for
My = 120 GeV /c2

€reco 24 mass cut ph cut isolation cut

(30 GeV/c2)  (20,15,10,6 GeV/c) (3.5,10 GeV/c)

H (120 GeV/c?) | 70.5% 56.9% 46% 39.8%
77 71.5% 36.6% 29.8% 26.4%

Zbb 34.0% 12.5% 5.4% 0.47%

tt 48.2% 18.4% 12.2% 0.22%

Table B.3: Efficiencies after applying the cuts described in the text for
My = 140 GeV /c?.

€reco 2L mass cut ph cut isolation cut

(10 GeV/c?)  (20,15,12,8 GeV/c) (4,15 GeV /c)

H (140 GeV/c?) | 77.9% 54.1% 43.6% 39.0%
77 71.5% 26.2% 17.0% 15.2%
Zbb 34.0% 9.7% 2.27% 0.19%

tt 48.2% 5.56% 2.60% 0.05%




Summary of efficiencies for My < 2My IX

Table B.4: Efficiencies after applying the cuts described in the text for
My = 150 GeV /c2.

€reco 24 MmMass cut ph cut isolation cut

(15 GeV/c?)  (20,15,12,10 GeV/c) (3.5,10 GeV /c)

H (150 GeV/c?) | 80.7% 62.2% 47.9% 42.1%
77 71.5% 29.3% 16.6% 14.7%

Zbb 34.0% 10.8% 1.67% 0.08%

tt 71.5% 8.48% 2.90% 0.03%

Table B.5: Efficiencies after applying the cuts described in the text for
My = 160 GeV /c?.

€reco 2L Mass cut ph cut isolation cut

(15 GeV/c?)  (20,15,12,8 GeV/c) (3.5,10 GeV /c)

H (160 GeV/c?) | 83.3% 53.3% 45.5% 39.8%
77 71.5% 29.3% 19.4% 17.1%
Zbb 34.0% 10.8% 2.57% 0.17%

tt 48.2% 8.5% 3.97% 0.05%
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Table B.6: Efficiencies after applying the cuts described in the text for
My = 170 GeV /c2

€reco 2 mass cut ph cut isolation cut

(30 GeV/c?)  (20,15,12,10 GeV/c) (4,15 GeV /c)

H (170 GeV/c?) | 83.0% 54.4% 41.3% 36.9%
77 71.5% 36.6% 22.2% 19.9%

Zbb 34.0% 12.5% 2.02% 0.11%

tt 48.2% 18.4% 6.08% 0.09%

Table B.7: Efficiencies after applying the cuts described in the text for
My = 180 GeV /c?.

€reco 2L mass cut ph cut isolation cut

(30 GeV/c?)  (20,15,10,6 GeV/c) (4,15 GeV /c)

H (180 GeV/c?) | 83.5% 43.8% 39.6% 34.2%
77 71.5% 36.6% 29.8% 26.8%
Zbb 34.0% 12.5% 5.40% 0.58%

tt 48.2% 18.4% 12.2% 0.29%
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